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ABSTRACT

This research was undertaken to investigate the effect of high
pressure on a copolymerization system in which one of the moncmers is
close to its ceiling temperature, and shows a strong tendency to depro-
pagation. The initial aim was to determine the copolymerization reactivity
ratios and their dependence on pressure; and to relate the behaviour of
the system to these effects, together with the pressure-dependence of
the monomer-polymer equilibrium constant. Further conclusions concerning
the component reactions can also be obtained from such data. The system
investigated is Oo~methyl styrene - methyl'methacrylate, which has been
studied by previous research workers at normal pressure over a range of
temperatures, but has not previously been studied at high pressure.
The characteristics of the homopolymerization of the two monavers are
well established; and the monomer - polymer equilibrium of a-methyl

e e

4 i ~ em mea
styrene (normal ceiling tonporcturce §C°C) hos beean

Previcusly ves—
tigated at 1 bar and at high pressures.

Copolymerization reactions were carried out at 60°C over a wide
range of cawpositions; and at ten different pressures in the range from
1 bar to 5000 bars. The copolymers were analysed by micro-elemental
analysis and also by nuclear magnetic resonance. The normal pressure
results agreed satisfactorily with the results of other researchers.

The nuclear magnetic resonance analysis of the copolymers also
yvielded information about their microstructure, which provides same
evidence of the possible sequence of reactions during the copolymerization.

The average molecular weights of the copolymers were measured.

The experimental data also provide same information con the rates of
copolymerization as a function of pressure. These results are recorded
but not discussed in detail as they are incidental to the main purpose
of the research.

The copolymer composition data of this reseérch are considered
together with data obtained by other researchers at normal pressure and
varying temperature. The results were analysed by various theoretical
equations and the reactivity ratios were obtained. The fitting of the



camposition data to the predominantly nonlinear equations was accomplished
‘by nonlinear regression methods, using a CDC 6400 computer and the results
for the Mayo-lewis equationA were campared with the results of current
solution methods. |
The goodness of fit of the various equations was found to depend

on the number of parameters they contain. The two parameter equations
of the 'terminal' model and also those developed by Wittmer show quite
satisfactofy goodness of fit. The three parameter ‘penultimate unit'
equation and one four parameter equation of 'penpenultimate unit' model
showed poor goodness of fit but acceptably small sum of squares. Equations
with more parameters could not be fitted because although on occasions
the sum of squares was reasonably low the convergence was slow and the
results failed to give smooth curves in r vs. P plots.

| None of the equations produced r vs. P curves of the type expected,
i.e. In r ¢ P. This may indicate the need of a more elaborate equation
with a higher nunoer Of parameters but a limit is imposed by the accuracy
of the experimental points. It is nevertheless possible to draw same

conclusions from the r vs. P curves obtained.



IT.

~ CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS

INTRODUCTION

Importance of Copolymers and High Pressure Copolymers

1.1
1.2

1.3

1.4
1.5

1.6

1.7

Free Radical Polymerization

1.2.1
1.2.2
1.2.3
1.2.4

Production of Free Radicals
Free Radical Polymerization Kinetics

Chemical Initiation of Radical Polymerization -

Molecular Weight Distribution in Polymers and

"~ Copolymers
General Aspects of Copolymerization

1.3.1
1.3.2

1.3.3
1.3.4
1.3.5
1.3.6

Effect
Effect
1.5.1
1.5.2

1.5.3

The Copolymerization Equation

The Relation Between Monomer Structure and
Reactivity

Effect of Temperature on Reactivity Ratiocs
Probability Considerations
Composition Distribution Equation

Molecular Weight and Overall Rate of Reaction
in Copolymerization

of Pressure on Chemical Reactions
of Pressure on Radical Polymerization
General

Dissociation of Thermal Inltlators undexr
Pressure

Radical Polymerization at High Pressures
-Polymerization of Styrene

Brief Review of Previous Work on the Effect of
Pressure on Copolymerization Reaction

Aims of the Present Study ‘

RELEVANT ASPECTS OF THE EXPERIMENTAL SYSTEM

2.1 Reason for Choice of the M/A-aMS System
2.2 Relevant Data on the Polymerization of MVA
2.3 Equilibrium Polymerization

O WO o o J o

12
17

18
23
23

26

31
32
34

36
39
42
42

44

45

54
55
55
55
57



I1T.

2.4 Previous Studies on the Polymerl"atlon of aMS at
Normal and High Pressures

2.5 Copolymerization of oMS with Acrylic Monomers
EXPERIMENTAL PROCEDURES
3.1 Apparatus and Equipment
3.1.1 Vacuum Line
3.1.2 Reaction Vessel
3.1.3 Pressure Vessel
3.2 Purification of Materials
3.3 Vacuum Manipulation
3.4 Copolymerization and Copolymer Isolation -
3.5 BAnalysis of Copolymers
3.5.1 HNuclear Magnetic Resonance
3.5.2 Copolymer Composition from NMR Spectra
3.5.3 The Dupont Peak Resolver
3.5.4 Elemental Analysis
3.5.5 Determination of Molecular Weights
FURTHER ASPECTS OF COPOLYMERTIZATTON
4.1 Expansion of Copolymerization Theory
4.2 Copolymer Microstructure
4.3 Copolymer Microstructure by High Resolution NMR
MATHEMATICAL TREATMENT OF COPOLYMERIZATTON DATA
5.1 Theory of Rééactivity Ratio Determination
RESULTS AND DISCUSSIONS
6.1 Data of Previous Research Work
6.2 Analytical Results of This Research

6.3 Comparison of Composition Data with Results of
Previous Work

6.4 Treatment of the Data by Means of Various Copoly-

merization Models

6.4.1 Copolymerization Models without any
Depropagation Reaction

6.4.2 Equilibrium Constants for Depropagating
Monamers

6.4.3 Copolymerization Models with‘Depropagating

Reaction Steps
6.4.4 More Advanced Copolymerization Equations

66
70
73
73
73
74
78
82
83
84
86
86
89
93
103
106
108
108

- 125

131
136
136
146
146
152

162

162

162

189

191
206



6.4.5 Progression of Wittmer's Ecuation

6.4.6 Behaviour of ry over Pressure

6.5 lonte-Carlo Simulation of General Copolymerlzatlon
Process

6.6 Microstructure of oMS-MA Copolymer and its Pressure
Dependence

6.7 Effect of Pressure and Composition on Rate of Poly-
merization and on Polymer lMolecular Weight

6.8 The Effect of Feed Camposition on the Position of the
NMR Peaks .

GENERAL CONCLUSIONS
REFERENCES

- 209

214

217

219

242

247
249
254



ACKNOWLEDGEMENTS

It is a duty and a pleasure fc#r' me to express my gratitude to
all members of my family, who have supplied the major part of the con-
ditioning which created in me a deep-seated affection for the learning
process.

My main thanks in this project are due to Dr.K.E. Weale who is,
inasfar as I understand doctorate research and studentship, a perfect
supervisor. All through my research, he has been most helpful, under-
standing and flexible in his attitude to my work.

I should like to thank the glass workshop team:- Mr.K. Grose,
Mr.A. Jones, and Mr.C. Smith; the stores team:- Mr.T. Agus, Mr.B. Francis,
Mr.T. Richards and Mrs.A. Woollard; the librarians:- Miss S. Bell and
Miss V. Milne (all in alphabetical order); and all the staff and tech-
nicians of the Chemical Engineering Department for their ready help
and their friendship.

Since I believe that the doctorate is not simply 'specific research
but is also a complete training, I would take this opportunity to thank
also Prof.R.W. Sargent for his valuable enlightment in various aspects

of this training.

N



I. INTRODUCTION

1.1 TImportance of Copolymers and High Pressure Copolymers

The copolymerization process became important after the un-
derstanding of basic polymer structure and reaction mechanisms, and
during the search for a perfect substitute for natural rubber. The
search for a synthetic material to substitude natural rubber was carried
on during and between the two world wars, and, since little or nothing
was known about stereoregular polymerization of isoprene to cispoly-
isoprene until the 1950's, effort was directed to producing copolymers
such as styrene-butadiene and butadiene-acrylonitrile. Copolymers
were found to be superior to their parent hocmopolymers in the sense
that they cover a wide and continuous spectrum of property combination
which includes the properties of the parent homopolvmers and also
same additional properties attributed to the particular copolymer.
These properties are attainable by varying the microstructure of the
copolymer as well as the fraction of the comonamers in the chain. The
microstructure of the copolymer can be varied from campletely random
sequences to block sequences of each moncmer following the other.

The outcome of copolymerization studies in terms of polymer -
Chemistry was the study of physical chemistry of the polymerization
process. For example the relative reactivities of the growing chains
towards the various monomers can be obtained from copolymerization
studies. Also the polymerization behaviour of monomers which do not
hamopolymerize can be studied from their copolymerization reactions.

The effect and importance of pressure on copolymerization can
be viewed in two aspects: (i) the effect of pressure on copolymeri-
zation as a polymerization reaction, (ii) the effect of pressure parti-
cular to polymerization reaction. In the first it is the effect of
pressure on a chemical reaction, operating through the individual
chemical reactions of the polymerization process. This may result
in considerable acceleration of the overall reaction, alteration of

the polymer-monomer equilibrium, and an increase in molecular weight.



In the second it is because pressure is one of the parameters that.
hés an effect on the nature of the end product of the copolymerizatioﬁ
reaction. By varying this parameter it is possible to obtain copoly-
mers with a desired microstructure; and also in chamical terms it is
possible to obtain more understanding of the exact mechanism of the

copolymerization reactions.

1.2 Free Radical Polymerization

1.2.1 Production of Free Radicals

For a molecule to produce free radicals by thermal dissociation
at moderate temperatures it must contain weak valence bonds such as
peroxide bonds. It is important to know the rate of dissociation
which may depend on solvent and concentration as well as temperature.
Sometimes the dissociation may' go through more than one step in which
case not all the steps may produce active radicals or radicals may
attack other initiator molecules to give inductive disscciation.

The dissociation mechanism depends on the radical itself but most of
the thermal initiators have an activation energy for dissociation of
about 3Ckcal/mole. Although the rate of dissociation thus depends
strongly upon temperaﬁure, each initiator has a useful temperature
range of 20 to 30°%C. Apart from thermal process scme radicals may
undergo a dissociation process activated by light energy. The rate of
production of radicals by photo-dissociation may not be as fast as
thermal-dissociation but initiation can be achieved at very low tempe-
ratures. Another way of activating dissociation is by high frequency
~radiation such as Y-rays. In this case the radiation energy is so
high that it may split a C=C double bond to produce radicals and thus
the presence of a catalyst is not needed.

The two main sources of radicals are the peroxides and the azo
campounds which involve the decamposition of a weak valence bond bet-
ween two Oxygen or two nitrogen atoms respectively. Peroxide initiators

include many types of substances that contain the peroxide group, e.g.,
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a. Persulphates
5,05 — 250,
b. Hydroperoxides
R.0.0.H — R.0" + "0.H
c. Di-alkyl peroxides
R.0.0.R > 2R.0O°
d. Di-acyl(di-aroyl) peroxides
R.C0.0.0.CO.R > 2Z2R.C0.0° ——= 2R" + 200

2
e. Peresters

= R.CO.0" + RIO’

R.CO.0.0.R"
On the other hand azo compounds are group of compounds with the general
structure,

R.N:N.R > 2R° + N2

The most common peroxide initiator in polymerization is dibenzoyl
peroxide which is a diaroyl peroxide. It has an activation energy,
according to various researchers, between 29 and 31 kcal/mole, and A
factors between 3*10%° and 6*10** sec™!. These small variations may
be due to different reaction conditions employed during the actual
experiments. Dibenzoyl peroxide is best used as a polymerization
initiator between 60° and 80°C. Dibenzoyl peroxide is susceptible to
induced decamposition and to transfer reactions, and the complicated
reaction mechanism may give a fractional order of reaction.

The most common azo initiator is azo-bis-isobutyronitrile, (AZEN)

CH

3 B
C—N=N-C

/I l\
C=N C=N

As a thermal initiator it is nearly in the same tamperature range as
benzoyl peroxide but it also dissociates to free radicals by the in~
fluence of near u.v. light énd can be used as a photo—initiator.

Unlike benzoyl peroxide its decamposition is accurately first order.

The decomposition rate shows very small differences in various solvents,
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and as it is not susceptible to radical attacks gives no induced de-
camposition or transfer reactions. Although the decomposition of AZBN
for the production of free radicals can be represented as
(CH3)2C () -N:N-C(CH3)2-CN —_— 2(CH3) 2C(CN) * TN,
the actual decomposition mechanism in a solvent involves more than
two steps(l'2'3) . AZBN was first prepared by Thiele and Heuser(4)
and tetramethylsuccinodinitrile was found to be the product of its
thermal decomposition. A more thorough study by Bickel and Waters (5)
showed that the terminal products of the thermal decamposition consist of
(I) Tetramethylsuccinodinitrile (84%)

(IT) Iscbutyronitrile (3.5%)

(III) Tricyanchexane (9%)
They postulated that during the decomposition reaction, after the
elimination of N2' the radicals dimerize to give ,(I ) . and dispropor- .
tionate to give (II), and methacrylonitrile. TIater methacrylonitrile
reacts further with radicale +to give (TIT) IR epactophotometric
studies during the course of the reaction shows the existence of an
unstable intermediate product(l) . This is methyl ketene-cyanisopropylimine
and is formed by the combination of (CH3)2C(CN)- and (CH3)2C:C:N-
radicals. The keteneimine is not stable and rearranges to (I) at 60°C.
It is only during the photolysis of AZBN at 25°C that an appreciable
~amount of keteneimine is formed as end product. The formation of a
second type of a radicai is attributed to the resonance-stabilized
states of the cyano radical

and the keteneimine radical can initiate polymerization with approxi-

mately the efficiency of the cyano radical(3) .

One difficulty with 2-cyano-2-propyl radicals is that they react
with oxygen

(CH3)2C (CN) - + O2 — (CH3) 2C (CN) *0-0-
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and the resulting radical may have a differrent reactivity from the
cyano radical. Canbination of the peroxy radical with the cyano radicals
gives a peroxide which in turn dissociate to a radical. Talat-Erben
and '(')nol(s) showed that the reactions with oxygen can involve even
‘more complicated stages.
The rate constant for the decomposition of AZBN was determined
by van Hook and Tobolsky(7) in experiments conducted over the range
37° to 100°C and is given by: '
k = 1.58 * 10" exp(-30.8 keal mole /RT) sec * (1.2.1)
The most effective temperature range for initiation by AZBN is fram
45° to 65°C.
Arnett
on the decomposition of AZBN and the dependence of k upon temperature

(50) showed that the solvent is essentially without effect

is given by ‘ .
1og16 k = =(7019/T) + 17.807 (1.2.1a)

which is in agreement with Overberger et 210 ona 1opie and Mathocon (39)

as seen below:

Table I a
Rate constants for the decomposition of AZBN
k,min *
Cc Arnett,, Overberger, Iewis and van Hook and
by *
et al Matheson Tobolsky( )
50 1.2¢1074 1.1%1074 1.5%1074 1.15%10~%
77 5.7%107 6.5%10 6.3*107 4.73¥107

(*) Calculated from eq.(l.2.1)

1.2.2 Free Radical Polynlerization Kinetics

The general mechanism of free radical polymerization can be
given as follows, where RI is a free radical produced fram the decom-
position of a initiator molecule, Rr- is polymer radical with r units
of monomer, M is a monomer and S is a solvent molecule
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Initiation:
Imitiator —— 2R-I rate constant =
(Rate of formation of Rep = I = 2fk_[Initiator])
R°. +M —— R ' rate constant = k
I 1 pI
- Propagation:
. : . n n
R 1t M — R 5 kpl
. . " 1)
R 2 +M ~— R 3 kp2
R. + M —_—— R. | " B | ] k
r r+1 pPr
Transfer:
- . " n
R r +M —— Pr + M kfr
- . n "
M + M ———= R 5 k M
Termination by combination:
R*_+R —— P " " k
r q rig trg
rermination by disproportionation:
. - n on L
Rr+Rq-——>pr+pq ktrq
(1.2.2)

In oxder to derive kinetic equations from the reaction scheme above
one has to make some assmnptlons. These are as follows:

(1) The react1v1t1es of chain radicals. are independent of their
chain length. In this case kpl kp2 kpr kp and also kf ’ ktrq and
kt':rq are independent of r and q. The validity of ( gh_;slgsc,smnption has
been tested experimentally by various researchers' 7“7/~ 7.

(ii) The chain length is sufficiently long, so that it can be said
that the total consumption rate of the monomer is equal only to the
rate of propagation; and the consumption of the monomer during the initi-

ation and transfer steps can be ignored. Therfore
- dlm]/ at = kp[an] (] (1.2.3)

(1ii) There exists a stationary state where during polymerization
the concentration of the intermediate radical products stay constant.,
In actual fact the rate of change of radical concentration is much
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smaller than the rate of change of monamer concentration .
d[r] d[m] |
3 <<' & _ (1.2.4)

On the assumption that

alr] _ |

dt
or more specifically

afkel/ae = o, alr e = o
ar ]/dt = 0, d[M] /&t = 0

(1.2.5)

Then the full expressions for the statiocnary state condition are given

afr-.] |

dtI =I-k R[] =0 | (1.2.6)
d[i:‘]_] — kPI [R- I] [M-\ - (kP+k£) [R.l] [M] - (kt+kl'; ) [R' l]z [R‘rx] =0
dd[i.Z] =k [R -y [} + ks ] [M] - (k¥ )[R ] =

| - k ) [R Z]Z[R =

—E£—=ghrﬂw—ayﬁm%MH-&*> 12

: 4
& = kf[M]X[R'n] -k [ Q] = (1.2.7)
When these equations are summed they yield -

I = (o) [R] | (1.2.8)

=) )

When added the only term which doesnnot cancel but is omitted is
kp [R' r] [M] . This is because when r is too large [R'r] becomes too
- small. The reaction rate becomes

- ii_gg - }: k(R [M]’ =1, [1] (Ezik—gw ‘ (1.2.9)

and the average kinetic chain length, v, i.e., the average nunber of

where
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molecules consumed for each chain initiation, is
1 a[M]
- T 1/2
v g = k] {0} (1.2.10)

and the average chain length or degree of polymerization (DP), i.e.,
the average number of molecules consumed for each inactive polymer
molecule, is ’

- o ] ]

ke (R[] + k2 [Re] 2

k(]
P
ke[M] + (k/24k) {I/(kt+k,::)}

173 (1.2.11)

The average life-time of a kinetic chain, T, (in other words the time

during which each radical consumes v monamer molecules), is given by

T d[M]
=V (1.2.12)
[rR1] at
1= Rl = {I(kt+k;:)}‘l/2 (1.2.13)

In general it is adegquate to treat the polymerization processes
by means of these assumptions but the equations were developed without

simplifying assurptions,by Gee and Melville, and others ‘-,
If equation (1.2.11) is put in the form _
1 ke 2k {m/egmp) 12
Db k k_[m]
p
and by assuming that 'the termination is exclusively by disproportionation
one gets
1 ok (mDM?
_— = = + —— (1.2.15)
Pk k_[M]
P p

Substituting I=2k_f [In] » where k; is the initiation rate constant, f is

I
the efficiency and [In] is the concentration of the initiator
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1 ke (2K E[mlkpt/?
— = = + (1.2.16)
Pk k_[M]
P P
The rate constant for the reactions can be axpressed in an Arrhenius
form
k = A exp(~E/RT) '
Therefore
1
LE4E ~E, /2-E. /2+E
Pn RT RT
(1.2.17)
where
= _ 1/2
a=af/n , b= (f [tn]a.n) /([M]AP)
By differentiating this with respect to temperature one obtains
d(1/oP) _ -a (—-Ef+Ep) —Ef+EP b(—Et/Z—Ei/2+E&) —Et/z--E.l/2+Ep
= 5 exp - 5 exp
Am jo g M L=d ) P
N ok e \ P vy / - —— \ -
(1.2.18)
at d(1/DP) /dT=0 where DP is a maximmm
E-E, /2-E. /2
T, = Lt v 3 (1.2.19)
a(Ef-—E ) ’
R In P
) b (Ep—E /2B, /2)
and since TM>O equation (1.2.19) yields
Et+Ei
Eg >Ep>——2— (1.2.20)

This is the condition for the existance of maximum in DP along the
temperature coordinate and was demonstrated for the polymerization of
vinyl acetate and methyl methacrylate(lz’B) .

If the transfer reaction is negligible it can be seen that DP
will decrease continuously with increasing temperature without going

through a maximum.
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1.2.3 Chemical Initiation of Radical Polymerization

The decomposition of an initiator molecule in a liquid phase
was treated acocording to two theories developed by two groups of re-

(70)

searchers. Schulz and Huseman approached the phenomenon of initi-

ator decomposition reaction as one that goes through an activated complex

and this conplex is in equilibrium with the moncmer and the initiator
(] (fan)-[e])

vhere [C], [M] and [In] are the concentrations of the complex, the

(1.2.21)

monomer and the initiator respectively. Then

[c] = & [ta] [m)/ (x [m]) (1.2.22)
and from equation (1.2.9)

alu] fex [m\ Y2 e
- = _ _*_:__) [m]>“ (1+KILM]) e (1.2.23)

so the order of the reaction will be between unity and 3/2 depending
on the magnitude of [Nﬂ

The other theory is the "cage effect" developed by Matheson(7l)
According to this theory the free radicals rejoin after decomposition
unless they can escape éhhypothetical cage surrounding the initiator.

So, if kI[inJ is the rate of initiator decomposition

= Fﬁijg%%§¥l (1.2.24)

where r is the reactivity ratio of a radical towards a monomer and to
its own kind. Then from equations (1.2.9) and (1.2. 24)

rk 12 3/2 1/2
- [
M]°7¢ @ec[h)” (1.2.25)
k. +k'
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1.2.4 Molecular Weight Distribution in Polymers and Copolymers

The distribution of chain lengths in a polymerization can be
derived statistically. This problem was first investigated by Bursian
and Sorokin(l4) for linear chain reactions and appliéd to polymerization -
by Schulz(ls) (see also Gee and Melville(ll) and Herington and Robertson
(16)). if Tp shows an average time each propagation step takes and
Tgr Tgg and Ty show the average time taken by each chain from the time
it starts as a single radical till the time it terminates by transfer
to monomer or solvent and by a termination reaction, respectively, then

11 1 1 1
—_— = e — o — A — (1.2.26)
T T T Tegs Tg
Here it will be generalised that there is transfer to monomer and sol-
vent and termination can be by both cambination and disproportionation.
It can casily be sean that Uie probdbiiliy of any radical undergoing
a propagation reaction instead of any other reaction is
1 1 1 1 1 1 _
= —/) — = — /| — 4 — + — (1.2.27)
Tp T s Tp e T
Substituting for the <t's from

4y

1/t = kM o ltg =kM , 1/t =kR = {I(kt+k;_)}
one obtains

¢ =k / (kpM kg S+ kgt + {I(kt+k;:) l/?}) (1.2.28)

With the assumptions of stationary state condition and constancy
of monomer and initiator concentrations similar equations as section
(1.2.3) can be derived for the concentrations of intermediate radical
products. This time transfer to solvent is also taken into account

Rr‘ + § —— Pr + S- ka (1.2.29)
and I denotes rate of formation for Rl- . Therefore
%— - - . P - : P ] - .—_
36 I kpMR1 + (kfss+ka)R (kfss+ka)R1 (kt+kt)Rr R*=0

(1.2.30)
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—_— = . - LI . - ! e Re =
= kIR _j = kMR = (R SHMR -~ (k)R "R= 0
' (1.2.31)
The square brackets are omitted for simplicity. On the other hand,
for long chains,

aM _ . — .
- = I+kpMR +kaR- = kpMR (1.2.32)

In_the above equation R+ denotes the total radical concentration as
[Rn-] in the previous section, which is

R = {1700}

Substituting this into equations (1.2.30), (1.2.31) and (1.2.32)

N ke Stk MHT (k k)] 12
R " = 7z (L.2.33)
kt+k ' kpM+k fSS+k fM+{I (kt'l'k ‘l"_) }
R+ =R_,- g , T2 (1.2.34)
roxl ‘kpM+kfsS+ka+{I (kt+k,'c)}l/ 2
X - kpM{I/(]_{t+kt':)}l/2 (1.2.35)

Then for the formation rate of a polymer with chain length r,

—_— = . — . L] ! . .
3 (kfss+ka)Rr + 2kt - Rn Rr—n + kt F\: R- (1.2.36)

If the above assumptions are considered equations (1.2.33) and (1.2.34)
became

: T 1/2 _
. = (1- ) (1.2.37)
Rl k k! /S
t
1/2
1 r-1
R = LR ;"= (- 8) &~ , r>2
, kt+k' (1.2.38)

where ¢ is already defined and (1- g) c;r-l is the prcbability of for-

mation of a chain with length r. After proper mathematical manipulations
equation (1.2.36) hecames ‘ »
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ap_ T V2 T V2 Dk kg stk gat {0k )
-5 = (- 7) ¢* [k Stk k]
1 LI !
kt+k kt{k ZkPM
. (1.2.39)
For a conversion AM moncmers at time t where
dp 1/2
-_ T a ., _ I
Prr-aff t ' AM = 3E t = kth (k oy )
£t L
Equations (1.2.39) gives the general distribution function
o T V2 [k e S {T 0 )2
P= — (- 1) T [k Stk | )]
kM +k! 2k M
p t p
4 : (1.2.40)

© For special cases where termination is exclusively (i) by dis-
proportionation, (ii) by combination equation (1.2.40) gives

(3Y D — Ami1e 12 LTl (1 9 A1)
Ny -I-r Lt ) ¥} b Ao sme ay
1/2
AM _ k. _S+k M+ (Ik, )
(11) B = — (1= 1) ¢° [k Stk (x-1) (zk) /2 [ L2 £ ]
r fs t
k M 2k M
P P
(1.2.42)

Here T in each case is one having the appropriate termination constants
zero.
In order to calcuféte the various molecular weights it is necessary

to calculate the approprlate moments fram the above equations and thlS
is done by the long chain assumptlon as

AM{ i k, }
E p=— k.S +kM+ (—E + k') (1.2.43)
= T kM “es £ k, +k! 2 t
P t 7t
rP. = AM
r=1 r
2, 2k M A [ T W2 i
E rp = : k_ S +kM+ (3/2K, +k)
r 1/272 e TR )
=1 [k stamr{r e )} ] k, +k

(1.2.45)
In turn the average degrees of polymerization are obtained from
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(1.2.46)

L, = —— (1.2.47)

where r is the number average degree of polymerization and E“,is the
weight average degree of polymerization. Likewise for corresponding

Sk,
4 ZPI'
e,
S,

The ratio EW/E is an indication of polydispersity of the polymer. In

molecular weights

(1.2.48)

B = (1.2.49)

the general case it can be seen that
r/r = 3/2 | (1.2.50)
but if the termination is solely by disproportionation
0 r,/r = 2 : (1.2.51)
and this ratio also gives an indication of the type of termination that
acconpanies the particular polymerization.

A simlified form of equation (1.2.40) is found in the case where
r>lso 'l = Fandz=1,

P

_ 4 MM -2r/r
= —s re
r -3

r

(1.2.52)

Studies of copolymers were carried out by Simha and Bronson(l7),

Stockmayer(l8) and Melville, Noble and_Watson(lg). The method of calcul-

ation is the same and the distribution equation derived is

_ 1/2
~r/x 2
W= e r cIY/2N K (1 5 53

rfy 2 \2 ™ M _K
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Here y is the deviation in composition as n,-n or m_-m where n and m
denote the mole fractions of A and B in the copolymer respectively..
K is given by
2
= A (1.2.54)

2 2
r AA +2AB+rBB

5 .
r A +2rArBAB+rBB

For individual distributions of length and composition

r

W, = e X/T (1.2.55)

- /2 _ 2 \-5/2
W o= % (Hfm . (1+ S ) (1.2.56)
b4 o 0 O 0

AHI
[\

If a fraction f of the termination is assumed to be by combination
(unlike the exclusive disproportionation discussed above) then

-r/r [ N 2
= (1-f+ _f__r_) re ( r \ oYY /2nOmOK
2

Ly 2r r 2 T m K
(1.2.57)
As for the distribution of sequences in a s:.ngle copolymer chain

one obtains the function

an"_l .
A = ——— (1.2.58)
N o
Bn—l
Bn= '—_—)_ﬁ (1.2.59)
( B+

where Q=T £ /(l £ ) and B—r (1-f )/f with r's the reactivity ratios
and fA the feed mole ‘fraction of component A. ‘The average sequence
lengths can be determined from the mean of the distribution A and B.

ZHA = (aﬂ) Z (ntl) (5 +l) (1.2.60)

n=1

Ny

5 __1 g7
. NB Z an = —(ET]-T; (n+1) (—B‘_I_—l) = 148 (1.2.61)

n=1

The derivation of the sequence distributions are from statistic conside-
rations and are delt with in more detail in section (4.2).
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1.3 General Aspects of Copolymerization

1.3.1 The Copolymerization Equation

The first attempt to describe the copolymerization process kine-
tically was made by Dostal(zo) in 1936. In this treatment Dostal assumed
that the kinetic behaviour of the growing copolymer chain depended
solely on the terminal active monomer unit and was independent of the
overall camposition of the chain itself. Therefore the copolymerization

process was defined in four reaction steps:
M- 4+ My —— M+ rate: k[ <] [i]
Mr ® My —— My ko [y ] 1))
Myt My —— M- Koy 7] [y

Myt My —— M- Ky ye] [y

(1.3.1)

where Ml and M2 are the two monomers and Ml- and MZ. are the polymer
chains ending with respective radical units. From these considerations
Dostal derived, in his original notation, the composition equation in’
the following way: the consumption rates of the individual monomers

were

. (@a + Bby)A (1.3.2)

™

9p

(OCELB + Bb)B v (1.3.3)

where o and B were the probabilities of finding wnits A and B in the
copolymer, A and B are the concentrations of monomers A and B in the
feed and a=kaa, aB=k b’ bAzkba and b:kbb' Having

o B = qA : qB (1.3.4)
one arrives at
R o + Rb
L : il % (1.3.5)
o oa + BbA

with
o+ =1 (1.3.6)
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But although Dostal obtained correct rate and composition expressions
he never produced experimental results to support his theory. This
was probably due to the large number of rate coefficients to be esti-
mated. The first reliable experimental data came from the work done
on the copolymerization of styrene and methyl methacrylate by Norrish
and Brookman®!) in 1939. These data were still not precise encugh
to test the theory for its assumptions. The best development on the
1022} i 1941 vho first
claim that the camposition of the copolymer depended on the relative
reactivities of the two moncmers towards the two radicals and so he

put forward the concept of reactivity ratios

calculation of the composition came from Wal

kp1/K10= T 0 kyp/Kyy= 1y (1.3.7)
He went further to make an additional assumption that

r, = l/r, (1.3.8)

to produce the simple copolymer composition equation
X = x (1.3.9)

where X and x were the ratio of the two moncmers in the feed and in
the copolymer respectively as a/b and r was the relative addition rate
ka/kb of A and B units to the growing chain. This equation, although
valid for a few cases, is far from being general.

The first precise and systematic study of copolymerization was
made by Mayo et al. which gave the data necessary to check on the theories.
In 1944 Mayo and Lewis(23) and Alfrey and Goldfinger(24) separately
developed the first general copolymerization equation. In their treat-
ment they did not oniy consider the reactivity of the monarer, like
Wall, but also of the radical end of the growing chain and the effect
of the concentrations of the respective monomers and radical ends.

Thus the mole fraction of A units in the copolymer is

- i?t‘] =k al[a) + koo B [2] (1.3.10)

and for B

dfs]

- =B8] (] (3] aa
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where kaa is the rate constant for the addition of a radical ending
in unit A to monomer A, and so on. Dividing the rate of consumption
of A by that of B one gets

] [l ] + k[l

(1.3.12)
aB]  x (] [B] + ¥[8 [B]
By assuming the steady-state condition where
k B .
[B-] ~_ab L_] [A] (1.3.13)
k,, (]
and defining rl=kaa/k b and r2=kbb/kba one gets
dla] (2] ry(a] + [8]
= (1.3.14)

afe]  [8] r,[8] + ]

) o) TALL TawA 3 A~ A4
s A t

MM~ R~ o~ ~ 1 mnemdeym AE LA v
S A A U i SO S 7 I S i £

sidc is alse the xatic of the monomer units
in the copolymer chain. Therefore, using small letters to show the
concentrations of the monamer units in the copolymer mixture and capi-
tal letters to show the same in the copolymer chain, (which is the
notation used for the rest of the thesis) one obtains for the general
copolymerization equation

WA ra+hb

- = (B) —_— (1.3.15)

B r2b + a

This, of course, is the equation for the composition of the initial
copolymer or, since the composition of the feed will change during the
course of copolymerization process due to the inequality of the feed

and copolymer campositions, the differential form is the instantaneous
copolymer camposition. The equation, when plotted as a/(atb) vs. A/(A+B)
gives a family of curves which are analogous to the curves of solution
VS. vapour campositions in binary distillation. In fact the copoly-~
merization process may even show an 'azeotrope' if the curve cuts the

A=a diagonal.
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1.3.2 The Relation between Moncmer Structure and Reactivity

The structure of the monamer can be considered to affect the
reactivity of free radicals in three vv\‘rays; these are resonance, polar
and steric factors. Steric effects can not be put on a quantitative
basis but the resonance stabilization and the polarity were treated
by Alfrey' and Price(zs) in the so—-called Q-e scheme, in a semi-quanti-
tative way.- ) . '

The idea of the Q-e scheme was "...to find a simple pattern of
copolymerization behaviour which would allow each individual moncmer
to be described by characteristis constants. This would simplify the
experimental task of estimating the reactivity ratios of various mo~
nomer pairs. Instead of estimating the reactivity ratios for all the
pair combinations possible for all monomers it would have been enocugh _
to estimate the reactivity ratios of one monamer with a few others in
order to calculate the characteristic constants, then to use these
constants to calculate the reactivity ratios of thé particular moncmer
with the rest of the monamers. The usefulness of such a concept becomes
even more obvious when one considers multi-camponent copolymerization.”

‘The Q-e scheme cambines the effects of resonance stabilization
and polarity in the sense that Q defines the former and e the latter.
The resonance stabilization of the radical has much to do with the
- conjugation of the doubjfé bond with the double bonds, if any, present
in the substituent groups. Thus the resonance stabilization is high
in the case of styrene radical where the double .bonds in the phenyl
group are conjugated with the ethylene double bond. Therefore although
styrene monomer is not stable or unreactive the growing.chai_n radical
is quite and relatively unreactive. The reverse is true in the case
of vinyl acetate. To show this on the potential energy diagram one
takes the case of attacking radical and produced radical separately.
Since in the reaction the govei"ning factors are the potential energies
of attacked monamer and the product radical , in the four possible
reactions: _

A+ A —> A (1)
A+ B ——— B- (2)
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B- + A ——> A- (3)
B 4+ B ——> B- (4) (1.3.16)

(1) and (2) are respectively similar to (3) and (4) so we only need

to treat the campetition between reaction (1) and (2) and (1) and (3).
In the potential energy diagram the potential energy of the system is
plotted against the separation of the reactants. Curve I shows the
increase of the potential energy in the approaching monaner and curve
IT shows the increase of the potential energy in the product radical
due to the streching of the bond joining the terminal monomer to the
rest of the radical (see fig.(l)). In the case of reactions (1) and
(2) one has two kinds of monomers being attacked and two kinds of radicals
‘being prodﬁced. Supposing the radical B- has a resonance stabilization
its curve IIb (fig. (1)) will be lower than that of A-, ITa. Similarly
the same substituent on the monomer B will produce, although much less,
some resonance stabilization and place the curve Ib accordingly. Then

Ol

- e et A~
L= e I wihaiog

AHab= AHaa - X, + X (1.3.17)

where X = EPA— With a good approximation one can

1)
pB
also write(26,27)

and Xr=E pA-—EpB- .

E = OL(Xr - xm) 0 <o<l (1.3.18)

aa ~ Fab
By assuming that the pré;eﬁcponential factors are approximately equal

| kaa _ exp(—Eaa/RI')

- = exp(-o(x. - x)/RT (1.3.19)
which is proposed to be equal to Q 27 5p the Q-e scheme.
In the case of reactions (1) and (3) (fig.(2)) there will be

only curve II with Ia and Ib. Therefore

B - E, =X — X =vXx. O <Y<l‘ (1.3.20)

kaa/kba = exp (yX /RT) (1.3.21)

The polarity is the distribution of the electric charges in the
monomer and the radical. If an electron-withdrawing group is present
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Eap

R

Potential £Fnergy

Separation

Fig.l Potential energy diagram for reactions (1) and (2)
vl eyguation (1.3.16).

Potential Fnergy

Separation

Fig.2 Potential energy diagram for reactions (1) and (3)
: of equation (1.3.16).
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on the substituent this will be expected to withdraw electrons from
the polarizable double bond or radical to give it a positive character.
On the other hand a negative character will be gajned by a substituent
group which is electron-donating. A free radical with a positive
character will show a tendency to react with a moncmer with a negative
group. '

With these generalizations one can write the rate constant of

any radical i adding the monomer j as -

kij= Pin exp (-eiej) (1.3.22)

where Py is the characteristic of radical 1, Qj is the mean reactivity

i
one wants to find the relative reactivity of radical i towards all

of moncmer j and e, and ej are the corresponding polarities. When

radicals present, where in the binary case it is only j and its own
monomer i, one has

i 2
K, s= PiQi exp (—ei) (1.3.23)

and as Pi cancels out, for reactivity ratio

Kii -

;:—-==Qi/Qj exp (-e, (8;-e,)) (1.3.24)
ij

or for monomers A and B.**‘

k
Jaa
%a

Where there is severe steric hindrance the Q-e scheme is no longer

Q /0 exp(-e, (e &) (1.3.25)

applicable. There are mainly two kinds of steric hindrance in vinyl
polymerization, namely of 1,2-Disubstituted ethylenes and 1,1-Disubs-—
tituted ethylenes. 1In the former, due to the bulky substituents on
the end carbon atam of the attacking radical and on the carbon atam
being attacked, the monomer is reluctant to homopolymerize (fig.(3a)).
Although it may copolymerize with other active radicals its reactivity
ratio tends to be zero or near zero. In the latter the steric hind-
“rance is somewhat different. When the monomer is carrying the carbon
atoms 1 and 2 (fig.(3b)) joins the radical at 3, that carbon atam has
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X X H v
@C/ @C
\\@// \\O Pl HC=CX,
@ ®
C
Hz 2 (b)

Fig.3 Configurational formulation of radical addition
reaction for (a) 1,2 and (b) 1,2 disubstituted
ethylenes.

R TS
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to comply with the tetrahedral arrangements of carbon~carbon o bonds
thus pushing the bulky substituents towards those on carbon atom 5.

The effect of this is more pronounced in the product than in the tran-—
sition state giving rise to a tendency to depolymerization and a low
heat of polymerization. The size of the substituents affect the overall
reaction not only by slowing down the forward reaction but to a greater
extent by speeding up the reverse reaction. If the ceiling temperature
for the polymerizationjhigh enough the Q-e scheme may still be appli-
cable as in the case of methyl methacrylate; but with monomers having
rather low ceiling temperatures, like o-~methyl styrene, it is not
possible to apply the Q-e scheme. One way of applying the Q-e scheme
to the systems involving a moncmer M, and, say, o~methyl styrene would
be to use the scheme in the calculation of ry only but not Ty

1.3.3 Effect of Temberature on Reactivitv Ratios

The effect of temperature on the reactivity ratios is due to -
its effect on the individual rate constants. So if one writes the
Arrhenius equation

k = ae /KT

or in terms of transiti¢m state theory

k = (KT/h)e AS#/Rr AH#/RT

where AS# is the entropy and AH#

the reactivity ratio

(1.3.26)

is the heat of activation. For

k
11 7 7
r; = , = exp(( As#l ASlZ)/R (AHll AHlZ)/RI') (1.3.27)
12
One can assume that AS# is very nearly the same for both reactions,

then

£
r)= o ( AHYyy— Aﬂ?fz)m : (1.3.28)

This shows that a plot of log ry
v 9 _
with slope ( AHEZ— Aﬂil)/2-303R and zero intercept. Since the heat

vs. 1/T would give a straight line
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of activation for the propagation reaction is small and the difference
even smaller the dependence on the temperature will not be very marked.
Also reactivity ratios close to unity will give the least change with
temperature. |

1.3.4 Probability Considerations

The first to use probability considerations in order to derive

(28). Since

- the copolymer composition equation were Godfinger and Kane
the copolymerization reaction is a campetitive reaction we may allocate
probabilities to each competitive step. Supposing at a certain instant
the terminal active unit of a growing polymer chain is A, then, with
the assumption that any unit preceding the active terminal unit has

no effect on the reaction, one has two competetive reactions

-

A + A _.ai_> DA
k
A- + B —2 . ap. (1.3.29)
the rates of reactions being

a[a]
N k. [a][2] (1.3.30)
Y

d[s]
- —— =k [a] [B] (1.3.31)

For the probability of A adding A one gets

K a-] [a]

= (1.3.32)

2 i) [a]+ ky[a] [2]
or by dividing by k [a-] [B]
. 4
P .= ot (1.3.33)
rx +1

where rA?kaa/kab and x=[A}{B]. Similarly
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1
Pab= —_— =1 - Paa (1.3.34)

rAg + 1

For the case of B as temminal active unit where B adds either B or A

1
P = ———=1-P

(1.3.35)
ba 1+ rB/x

m .

where rp=k /k_ .
For the derivation of the composition equation Goldfinger and

Kane developed a treatment which does not involve the stationary state
assumption. The abundance of n sequential A units in the copolymer
chain is given by

(1.3.36)

The number average sequence length of a is the sum of sequence proba-—

bilities weighted by the number of a's in each sequence

= e e n— .
Wo=Py + 20 P+ +mlD (1.3.37)
P
W, =2 E npga (1.3.38)
P =1
aa
which, since Pab= 1-P__, is an equation of the form
aa-i\\ .
s = L% _S_ n® (1.3.39)
n=1 :

and corresponds to the series

Sn; 1+x+ xz + x3 4 e + xn , (1.3.40)

which is the summation ' -

s= X § & (1.3.41)

n X

n:

and

= 1% .

5= 1= n — 0o (1.3.42)

S = -+ for x <1 (1.3.43)
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From this we get

1 1
W = - = s (l¢3.44)
a 1 Paa Pab
Similarly
W= | (1.3.45)
Py
A
The composition of the copolymer chain would be
Tr"la/wb
so
W P .
X=%=_§_=__bé (1.3.46)
W, P
b ab.
From equations (1.3.20) and (1.3.21)
1 +r.x :
X =2 (1.3.47)
1+ rB/x

The copolymerization composition equation derived in this section
cansidered only the terminal unit model which assumes that only the
terminal active unit on a growing radical chain has influence on the
CopolymerizatiOn reaction and also that all four copolymerization reac—
tions are practically irreversible. The derivation of the composition
‘equations for higher models like the penultimate unit influence or
the depropagation of reaction steps will be given later in chapter IV.

1.3.5 Composition Distribution Equation

The instantaneous composition of the copolyrer, apart from the
azeotrope point, is in general not equal to that of the comonomer feed.
Thus the comonomer mixture is bownd to change during the course of the
. reaction, with a consequent change in the composition of the instanta-
neous copolymer being formed. The conposition of the copolymer at a
particular conversion is the average composition which is somewhere
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between the first instantaneous composition and the last. The equation
(1.3.15) is only applicable to very low conversions, and to the azeo-
tropic feed composition. Its actual form is the differential form

and it is only truly applicable to the instantaneous copolymerization.

e I U b B
dw, My, ny + M)
Here my and m, are mole fractions of the monomers in the coﬁolyner

and My and M2 in the feed. The subscripts show the first and the second
monomer and ra 22/k21 (the nomenclature used here is slightly different,

(1.3.48)

in order to correspond better with the references). Equation (1.3.46)
may be combined with Rayleigh's distillation equation

dM"dMl

—=— (1.3.49)
Moom

for a type of system which is analogous to copolymerization. From

the combination of these equations one derives a differential compo—-

sition distribution function(72)
a [F (r)+r,2) =20, (r,1)+x,] >
Mdml [Mi(r ~2r) Iy+r,) +2M (rl Dr +r2] (ry=1) = (ry+r, 2)M1]

* (1.3.50)
where 1\1=1V11-I-1\'12 From this equation it is possible to evaluate compo-
sition distribution curves provided the initial and final monomer
composition and the degree of conversion is known. By integrating
equation (1.3.50) one obtains an integral composition distribution
“equation » :
o r, Mi ry M . l-rr

| 2 15 [2-ry -] ey -1
log — = log — + log — log
M -l—r2 My l--r1 M, (1-r. ) (1 -, ) [Z-rl-rz] Ml+rl-
(1.3.51)

where M is the remaining rr;onomer moles after certain conversion. From
the above equation it is possible to cbtain the degree of conversicn
if the nonomer conposition is known by analysis. Conbining equations
(1.3.50) and (1.3.51) one obtains
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l—rlr2
r, r2—l (l—rl) (l—rZ)
aM Mo\ (x,-1) [ 1 Fd rAr-2 M(i
_ M\ ( 1 iy
o)
M dml Ml l—Ml 2-—1 Cu
1
rl+r2—2
2 ' 3
[Ml(rl+r2 2)— ZM (r -—l)+r2]
[M (r -2r r +r2)+ (r l -1 +r2] (r -1)+(xr 2)M]Ml (1- M
(1.3.52)
To evaluate copolymer composition distribution (or drift) curves

a simpler method is Skeist's(29)

graphical integration method. The
function to be graphically integrated is the distillation equation

of Rayleigh (eq. (1.3.49))

-

M ¥y am,
In — = - (1.3.53)
M O m,-M

1 M1 171
For the graphical integration 1/ (ml—Ml) is to be plotted against
differential conversion, c=dM/M. The values cbtained by graphical

integration are plotted agaJ.nst conversion, c—M/M ; i.e., Cc vs. I, .
The curve gives the J_nstantaneous copolymer compositions at every
degree of conversion. The average camposition of the copolymer can

be obtained by the integral average of the curve fraom zero conversion.

1.3.6 Molecular Weight and Overall Rate of Reaction in Copolymerization

It is possible to obtain the overall rate and molecular weight
relationship from the complicated copolymerization mechanism by making
certain assumptions. In addition to the usual radical polymerization
assumptions three more are needed:

(i) The rate of initiation is independent of the camposition of

the feed. |
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(ii) Any transfer reaction is not accompanied by retardation.
(iii) There are only four propagation and three termination
reactions. A
Therefore, apart from the four propagation reactions, there is one

radical production (assuming a hamolytic cleavage of the initiator),

K

Initiator —— 2R

and three termination reactions (assuming only combination),

k
2 AARe —E32 L AAD-AAA

k
AANAe + ANAB. —@—-a- ANA-B AN

Kibb

2 ~"\B, —— . AAB-B AN

In the steady state, since the rate of radical production will be
equal to that of radical disappearance,

2k [mn] = 20k, [2)% + k_ [a-][B] + kg [BP) (1.3.50

where [Id] is the initiator concentration, and the square brackets
show the corresponding radical concentrations. It is assumed that

during propagation

k(2] (8] =%, [B] [a] (1.3.55)

[B] = ky/x ) ((Bl/[aD[A] =8 [a] (1.3.56)
= (k, /%) ((Bl/[a)

fram equations (1.3.54) and (1.3.56)

k [mn] =[] %k, otk B gy B 2) (1.3.57)

(2] = g [In]/0e ot 1 B oy 8 207

[B-] (k; [1n]8 2/k. 4k, B +k

taa Ttab
By using the equations (1.3.56), (1.3.58) and (1.3.59) the rates

of consumption of individual monamers are found directly

(1.3.58)

l/2

tbbB )) 1.3.59)

dA _

— G = UgalBlH8 [B]) 0[]/ e, ik 1 8 w8 Y2

(1.3.60)
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~ 2 = 0o, [B]4, 8 [B]) (e [m] ikt B %y, 8 202 (361

For overall rate of consumption of monomers

d(A+B)

CR=—SERL e [alac 8 (Al [B]4 B [B])

2,,1
(ep [In] /Gy 0 B B ) 72 (1.3.62)

Since the deoree of polymerization for radical polyrmerization is

_ rate of propagation _ kp [R] [M]

= el S (S = (1.3.63)
rate of initiation
| | k; [m]
in the steady state
-k _|R| M '
P = }2[ ][2]_ (1.3.64)
k. [R-]

and for e polymerization

o ko [Al4q 8 [2]#k [B] 4 6 [B] 13,65

B 1 2,1
O [mD) Y2 ek, o B Hegpp

From the equations for owerall rate and degree of polynerizatioﬁ it

can be seen that for a fixed monomer ratio the overall rate is directly
proportional to the monomer and to the square root of the initiator
concentrations, but the degree of polymerization is directly proportional
to the monomer and inversly proportional to the square root of the

initiator concentraticons -
R oo [M] [In]*/? (1.3.66)
DP cc [M] [n]~1/2 ~ (1.3.67)

' From these two proporticnalities it is possible to obtain a third ane
DP e« R (1.3.68)

which means for a constant initiator concentration the DP is directly
proportional to the rate, and as rate changes with varying monomer com-
position so does the DP.

According to Walling (30)

equation (1.3.68) can be written in a
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more analytical way by some suitable parametric notation, i.e.,

R =— (rA[A]2+2 [A][B]+rB[B]2) @/ %a) (1.3.69)
2[a]+20 r.r.[a)[B] 6./ 6, 4r2[B]°( 6./ 692 12 T
: A A'B B A B B "A

_Kaa ™ 2 Kraa 2 Kb
U - =% 0= —2-
kab kba kaa : kl:vb
2
Kk .
Kt a2k ttb

The § 's are ratios of termination and propacation rate constants for
individual monomers and can be obtained from the kinetic study of
their homopolymerizations. The r's are the reactivity ratios and can
be obtained from composition studies of the copolymer. The determi-
nation of ¢, provided the other parameters are established, can be
done by estimating the overall rate of the copolymerization reaction

at various feed compositions.

1.4 Effect of Pressure on Chemical Reactions

Of the two theories of reaction rates the collision theory has
not been very succesfully used to interpret the pressure effect on the
rate of liquid-phase reactions, in terms of the ¢ollision nunbér, Z,
or the frequency factor, A. On the other hand it has proved poss:ible
to explain and predict the pressure effect on the rate by means of
the transition state theory, (both qualitatively and semi-guantitatively).
In the collision theory, besides the collision number, Z, and the
frequency, A, it is necessary to use an empirical probability factor,

P, to explain the 'slow' reactions. Transition state theory on the

' other hand was developed not empirically but on the basis of fundamental
physical properties such as dimensions, vibration frequencies, masses,
etc., of the reacting molecules and has therefore been termed the theory
of absolute reaction rates. It is possible to explain the P factor
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by the transition state theory using the partition function concept,
hence

P = (q/a,)’ (1.4.1)

where a, and q,. are the vibrational and transitional partition functions.

The transition state theory assumes the existence of a transition

complex which is in equilibrium with the reactants(31r32r33)
A+B+ e — X# > products (1.4.2)

The transition complex posesses a potential energy surface similar

to that an ordinary molecule and it can be treated by statistical methods
in the same way. But in addition to having three translational deg-
rees of freedom it has a fourth one along the reaction coordinate.

By statistical considerations it can be found that(B)

Rate of reaction = [X#_] ( KT/h) (1.4.3)

where « is the Boltzmann constant and h is the Planck constant. There~
fore the effective rate of crossing the energy barrier for the complex
in the reaction coordinate is the wniversal frequency of kT/h, which
depends only on temperature. A reaction rate can be expressed as

Rate of reaction = k[A][B]--- ' (1.4.4)
and hence from (1.4.3) and (1.4.4)
g S LI g7 (1.4.5)
[2][B]---
whexre K7 is the equilibrium constant for
A 4+ B 4 v0r s 7 (1.4.6)

The system is assumea to be ideal to allow the use of concentrations
instead of activities.

The dependence of k on pressure can be obtained directly from -
equation (1.4.5), thus

3In X 31n
e Ry (e B (1.4.7)
( oP )T < 8P ]f>'r

and if mole fraction on molality is used as concentration wnit
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dln k 3ln K 3 AG #
—grp [-on k) _ _pp = = AV (1.4.8)
P - (35 - (249 ‘

AG¢ is the standard change of free energy during the formation of the
conmplex and AV#, the corresponding molar volume change, is called the
'activation volume'.

If the actual reaction is a reversible reaction

A + B + eeo —> M + N + oo -(1.4.9)

then the pressure effect on the equilibrium constant is related to the
partial molar volume change which accompanies the formation of the
products from the reactants, AP

m(_g;;_g_) = AP (1.4.10)
P Jp

The equation of the theory of absolute reaction rates can be

used to express the temperature dependence of the rate constant.

Since , .

KT In K = AG (1.4.11)
and '

AG = AHT~T AST | (1.4.12)
therefore # », |

7—“ —e AS /R -AH /RI' (1.4.13)

4
where AS7é and AH# are the differences in entropy and enthalpy between

the conplex and the reactants. Then
AP R i
= (KkT/h) e S/R SAV/RT (1.4.14)

Since, (from eg.(1.4.8)), AV# is the property of a reaction that
determines the behaviour of reaction rate with pressure it is mportant
to define its sign, magnitude and behaviour. If AV# is necative, i.e.,
if the reaction goes through a transition complex with a molar volume
less than the reactants the rate of the reaction increases with increa-
sing pressure. A positive AV7£ gives a decrease in rate with increasing
pressure. The magnitude of AV# determines the amount of increase of
k per wmit of AP.

For relatively low pressures AV# can be assumed to be constant



42

but at higher pressures the curve of In k tends to be concave to the
pressure axis. This indicates that there is.a decrease in AV# ; which
in turn means that the compressibility of the reactants is higher than
that of the transition complex. If the curvature is not great the In k
vs. P curve can fit to the equation

2

Ink =a +bP + cP (1.4.15)

In general, if the suggested reason for the decrease of AV# is
true, it must be possible to fit this decrease to a more physically

(34) made an

meaningful equation. On this respect Benson and Berson
attenpt by assuming that the Tait equation is applicable to the transi-

tion state as well as the reaction medium.

‘é _ st [1 - C#loglo('g‘;%)] - (1.4.16)

Although this theory of Benson and Ber.son seems logical, lack
of accurate kinetic data for non-polar reactions makes the application
of an adequate test inpossible thus the attempt to fit a 'Tait-like
curve' to the experimental points of k vs. P has been strongly criti-
cised by Hanann(BS) . Until there is accurate kinetic data it is doubtful

that this theory will get any confirmation and therefore be applied.

1.5 Effect of Pressure on Radical Polymerization

1.5.1 General

The effect of pressure on the rates of polymerization reaction
is an overall effect which contains the effects on the individual re- .
actions of the radical polymerization mechanism given in section (1.2.2).
But nevertheless the effect of pressure on propagation usually predo-
minates in the owverall effect.

The propagation reaction is an addition process which is accom-
panied by contraction. This contraction in molar volumes favours the
process thermodynamically. The transition state complex is an inter—
mediate between reactants and products so the activation volume N
is negative and so the reaction rate increases with increased pressure.
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In obtaining an expfession for the overall effect of pressure one must
consider the activaticn volumes of the various individual reactions '
which contribute to the overall rate, thus for an overall activation
volume one gets (from egs. (1.2.24) and (1.4.8))

-AV?péol - AV?; + 072 -0V /2 (1.5.1)

and the overall change in reaction rate can be shown as

(amk> _f%il]._;;

(1.5.2)

oP

In equation (1.5.1) AV# and Avsé are the actlvatlon volumes of initiator
decomrposition and termJ_natJ.on. Av# for radical initiators is positive
so the rate of dissociation is reduced by an increase in applied pressure.
This is because at least one valency bond is lenghtened in the activated
complex, so giving rise to a positive activation volume. For Avf_f one -
expects a negative value since the transition state is more compact
and an increase in pressure should increase the tenru.natlon reaction.
But it is found(40) that as the pressure increases k for styrene de-
creases. The reason is that the viscosity of the reactlon medium in-
creases with pressure and since the termination reaction of long chain
radicals is diffusion-controlled this increase in viscosity slows down
the rate of termination.

It can be seen that, since decreases in k; and k. and an increase
in kp all favour the growth of the chain, the effect Qf pressure on
the degree of polymerization will clearly be a positive one, i.e.,
an increase in pressure will produce higher degree of polymerization.
But the effect of pressure on the degree of polymerization will entirely
depend on the sign of AV?é Wthh is in turn dictated by the relatiwve
macnitudes of the md1v1dua1 activation volumes with different signs.
Generally AV# 1 is negatlve and in the case of styrene (AV# = =13.5

/mle(43)p2nd A= 11 cm’frole = 20V ) it appears to be aromnd

-16 cm /n'ole. ,

It is possible to calculate the degree of polymerization, app—
roximately, for high pressure polymerization from eguation (1.5.1)
or equation (1.5.2) and experimental data for the rate constants,
Even if there is transfer the change of transfer rates by pressure
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that o:
is very close to/\k;3 so their ratios do not change and hence do not
affect DP. '
1.5.2 Dissociation of Thermal Initiators under Pressure

The pressure-dependence of the dissociation of benzoyl peroxide
is complicated by the existance of both homolytic and induced decorpo-

sitions (37) .
kl
(Phcoo)2 ——3 2PhCO0-
v k2
2PhC00s —=—~ 002 + PhQOOPh (1.5.3)
-k ,
PhCOO+ + (PhCO0) —3 o PhCOOOH + Co, + PhCOO-
Nicholson and Norrish(41) derive the consunption rate from the abowve
mechaniem as
—&F fat = kP + ky(k, k) 2 (1.5.4)

where ¢ is the concentration of Bzzo . kl’ being the rate constant
of a wmimplecular reaction of which activation wolure is positive,
is expected to decrease with increasing pressure. On the other hand
k2 and k3 should increc?gfe with increasing pressure si_nce(38) the ac-
tivated complex of a bimolecular reaction has a smaller molar volume
than the reactants. Nicholson and Norrish found kl' the homplytic
decomposition rate constant, to be increasing with pressure and k (kl/kz) '
the induced rate constant combination, as a whole to decrease with
pressure —showing the effect of k3 to be more pronounced than (kl/kz) /2
AZBN, as described in section (1.2.1), dissociates via several
reaction steps before it produces final radicals, but these do not
involve induced decomposition, and the reaction is, as a whole, wni-
molecular. Ewald(39) studied the effect of pressure on this rate cons-
tant and, as shown in fig.(4), found it to decrease with increased
pressure. Some of the results of these findings are also given in
Table (I.). The ratio k-scavenger to k-direct decreases with increased
pressure to show that wasted radicals are less at high pressures.
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1.5.3 Radical Polymerization at High Pressures -Polymerization of Styrene

The effects of pressure on radical polymerization have been sudied
for various monomers and especially for styrene. Merrett and Norrish(42)
studied the high pressure styrene polymerization in relation to overall
rate of polymerization and molecular weight (fig.(6)). According to
these researches the rate of polymerization increases exponentially
up to 2000 atm. and then still increases expcnentially but with a lesser
slope. They pointed out that in reality the data may show a continuous
decrease in slope. As for the mode of reaction and molecular weight
they claimed that these parameters depend mainly on the rate of mutual
termination. If one assumes that transfer and termination by reaction
with initiator are negligible and termination is mainly by mutual in-
teraction then the rate of polymerization is of the 0.5 order to the .
initiator concentration

r .1/2
R= 2o @59

ke

But in the limiting case of kt= O termination is mainly by reaction
with initiator and the reaction is to the zeroth order of initiator

concentration

Ay ky

R = kp 5—{—- ' (1.5.6)
ti

Their results show that this might be true since the order of the
reaction drops from 0.5 to 0.4 wntil 3000 atm. which then stays cons-
tant. The increase of molecular weight until 3000 atm. and its
leveling off at higher pressures was explained in the same manner by
the same researchers: when the mutual termination reaction rate cons-
tants that have similar increases with pressure

, X
DP = R , (1.5.7)
etk e C

But Guarise(74) has shown that more probably this drop in reaction

order is due to an increase in the proportion of thermally initiated
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polymerization,

On the other hand Nicholson and Norrish(40) went on to calculate
the individual rate constants from their rate and molecular weight
date. Their results of rate constants are shown in fig.(5). They
attributed the lessening of the decrease of 1n (kt/kto) to the depen-
dence of this constant to the viscosity of the medium, since they
showed that kt is inversely proport.ional to the viscosity of the me-
dium wnder pressure. .

For the various rate constants of transfer reactions studies
were made on solution polymerizations. Walling and Pellon(43) ’
Salahuddjn(44) and Maulik(45) showed that Cs (=kfs/k ) was practically
insensitive to pressure, indicating that rate constagt of transfer
reaction to solvent was affected by pressure in the same order as kp.
But .CS results of Tochey and Weale(ll8) are in contrast with the above
in the sense that these researches show a decrease in CS with increased
pressure. Nicholson and Norrish were unable to measure the other trans-
fer constants from their experiments because even the magnitude of |
these constants were beyond the experimental error.

Nicholson and Norrish k_ results give a AV# of -13.4 and it is
not possible to calculate AVI and AV;é with accuracy from their results
for kI and kt but they seem to be of similar magrutudevand sign.
Walling and Pellon who used a different technique obtained the value
of -11.5 am /mle for A’w?é The calculation of AV by Kobeko(46)

his high pressure polyxrerlzatlon data of styrene shows a decrease in

from

this parameter indicating that Av?é also should decrease at higher pressures.
In the case of polymerization reactions with a substantial reverse

reaction (depropagation) the effect of pressure on this reaction must

also be considered. This, namely the effect of pressure on eguilibrium

polymerization, is discussed in section (2.4).
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TAB L 1--DISSOCIATION O 21 2"-AZ0-Dis-ISOBUTYRONITRILE IN TOULUENE

presssure
alm

1
1500

F % 108 (see 1)
70° C
direct
5:50
447

Kk x 103 (sec™t k% 105 (sce™! - feeavern
R rs & ) Elcavenen)
direct seavenger L (direct)
1:87 0-892 0-447

1-52 0-552 0-363
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1.6 Brief Review of Previous Work on the Effect of Pressure on

Copolymerization Reactions

The effects of pressure on copolymerization reactions are again

a combination of the effects of pressure on the individual conponent
reactions which are somewhat greater in nmnber than those in honopo-'
lymerization reactions. ILamb and Weale(47) have studied the copoly-
merization of three systems under pressures up to 4000 bars. These
systems were: V ' |

' styrene - methyl methacrylate

styrene - diethyl fumarate
methyl methacrylate — maleic anhydride

The pressure copolymerizations showed rate and molecular weight increases
similar to those cbserved in homopolymerizations (Tables (II) to (IV)).
The rate increase with pressure was exponential and the molecular weight
increased un £o 2000 atm, bk then lewveled off, There was i apparanc
change in monomer reactivity ratios and this was attributed to the
equal effect of pressure on md1v1dual propagation steps. The A\#
was in the range of -18 to -25 cm /mole. The termination factor was
also calculated and this exhlblted, in the case of styrene-methyl meth-
acrylate, a higher positive change initially, especislly for high styrene
feeds, followed by a leveling off (Table (V). |

~ Ogo and In'oto(48) ‘'studied the effect of pressure on some less
ideal systems, i.e., systems that are not explicable by the terminal
wnit model of copolymerization, They studied styrene-maleic anhydride
with a penultimate model and showed that there is a tendency towards
the terminal wnit model under pressure (Table (VI), fig.(7) and (8)).
They calculated AV# for this system, and also reactivity ratios and
AV# s for the styre.ne-fwraronltrlle system according to a penpenultimate
mit model (Table (VII), fig.(9)). The other systems they studied
wnder pressure include: fumaronitrile with 1,1 - diphenyl ethylene,
methyl acrylate, vinylphenyl ether, o-methyl styrene, methyl methacrylate
and trans-stilbene. The results obtained from these systems were inter-
preted as showing that high pressure tends to eliminate the penultimate
effect in the copolymerization. '



Table II

Polymerization of styrene and of methyl methacrylate at high pressures |

Styrene MMA MVA
t=60°C, I =0.1 t=40°C, I =0.1 £=45°¢, 1 =0.04
P,atm FRate,3/h M#10°  P,atm Rate,8/h 1 aicl. Psatm Rate,%/h
| 3
1 1.55 0.22 1 0.55 6.85 1 0.69

1000  2.88  0.47 1000 0.9 2.2 2000 = 3.17
2000 5.20  0.72 2000  2.70  16.6 |
3000 9.98  0.85 3000 7.90  21.1

4000 28.0 22.9

Table III

Rates of copolymerization and properties of copolymers (t=6000; I =0.1

in systems A and B, and 0.05 in C;  in toluene; P=atm; Rate=%/h; FA=A in pol.)
A. St toma ~ B. 8L+ DEF C. M@a+hal.An.in 50imoie

P Rate F n P Rate F, n P FRate o benzene
Initial %A = 19.0 Initial %A = 26.2 Initial %A = 15.0
1 2.66 - 1,11 1 1.14 49.8 0.57 ‘1 4.3 1.10

1000 6.29 26.3 2.19 1000 2.43 -  0.78 1000 9.90 2.04

1500 8.24 26.4 2.86 1500 3.24 52.9 0.88 1500  16.9 2.67

2500 17.2 28.0 4.0k 2000 4.56 -  0.93 2000 30.4 3.38

3000 23.2 24,6 4.05 2500 7.64 52.4 0,98 2500 47.4 4.06

3500 60.1 26,0 - 3000 12,2 - - 1.03 3000 97.1 4.59

3800 80.0 - 4,10 3340 13.6 51.6 1.03 3500 194. 4.33

4000 27.7 - 1.03 4000 79.5 5.27
Initial %A = 48,0 Injtial %A = 58.6 Initial %A = 25.1

1 1.68 - 1.12 1 1.65 59.6 0.67 1 4.80 1.18
1000 3.27 48.7 2.03 1000 4.06 -  1.10 1040 12.6 2.42
1500 4.66 49.0 2.47 1500 5.63 57.9 1.32 1500 18.0 3.16
2000 7.08 49.5 2.85 2000 8.71 - 1.48 2000 33.1 3.87
2500 9.28 50.0 3.23 2500 15.1 58.9 1.59 2500 58.2 4.64
3000 13.1 48.3 3.55 3000 25.6 -  1.74 3000 108.0 5.08
3500 21.9 50.1 - 3500 41.0 59.7 1.79 3500 201.0 5.27"
4000 29.4 -  3.60 4000 61.3 - 1.78 4000 88.0 -
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Rate

Initial

1
1070
1500
2000
2500
3000
3500
4000

1.37
2.89
3.64

. 5.00

6.48
9.01
12.6
20.0

1500
2000
2500
3000
3500
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Table II (cont'd)

FA n P Rate FA 1K P Rate nSp
%A = 78.6 Initial %A = 84.7 Initial %A = 34.6

- 1.01 1 1.79 72.4 0.71 1 3.7 1.15

- 1.78 1000 4.24 - 1.14 1000 10.1 2.69

- 2.0l 1500 6.13 72.1 1.49 1500 20.9 3.54
73.2 2.43 2000 9.71 - . 1.62 2000 33.7 4.35
72.7 2.72 2500 16.3 70.1 1.81 2500 55.8 4.89
73.4 2.82 3000 24.1 - 2.06 3000 107.0 5.37
73.7 2.87 3500 42.3 70.0 2.14 3500 166.0 5.60

- 2.90 4000 71.1 -~ 2.13 4000 106.0 -

Table IV

Monomer reactivity ratios at high pressures

A Y P - T - P b
J Al AlllyU. (B)

ra rb r rb ra rb
- - 0.35  0.03 2.10 0.0
0.53  0.47 - - - -
0.50  0.48 0.26 0.0l - -
0.53  0.45 - - 2,40  0.00
0.53  0.48 0.27  0.02
0.57  0.54 - -
0.59  0.50 0.30 0.02
Table V

Monomer reactivity ratios calculated from
penultimate wnit model. Styrene(l)-Mal.Anhyd. (2)

P,atm
1 1000 1500 2000 2500 3000
St.moleg - ' X

79 46 80 106 1loo 105 112
48 29 39 48 41 a2 40
19 14 12 15 13 15 16



Table VI

Monomer reactivity ratios calcu-
lated from penultimate unit model
Styrene (1) -Mal.Anhyd. (2)

g2
P (kg/cm"”) r rJ’_ ri/rl
1 0.023 0.065 2.8
2000 0.022 0.055 2.5

4000 0.023 0.042 1.7

ry = k13912
|
r; =k11/%12

Table VII

Monomer reactivity ratios ), !,

ri and the errfect of pressure.

! Styrene (1) -Fum. Nit. (2)
P (kg/cmz) ry r]'_ ri
1 0.06 1.0 2.0
2000 0.057 0.94 1.7
3000 0.053 0.87 1.3
s000™  0.05 0.8 1.0

r1=X911/%9112
| .
1= %11211/%011212

= 51011491012



. 53

-
]
*
[
2
g 0.8}
& x
N x x
o x
So
L+ —
g 0-6 [ on D \’
g
Q . (]
N a3 —
N
N ]
Sos}
o /1000 3000 So00

P kgﬁ:mz

Fig.7 Pressure dependence of the formation of
triad fraction in St.-Mal.Anhyd. system.

D.

o

S .

* .
o

L

D

~ .

L 06}

o

N .
Ch
v

O

o 2000 4000

P k9/cm?

4 ,
Fig.8 Pressure dependence of ‘penultimate unit
model reactivity ratios of St.-Mal.Anhyd. system.,

-~
O
-

06t

log (17x10°), log (r%10), logi
o
N _
/
<° .

o 2000 4000
Lo kj/a'ﬂz

Fig.9 Pressure dependence of penpenultimate unit
model reactivity ratios of St.-Fum.Nit. system.



54

1.7 Aims of the Present Study

The general aim of the present sudy was to investigate the effect
of pressure on a copolymerization syétem which does not abide by the
rules of classical copolymerization models due to either depropagation
or penultimate unit effects. :

Aspects of interest in such a system include:-

(1) Pressure effects on the copolymer composition curves, hence
the reactivity ratios.

(2) Possible effects on microstructure of the copolymer, hence
the choice' of correct copolymerization ﬁechanism.

(3) Pressure dependence of rate of copolymerization.

(4) Pressure dependence of molecular weicht.

It is also of considerable interest to investigate whether the
- theoretical treatments developed for such systems at ordinary pressure
can be éxtended to give a satisfactory description of the pressure
effects; and to relate these to existing data on the high pressure
‘homopolymerization of the monomers. On the other hand it always more
enlighting to study a system which does not conform with the special
cases of a generalkpicture of this phenomenon. In the present case
to study a copolymerization system which does not fit to the special
classical theory woﬁld reveal more information about the general mecha-

. . . .
nism of copolymerization reaction.
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IT. RELEVANT ASPECTS OF THE EXPERIMENTAL SYSTEM

2.1 Reascn for Choice of the MVA - oMS System |

For this research the system oMS - MMA was chosen because one
Aof the monomers shows depropacation in its homopolymerization at rela-
tively low temperatures and the system does not fit the simple 'ter-
minal-wnit' theory. There is also a number of experimental studies
of the system at 1 atm. (section (6.1)) and theoretical work based
on them (section (4.1)) which make the system well defined. Each of
the monomers has also been studied in copolymerization with other mo-
nomers and in homopolymerization; there are also data on the polymer —
monomer equilibrium for oMS at hich pressures. The system also exhibits
a convenient rate of reaction and solution properties which are useful
during the reaction and separation of polymers. Finally the oMS - MA
copolymers are very suitable for composition and microstructure analysis
by NMR,

2.2 PRelevant Data on the Polymerization of MMA

(49) give the polymerization data on initiator

Baysal and Tobolsky
concentration, Rp, [n] and P for various initiators as shown in Table
(VIIT). From the same data Pp vs. (In] 1/2 is shown for the four ini-
tiators in fig.(10). The experimental straicht lines giwve

R; = a + B;[In] = B [In] (2.2.1)
a is a constant and is the rate of thermal polymerization. In the range
of initiator concentrations used a is neglicible compared to BI [In]
BI is an experimentally determined quantity for each initiator and is
obtained from the squares of the slopes of the straight lines. BI
values for the initiators used are given in Table (IX).
For the monoradical initiated bulk polymerization with no chain

transfer one has (49)
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-i)-n = Cm+ARp : (2.2.2)

_ 2r,12 =
A= (2k_ Kk )/kp[M] ¢ Sy ktr,m/kp

(similar to section (1.2.3)) which means in this case one should have
a straight line for l/Pn vs. Rp which is called the monoradical line.
The initiators which exihibit chain transfer should approach the mono-
radical line asymptotically at low concentrations of the initiator.
From the same data of Baysal and Tobolsky l/Pr1 vsS. Rp is shown for
the four initiators in fig.(11). AZBN and Bz,0, give straight lines
which show that they are nonoradicals. The slope of thlS line gives
A = 0.826 (R in moles 1t T secd) and the intercept gives C_ = 1*10
In flg. (12) the data from Table (VIII) are plotted as l/P vS.
[In] and [In] vs. %conversion hour 1 for AZBN.
' Arnett (50) shows by the constancy of R/c 1/2 for the polymerization
of MMA atnSO C with AZBN concentrations ranging from 0.47*%10 2

-5

21.06%10 “ mole/lt that the initial rate of polymerization is propor-
tional to the square root of initiator concentration. That would indi-
céte that the termination reaction is second order with respect to
growing chains and the initiation is first orcer with respect to the
initiator concentration.

(5

O'Brien and coworkers D determined Rp from polymerizations

carried out at 60°C with AZBN at various concentrations —from 4.28"‘10-'4

-4

to 61.5%10 ~ mole/lt- as given in Table (X). They used the equation

R, = 2.49*%10° (do/dt) | (2.2.3)

to evaluate Rp in lt_l sect and da/dt is the gravimetric rate conversion

of %conv. /hour.
A plot of Rp vs. (AZBN) 172 gave a straight line passing through
the origin. The slope of this line was 3.04*3_0-3 corresponding to ’

Rp = 3.04*10'3 (AZBN) 1/2 (2.2.4)
The data of Baysal which cave the relation
R, = 2.93*1075 (azBN) 172 (2.2.5)

(52)

and of Bonsal et al. which gave the relation

R, = 3.11%1073 (azeN) 172 (2.2.6)
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are in good agreement with the results of O'Brien and coworkers.
O'Brien and coworkers determined the averace degree of polymeri-

zation of poly-MMA samples using the equation

= _ 3 1/0.76
P =2.22¢10"[ ] /¢ (2.2.7)
66
of Schwele, Kinsinger and be(53) . Although this eguation cave some-

what lower ﬁn values than those of Baysal and Tcholsky and Baxendale
et al., this equation, as accepted by many researchers, is the most
accurate relationship available. '

O'Brien's results gave a straight line for the plot of 1/P VS.
(AZBN) 1/2 with a positive intercept

-5

1/p = 2.97%1073 (AZBN) 172, 0.7%10 (2.2.8)

This is in good agreement with Baysal and Tobolsky's relaticnship.
Bonsall and coworkers' relationship

5

1/p. = 177510 (azey) /24 5.5%10” (2.2.9)

may be due to limited investigation and insufficient results. But
Arnett used Baxendale and coworkers' equation '

P_ = 2.81*10 [n]l 32 (2c°c) (2.2.10)
| Cele - -

to evaluate his data and obtained the eguation

-5

1/p_= 0.654*1073 (aAzBN) >/2+ 3.8%10 (2.2.11)

2.3  Equilibrium Polymerizatio?
N

Like all chemical reacﬁions polymerization -vxeactivons are in

_ theory reversible, although the reverse reaction is not detectable in
most of them since the reverse reaction is negligibly slow. In the .
case of 1,l-disubstituted ethylenes the depolymerization reaction be-
comes apparent because of the steric effect mentioned in section (1.3.1)
and enters into an appreciable competition with the forward reaction.
Steric hindrance in the polymer markedly affects the enthalpy change

of the reaction. Since the change in entropy remains approximately



Initia-

tor

Bzzcb

AZBN

Photo

t-BHOP

In
mole/1t

0.16
0.09
0.04
0.0083
0.002
0.0004
0.1427
0.057
0.0285
0.0114
0.0057
0.00114

0.0955
0.0764
0.0573

10,0382
0.0191

0,1395 .

0.0558
0.0279
0.0112
0.0056

.h‘

Table VIIT

yield
wt

oe

15.0

11.4

14.4
3.5
3.46
3.41
7.13
5.33
4.98
4.84
4.40
2.74
2.25
2.91
2.40
1.69
1.56
1.92
1.00
7.05
1.10
2.78

3.43

5.64
4.56
3.99

time
min
29.0
30.0
57.0
30.0
56.0
125.0
10.0
12.0
16.0
24,0
30.0
40,0
25.0
45.0

45,0

45.0
23.0
26.0
60.0
260.0
104.0
28.0
42,0
77.0
108.0

170.0

R *105
- P

mole/1lt sec

81.2
59.6
39.6
18.0

9.7
4.27

111.8
69.5
48.8
31.6
23.0
10.6
14.1
10.2

8.20
5.95
5.25
5,79
5.04
4.20
3.13
15.3
11.31
11.36
6.55
3,64

Polymerization of MMA at 60°C

n'

0.874
1.10
1.47
3.04
5.02
7.20
0.651
0.95
1.28
1.86
2_50
4.27
3.75
4.25
3.97
5,38
0.292
0.54
0.60
2.50
3,98
0.99
1.57
2.22
3.90
5.20

/8,
*10°

6.49

4.86

"~ 3.38

1.36
0.72
0.46
9.39
5.85
3.99
2.51
1.73
0.89
1.4
0.89
0.97
0.68

15.3

7.62
6.80
1.35
0.79
5.55
3,11
2.01
0.99
0.69
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Table X

Rate of polymerization of MMA with AZBN at 60°c

azeN *10°  da/dt R ¥10° R/ nzpN /2
mle 160 s/mr  mole/lt sec . *10°
4.28 2.45 6.10 2.95
4.28 2.48 6.18 2,98
9.12 3,73 9.29 3,08
9,12 3.73 9.29  3.08
16.3 4.97 12.4 3.07
16.3 5.08 12.6 3,12
24,2 6.24 15.5 3.15
25.7 6.32 15.7 3,10
31.8 6.67  16.6 2.94
31.8 6.89 17.2 3.05
2.7 7.13 17.8 3.10
33.9 6.91 17.2 2.96
33.9 6.98 17.4 2.99
46.6 8.08 20.1 2.95
61.5 9.83 24,5 3.12.

&

Table IX

Kinetic constant BI for the bulk polymerization |

of MA at 60°C

Catalyst BI
Bz,0, 4.00%10 "8
AZBN © 8.59%1070
CHP 2.49%10°8

-9

t-BHP 4.06%10
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the same the change in AHp gives rise to the activation enerqy of
depropagation as seen from the equation

E - E.=AH ' 2.3.1
o a b ( )

for long chains. AHp is usually negative and E 3 is much larger than
Ep go although k 3 (rate constant for reverse reaction) is much smaller
than kp' when the temperature is increased k 3 will increase faster
than kp and eventually reach the same value. At the point where k d>kp
there is no polymer formation since it is decomposed as soon as it is
formed. At all conditions the monomer is in a state of equilibrium
with the polymer and hence the process is called equilibrium polymeri-
zation. The temperature (at constant pressure), where there is no
polymer formation in a bulk polymerization; or where [M]e, the equi-
librium concentration of the monomer in a solvent, is unity, is called
the ceiling temperature. Many polyrmers formed below their ceiling
temperatures can exit even above their ceiling temperatures but this
is only a metastable state and once the degradative centres are ini-
tiated on the polymer it decomposes back to its monomer.

From the above concept it seems obvious that if the activation
energies for the forward and the reverse reactions are appropriate it
is also possible for the floor temperature to exist. 1In practice this
is the case for a£ least one monomer, namely sulphur, which does not
form its eichtmer at temperatures below the floor temperature.

The concept of ceiling temperature can be analysed both thermo-
dynamically and kinetically. Thermodynamically every chemical reaction
is accompanied by a change in Gibbs free enerqgv. The effect of this

change on the reaction can be summarized like below(82) :
K AR /T mole T Tnference
104 ~23000 . reaction almost complete .
10 ~-5700 " 'favourable'
1 -0 " 'central'
101 5700 " 'just feasible’
1074 23000 v very 'unfavourable’

Exactly the same generalization can be made for the polymerization

_reaction.
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The Gibbs free enerqy of a system is defined by
G=H-TS | | (2.3.2)
and hence its change can be given as-
AG = AH ~-_TAS | (2.3.3)

where AH and AS are the differences in enthalpy and entropy between
the polymer and monomer as

AH = H - H
polymer monomer

(2.3.4)
The ceiling temperature has already been defined as an equilibrium
tenmperature so

T = AH_JAS. 2.3,
o= AH /S (2.3.5)

The enthalpy and entropy changes considered here are of each monomer
wmit and if the degree of polymerization is large enough they are
identical with the heat and entropy changes of the polymerization re-
action. As is shovn later in this section, at equilibrium

48 = R In(a /A + R In[M] = Asg+ R 1n[M] (2.3.6)

where As; is the entropy change of the reaction at standard state,
i.e., when concentration (activity) is wnity. Therefore
AH.

—F (2.3.7)
aS+ R In[M] .

T =
C
H\

K}

From the above concept the generalization made in the beginning of

the section can be wnderstood more clearly and a better picture can

be formed of the thermodynamic possi.bilityvof polymerization. If
polymerization can be thoucht of as a process rather than successive
reactions, the formation of polymer, since it is an associative process,
is always accompanied by a decrease in entropy. This makes it necessary
for AH to be negative and of a greater magnitude than the entropy term

- at temperatures up to the ceiling temperature. As mentioned before,

a steric hindrance decreases AH and so the Tc' In the case of sulphur
AH is positive but since in its monomeric state sulphur is crystalline,
i.e., more ordered, polymerization is accompanied by a positive AS and
the concept is rewversed giving rise to a floor temperature instead of

a ceiling temperature. '
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From statistical considerations the number average degree of

polymerization for any equilibrium polymerization is given by(56157:58) :
1
P = ———m— (2.3.8)
1 - K[M]

where K is the equilibrium constant and [M]e is the equilibrium monomer
concentration. In the case of DP>3>1 the above equation gives

K = 1/[M], (2.3.9)
The relation between initial and equilibrium monomer concentration is
given by
K (]2 |
M = M|+ - (2.3.10)
bl B+

where K' is the equilibrium constant for the initiation and to accept
this to be equal to K is a possible assumption. The degree of poly-
merization in relation to initial oconcentration (also DP>>>1) is given by
[M o] ) K 1/2
DpPp = ——K" - — (2.3.11)
KI KI N .
If K' is assumed to be equal to K then

1/2

DP = ([MO]K) (2.3.12)

Equilibrium in vinyl polymerization has been treated by various
researchers successfully with or without the above assumption. In the
case of polymeriiation of methyl methacrylate Dainton and Ivin(56) and
treated the problem with the above assumption whereas
Tobolsky(ss) ‘
measured DP of polymethyl methacrylate and equation (2.3.11) derived
K'= 3*10 > and K 2 3. ,

By the differentiation of the equation of DP with T after substi-

tuting K = exp (ASO/R)e@(-AHO/RT) and then setting dDP/JT = O one can
(61)

treated the problem as a two-constant case and from the -

obtain a maximum for DP ;, a long as K>K'. A maximum for the po-

lymerization of o-methyl styrene can be seen from the results of Kilroe(sg)
and Mitani et al. (60) . In the case of Mitani et al., although this is
not mentioned in their paper, it can be seen by plotting their results

on a T vs. P plot (see section (2.4)). It is also mentioned(6,l.) that
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if A >>ArC the temperature where the maximum occurs and the ceiling
temperature will be very close together.'

The kinetic approach to the ceiling temperature concept is made
by taking the forward and the reversé reactions to be equal in rate
at the equilibrium,

ka[Re] [M] = k4[R] (2.3.13)
or in the Arrhenius form, '
A exp(-E /RT_) [M] = a; exp(-E4/RT) (2.3.14)
and then solving for T c
E-E AH |
=BG = P (2.3.15)
R ln(Ap[M]/Ad) R ln(Ap[M]/Ad)
since £
' A = (kT/h) exp( S7/R) (2.3.16)
O _ aaP ae? o |
| AST = ASP- ASd = =R ln(Ad/Ap) (2.3.17)
Therefore AH
T, = P ‘ (2.3.18)

~ as® + R In[M]

For the molecular weight distribution of polymers formed in equi-
librium polymerization Eisenberg and Tobolsky(sz) and Schulz and Floxy(63)
obtained similar results

- & -
NN =h = &[M] )" a-k[M] ) (2.3.19)

where n is the ratio of number of polymer molecules with x wnits to
total nunber of polymer molecules. Also

op = 1/(1-K[M] ) (2..3.20)
| DB, = (L+ K[M] ) /(1-Kk[M] ) (2.3.21)
and the polydispersity

DP_/OP =1+RK[M] =2-1/p =2 (2.3.22)
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2.4 Previous Studies on the Polymerization of oMS at Normal and

High Pressures

- a-methyl styrene has been inVéstigated by a number of research
workers in the studies of the equilibrium polymerization of vinyl po-
lymers. Thus many researchers studied its polymerization at normal
preésure with various initiators and by a variety of mechanisms.
M:Connick(64) and Worsfold and Bywater(65) studied the system of a-methyl
styrene — poly-e-methyl styrene in tetrahydrofuran (THF) and successfully
applied equation (2.3.9) to their results. These researchers used
naphtalene sodium as an anionic initiator; as did Tobolsky, Renbaum
and Eisenberg(76) who also used diphenylacetylenesodium at 0°%C. The
latter researchers carried out the polymerization in THF and found
that with both initiators the equilibrium monomer concentration at
0°C is equal to 0.89 mole/kg. The calculated values of AH and AS from
the expérinental results of various researchers are given below

-AHSS —ASSS Ref.
(kcal/mole) (en)

6.96 24.8 (64)

8.02 28.75 (65)

7.47 26.5 (76)

8.50 30.6 (83)

From the experimental data McCormick established the ceiling temperature
for a-methyl styrene to be 61°C.

Other researchers to study the polymerization ofe-methyl styrene

(119) using the borontrifluoride

at normal pressures were Ckamura et al.
(86)

— diethyl ether complex at -78°C; Brown and Mathieson
chloroacetic acid in ethylene dichloride at ZOOC; and Lowry
the first researcher to claim the homopolymerization of e-methyl styrene
by radical mechanism at normal pressure, who polymerized the monomer
with a radical initiator at 15°C for five days. »

The study of polymerization of a-methyl styrene at high pressures
was mainly done with radical and ionic initiators by Sapiro et al. (84) ’
Kilroe and Weale(sg) (85) , Mitani et al. (60) , and Stein

using tri-
(87)
7

, Elroy and Weale
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et al. (66) .

Kilroe and Weale show that although the depolymerization reac-
tion is favoured more by temperature causing the conversion to reach
zero after passino a maximm, it is less favoured by pressure compared
with propagation reaction, thus leading to an increase in the ceiling
temperature. They found a linear increase in the ceiling tenperature
with pressure having a zero pressure intercept of 60°C. By the app-
lication of the Clausius—Clapeyron equation |

dTC TC AV

dpP AH

and using the value of AH = -8.4 kcal/mole as given by Dainton and
Ivin(56) , the molar volume difference between products and reactants
which is related to the equilibrium constant by the equation

In K _ _ AV
P = RT

was found to be
V = - 14.7 on’ /mole

These researchers also show that althouch the conversion to solid
polymer is decreased after the dbserved maximm there is a considerable
and increasing amount of dimer formed even after the maximum. The
formation of this direrywith wncertain structure was explained to be
via an allyl transfer be{:ween two monomers. This did not cast doubt
on the retardation effect of the depropacation reaction or on the
ceiling temperature concept. Kilroe and Weale found that the depen-
dence ofthis reaction rate on the initiator concentration is similar
to styrene polyrrerization(sg) .

Mitani and his coworkers, in their hidh pressure polymerization
studies of omethyl styrene in THF at temperatures of 50°, 600, 70°
and SOOC, obtained polymerization heats and entropies at various pre-
ssures but their extrapolated normal pressure values are quite diff-

erent from those of other researchers.
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Pressure (kg/cmz) AH (kecal /mole) AS(cal/mole deg)

1 ~4.0 : -16.4
2000 -7.09 ~23.4
3000 ~-9.20 -28.7
4000 ~9.98 =30.1
5000 -11.58 -33.8

From their van t'Hoff plots they calculate that the activation
volume (\7{) increases with increasing temperature, but is independent
of pressure up to 5000 atm.. Mitani and his coworkers, apart from the
dubious correction of their 50°C values by making allowance for par-
tial freezing of the monomer, also interpreted their own results err-
oneously. They show an increase in the degree of polymerization
(intrinsic viscosity) with pressure but contrary to their statement
it is apparent that the degree of polymerization falls with increasing
tenperature. Althouch Mitani and coworkers' results cover a range
of initial nmonomer concentrations the present research is concemed
only with bulk copolymerizations. Mitani and coworkers' results are
therefore considered here only with respect to constant monomer con-
centration. The concentration chosen was 6 mole/lt.

' If the intrinsic viscosity values of Mitani and coworkers are
taken at one initial monomer concentration (6 mole/lt) and plotted
against temperature a bétter view of the decrease of DP on temperature
can be obtained (fig. (13)). Althouch these values do not produce a
maximum like the one obtained by Kilroe and Weale at 4860 atm. for
bulk polymerization, the pattem of curves may sucgest the possibility
of a maximum somewhere at a lower pressure.

. Tobolsky and Eisenberg(Gz)
for the change of degree of polymerization with temperature

ap _ AP /RT?
ar K[m]{2 - ®[m])1/?}

to o-methyl styrene polymerization. In their study they used the data
of Worsfold and Bywater(GS) and also of McCormick(64) . Their plots
of DP vs. T do not yield a maximum and this could be due to the diff-

erent initiation mechanism, and eguation (2.4.1) does not apply to

applied equation(2.3.8) and an equation

(2.4.1)
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radical initiated polymerization of Kilroe and Weale (Bzzoz) and
Mitani et al. (AZBN).

Stein and his coworkers extended the study of equilibrium mo-
nomer cancentration from 1 atm. to SOOO atu measuring it at 500 atm.
intervals. Using AH and AS values of McCormick as well they deter-
mined ceiling temperatures for polymerizations at O to 5000 atu, with
initial concentrations varying from 0.0l to 7 mole/lt. Their results

are given in fig. (14).

2.5 Copolymerization -of oMS with Acrylic Monomers

The Q and e values of a-methyl styrene are given as

Q=098 , e=-1.27

in the literature(77) . These values, when combined with the Q and e

values of methyl methacrylate in equation (1.3.24) give (1=MVA, 2=aMS)

ry = 0.41
ry, = 0.16

Walling and coworkers give values of ry and r, for a-methyl styrene
and methyl methacrylate copolymerization at 60°C (for the terminal
unit model) as: "

“r; =0.50 % 0.03

r, = 0.14 + 0.01 |
By the same researchers the relative reactivity of e-methyl styrene
with methacrylate radical compared with styrene was given as 0.97 * 0.06.

The monomer reactivity ratio product is

rr, = 0.07 =+ 0.007.

(80) studied the copolymerization of a-methyl styrene and

Ham
applied his expanded copolymerization theory and equation (see section
(4.1)) to find a set of reactivity ratios which take accomnt of the
penultimate effect. This was suggested by the fact that a-methyl styrene
copolymers with more than 75 mole % a-methyl styrene units cannot be
obtained, which would arise from the inability of a chain ending in two
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a-methyl styrene units to add a third unit in séquence. The reacti-
vity ratios of o-methyl styrene and acrylonitrile obtained by Ham from

the classical terminal wnit model are (1=aMS)

=0.1 d:0.0Z
= 0.06 40.02

g
52
but from the penultimate unit model he obtained

= 0.0

ol
rl' = 0.04
rl" = 0,13

. These show the considerable difference between the values rl' and rl"
the mean of which should give ry of the terminal model.

' Wittrrer(%) obtained classical reactivity ratio values for o-methyl
styrene and methyl methacrylate copolymerization as (1=aMS)

r = 0.301
¥, = C.58
2

at 60°C. From more complex models of copolymerization at 60°C Wittmer
obtains
model (1) r = 0.60

r, = 0.55
model (2) r = 0.35
ng = 0,55

which he calls the actual reactivity ratios (see section (4.1))
Ito et al. (88) in their attempt to obtain the microstructure

parameters of the system MMA—-oMS obtained values of the reactivity

ratios as (2=aMS)

= 0.45 + 0.08

= 0.16 # 0.05

g
2
Finally O'Driscoll(gl) obtained the values of (2=qlS)

= 0.40
= 0.15

1

2
for the MMA~aMS copolymerization at GOOC, by the Finemann-Ross plot
(terminal wmnit model).
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~ The coxﬁplete set of previous data for e-methyl styrene — methyl
methacrylate copolymerization including the microstructure data as
well as copolymer composition is given in section (6.1). Some of the
above researchers have also obtained reactivity ratio values for
e-methyl styrene copolymers at other temperatures than 60°C which are
also given in the same section. O'Driscoll et al. do not give r values
‘at 114° and 147°C but mention that they are negative, which demonstrates
the inapplicability of the terminal model at these temperatures.

The only available reactivity ratio results for hich pfessure
copolymerization of aMS is by Asai(36) . BHe produced three sets of
reactivity ratios for the system MVA-alMS at dlfferent pressures and
60° C, which are glven below (2=alMS).

P (kg/crn ) r; r,
1 - 0.50  0.14
100 0.57 0.16
1000 0.73 0.20
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ITI. EXPERINMENTAL PROCEDURES

3.1 Apparatus and Equipment

3.1.1 Vacuum Line

The vacuum line used was a standard type, and built for this
purpose. As seen in fig. (15) it consisted of eight openings with
taps attached to a main line made of glass tube 20 mm diameter. The
main line was made aé two sections with a tap as separator. This sepa-
rated the two halves and allowed one section to be used and kept under
vacuum while the rest of the liné was not, and also had a vent of its
own. The two openings of this section were one Bl9 socket and one
B19 cone. The main section had three openings of BlO socket and one
opening of Bl19 cone. The BlO sockets were mainly to attach the B1O
cone openings of the reaction ampoules and the B19 cone to attach a
flask. A tap separated the main line from the rest of the vacuum line.
Between this tap and the system of pumps there were attached, in order,
- one rotary Mcleod pressure gauce which allowed accurate pressure rea—
dings down to 10~ torr and one cold tap contained in a dewar flask
' topped up with liquid nitrogen. One accesory to the vacuum line was,
as seen in fig. (16), a“\‘separate attachment which could be joined to
opening no. (7) and allowed for an extention of the vacuum line with-
out lengthening the main line itself. This consisted of eight openings
with BlO sockets and individual taps attached in a circular arrange-
ment on to a glass chamber with a B19 cone on top. For a batch of
not more than three ampoules the BlO socket on the larcer section of
the line would be used but for a batch of more than three ampoules,

(in fact up to eleven), the accesory would be used. Without this a
larger line would be required which in turm would mean more. spaoe and
less efficiency of molecular distillation. »

The taps in the vacuum line were entirely of Quickfit PTFE taps
which needed no greasinag. On the other hand all the cone-socket joints
were Quickfit joints and were greased with Edwards Speedivac high grade

silicon vacuum grease regularly; If necessary the line was tested for
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leaks through the glass by a 'Tesla' high voltage tester.

The system of pumps consisted of one rotary and one mercury diff-
usion pump. The rotary purp was an Edward ES-50 single stace pump
and the mercury punp was an Edward EM1  water cooled, electrically
heated mercury diffusion pump. The rotary pump would evacuate the
line down to lO-2 torrs by itself, and then the mercury diffusion punp,
working with the rotary pump would decrease the pressure down to 10-'5

torrs.

3.1.2 Reaction Vessel

The reaction vessels were simply glass ampoules of capacity 8
to 20 cm3 for normal pressure work and 5 cm3 for high pressure work.
The ones for normal pressure were made of glass tubes of diameter 15
to 21 cm (outside) and in general there were no strict measurements
~ for their dimensions. Those used for high pressure work had very spe-
cific dimensions because of the restricting length and diameter of
the high pressure vessel. The general shape for the normal pressure
ampoules, and the specific Shape and dimensions of the high pressure
ampoules are given in fig. (17). For the mouths of the both kinds
of ampoules BlO cones were used. At the joint of the ampoule to its
shank no constriction vds made. This necessitated more caution during
sealing but also eased the cleaning of the ampoules. The ampoules
were cleaned by leaving 24 hours in 10% solution of DECDN® in distilled
- water and then washing at least five times with mains water and three
times with distilled water. Apart from the dimensions the main diff-
erence between high ;}xessure and normal pressure ampoules was that
the high' pressure ampoules contained é break-seal at the bottom which
allowed, (after sealing the top) when broken in mercury, to flush mer-
cury into the evacuated ampoule. The specific dimensions permitted
" three ampoules to be placed in the container inside high pressure
vessel (fig. (18)), at a time.
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3.1.3 Pressure Vessel

The pressure vessel and ancillary equipment used for this research
is shown diagramatically in figs. (19a) and (19b). The vessel itself
was a compownd-cylinder high pressure vessel made from Vibrac steele,
ITts dimensions were: ’

overall length: 400 mm

external diameter: 153 mm

bore: 31 rm ' _

length of reaction space: 210 mm
The reaction space was further diminished by the need to use a mercury
bucket made of stainless steel which held some mercury on which the
reaction ampoules floated and which acted as a pressure transmitting
seal. The dimensions of the bucket were as shown in fig. (18). Below
the mouth of the bucket 147mm by 23.5mm @ reaction space was available.

The vessel formed the upper part of a differential-piston inten-
sifier. Paraffin was purped into the bottom of the intensifier and
pressure was transmitted to the lower piston of 36 mm diameter, which
was obturated with a Bridgeman unsupported-area packing. The thrust
on this piston was transmitted, via a thrust block, to the upper piston
of 16 mm diameter, obturated with a hard rubber Poulter packing, which
" moved in the lower part of the pressure vessel. This arrangement gave
a pressure :Lntensificatg.\on of approximately 5:1 ratio. The pressure
calibration of the system, in the pressure range of 1 ~ 5000 bars is
given in fig. (20). This graph was obtained by reading the high and
low pressure gauges directly while increasing and decreasing the pressure
in the line. The pressure difference between two lines is due to the
frictional resistance of the rubber seal. The graph was used to de~
termine the reaction pressure during the runs carried out without a
gauge at the high pressure side. The top of the vessel was sealed
with a steel screw plug and and O-ring. The screw plug and the piston
were greased with

The pressure vessel was surrownded by a heater element block
which was controlled by a Gallenkamp Thermoregulator and an electronic
relay. The heater element was rated at 1000 watts and this much heat
input was found to be too high to be controlled with minirmm temperatur
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fluctuations and overshoots. The heat input was therefore controlled
by a power controller and the optimum heat input was found to be app-
roximately 100 watts. The temperature control of the vessel was one
of an equilibrium between a localised heat input and heat loss through
overall surface of the metal vessel. To improve the stability the
exposed parts of the vessel were covered with a 26 mm thick jute heat
insulator wherever possible. When the temperature outside the wvessel,
at the thermoregulator, was 67°C + 0.75 the interior temperature, as
checked with a thermocouple, was 60°C + 0.05 (at single point). The
difference of approximately 7°C arises because the reaction space is
in the temperature gradient between the heat input and the heat sink;
and the decrease of fluctuation is due to the smoothing effect of the
massive metal block. This kind of arrangement produces a small tem—
perature gradient along the length of the reaction .vessel bore and

is shown in fig. (18) constructed from axial temperature measurements -
with the thermocouple. The temperature gradient was within acceptable
 limits.

The pressurization of the vessel was done as follows: first it
was ensured that there was enouch paraff:.n in the paraffin container.
'Ihen, after closmg the valves (F) and (K) paraffin was pumped by a
menual punp into the hich pressure section thmugh a9 mmo.d., 3 mm
i.d. stainless steel twbe, as a pre-pressurization. Since it was po-
ssible to pump easily u to 700 bars of pressure (as indicated by the
low pressure gauge), this pre-pressurization could be used as actual_
pressurization for reaction pressures below 500 bars without the use
of the intensifier. Otherwise, after the pre-pressurization, valve (K)
was opened to let pressure into the lower intensifier cylinder. At
this moment, to equaiize the thrust, the two pistons would move upward.
It was important to ensure that the pistons were initially slightly
above their lowest position, to awvoid a jerky movement which could:
strain the gauge. Once the pressures in the two sections were equal
valve (J) was closed and by further punping the reaction vessel was
brought up to the desired pressure level.
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3.2 Purification of Materials

a) AZBN : Azo-bis-iscbutyronitrile was cbtained from Kodak
Chemicals 1td. and purified(gg) by dissolving in chloroform at room
temperature and filtering into 40-60°C petroleum ether for precipita-
tion. This process was repeated twice. The final precipitate was
recovered on a Buchner fumel and washed with petroleum ether. Puri-
fied AZBN was dried at room terperature overnight and kept in the
dark. Its purity was checked by a melting point at 103°C.

b) MMA : Methyl methacrylate monomer, obtained from BDH, contained
100 ppm quiniline as polymerization inhibitor. The monomer was freed
from its inhibitor by fractionation through a 50 cm Vigreaux colum
at slichtly reduced pressure. The boiling point of M is 100°C (NP).
The middle 70% fraction boiling at 78°C at reduced pressure was taken
as pure monorer. Since water has the same boiling point as that of |
MMA it cannot be removed by distillation, so the monomer, before dis-
tillation, was left overnicht over CaH2. Distilled MVA was kept over
diphenylpicrylhydrazyl (DPPH) at -30°C in the dark until needed. Further
purification of MVA was obtained by molecular distillation into the
anpoules. |

c) aMS : a-methyl styrene, obtained from Kodak Chemicals Iitd.
contained 100 ppm quinoline as polymerization inhibitor. Owing to
its high boiling point of 164°C it was necessary to use reduced-pressure
fractionation. For the fractionation a 50 cm Vigreaux colum was used
with asbestos rope wound arownd the still and the colum for thermal
insulation. The middle 70% fraction boiling at 94°C under 60 mm Hg
pressure was taken as pure monomer. Prior to distillation the monomer
was kept over Ca.H2 overnight to remove water. The distilled nonomer
was kept at —3OOC, in the dark. The monomer was used shortly after
distillation, or otherwise redistilled, since it tends to oxidise
slowly to acetcphenone and formaldehyde even at low temperatures.

' For both distillations, to prevent contamination, PTFE sleeves

were used for the glass joints, instead of grease.
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3.3 Vacuum Manipulation

The copolymers in this research were prepared by bulk polymeri-
zation in sealed ampoules. The monomers were distilled into the amp—
oules (whenever their boiling points permitted), to ensure their high
purity. The ampoules were degassed before sealing in order to prevent
oxygen inhibition or peroxide formation.

To prepare the vacuum line for degassing the ampoules, the rotary
purp was first put into operation for a preliminary evacuation, followed
by (after few minutes) by the mercury diffusion pump. The usual pre-
caution taken against vapours of any kind, including the monomers, was
to fill the cold trap with liquid nitrogen and top up as required.
When the pressure reached app. 10_'5 torr, which was usually after 15
to 30 minutes, the line was assumed to be ready for the degassing ope-
‘rations.

AZBN and aMS were placed into the ampoules by a pipette prior to
the vacuum manipulation because the high boiling point of oMS did not
allow molecular distillation.

For the molecular distillation of MMA into the ampoule a special
measuring cylinder was used to measure the monomer into the ampoule,
This attachment was made by sealing the bottom of a 25 ml graduated
pyrex pipette and connecting a BlO cone and a quickfit PTFE tap to its
mouth-piece (fig. (17b) )%

The molecular distillation proceeded as follows: the flask con—-
taining MMA, which had been purufied and kept in the cold with DPPH in,
was connected to the line. The monomer was crudely degassed in order
to in order to increase the efficiency of the distillation. This was
done by the cycle of. (1) freezing in ligquid nitrogen, (ii) evacuation
by opening the tap and (iii) thawing after closing the tap; the cycle
was carried out twice. Next, a container of the type shown in fig. (17a)
was attached to (2) and evacuated. Reaching again the maximum vacuum,
the system of flask and container was disconnected from the line by
closing (1). With this arrangement by keeping the flask at room tem-
perature and the container immersed in liquid nitrogen a steady flow
of monomer from the flask into the container was accomplished. When
the container was filled it would be degassed once more, thawed and
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stored in the deep freeze (with DPPH in). All 'through the vacuum mani-

pulation all the thawing operations were done by submerging the frozen

glassware in methanol because of the property of the frozen MMA to crack
the glass unless fast and homogeneous warming was ensured.

MVA was transfered into the measuring cylinder and then into the
ampoules in the same manner, but without any need for pre-degassing of
MA. The AZBN-oMS solution, though, which was inserted into the ampoules
by a pipette, was degassed prior to the MMA transfer. Care was taken,
while thawing the ampoules, not to increase the temperature much above =
the melting point as the solution contained the initiator. The molecular
distillation of MMA into the individual ampoules was effected in the
same manner and by the use of the appropriate taps.

Finally the ampoules were degassed by 3 to 5 cycles of evacuation
and sealed off, while frozen, with an oxy-propane blow-pipe at an app-
ropriate point on the shank to allow them to fit the pressure vessel.

3.4 Copolymerization and Copolymer Isolation

Copolymers for this research were prepared by bulk polymerization
initiated with AZBN. This initiator has been shown (section (1.2.1))
to be safe to handle and dissociate according to a well-defined mecha-
nism. Unlike bezoyl petoxide the reaction does not involve induced
decomposition, and its overall kinetics are of first order.

The initiator concentration used in the experiments was calcula-
ted to give the most convenient polymerization time in the conditions
enployed. Assuming that the introduction of oaMS as a comonomer into
the AZBN-MVA system would reduce the rate of polymerization and the
degree of polymerization substantially the Author estimated, also from
fig. (12), that a concentration of 0.02 mg/lt of AZBN would give a
satisfactory rate of polymerization and molecular weight. Since it
was best, for the comparison of the copolymers, to use the same initia-
tor concentration for all the various reactions the initiator concen-

- tration had to be chosen so as not to give extreme values at the extremes
of the pressure and corrposition rangés. For exanple, a choice of ini-
tiator concentration which would give the best rate and molecular weight
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at one extreme, say, at normal pressure and with 90 mole 2 oMS in the
feed, may not give a satisfactory rate and molecular weight at the
other, i.e., at 5000 bar pressure and with 10 mole % aMS in.the feed.
The chosen concentration gave quite reasonable all round rates, i.e.,
from 3 to 100 hours for a 5% weight conversion.

If 250 mg of copolymer is considered to be enouch for various
analytical procedures and also 5% conversion is considered to be the
optimum conversion for copolymerization (due to composition drift),

S5 ml of comonomer bulk mixture is needed for each experiment. From
this point of view it was possible to construct high pressure ampoules
to take 5 ml of feed mixture leaving ample extra volume for sealing-off
clearence and mercury pressure seal and still fit in the pressure ve-
ssel in threes. This was the basis for the strict dimensions of the
high pressure lanpoules- (£ig. (17)) and it reduced the time and the manual
‘work on the high pressure by a factor of three.

At the selected concentration and volure the amount of the initi-
ator per ampoule is too little to be weighed accurately on the balance.
The procedure was to introduce the initiator into the ampoule in solu-
tion with oMS. The AZBN-aMS solution was prepared just before the va-
cuum manipulations with freshly distilled oMS at a concentration of
0.2 mg/1t so that 0.5 ml of the solution would suffice to carry the
initiator into the ampoules. Enough solution was made each time for
the batch.and not more than 15 minutes were allowed to pass from the |
start of the making of the solution to the first freezing of the ampou~
les on the vacuum line. ‘

The anpoules were first weighed, then 0.5 ml of the initiator
solution was inserted into each (apart from the cases where less aMS
was needed and more concentrated solution was prepared). Then enouch

M5 was added into each ampoule to bring the total oMS content to the
desired approximate oMS nole fraction. The ampoules were then weighed
again to obtain the exact weight of oMS and attached to the vacuum line
- for the following MMA distillation, degassing and sealing-off. The
sealed ampoules were again weiched with their parts to obtain the exact
amount of MMA introduced. V

The ampoules were kept in the deep freeze at -30°C wtil they
were used for the experiments. The safety of this was proved with a
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blank experiment. No polymerization observed after 8 weeks in the deep
freeze ~much less than the usual storage time. The rate of decomposi-
tion of AZBN (as mentioned in section (1.2.1)) at -30°C is negligible
and at ZOOC is very small. For the copolymerization the break seals
of the anpoules were broken in mercury under a nitrogen atmosphere to
let mercury fill the empty space in the ampoule without any.oxygen con-
tamination. The ampoules were then placed into the bucket which was
then inserted into the high pressure vessel. The vessel was sealed
and the pressure was increased to the desired value.

When the reaction was over the anpoules were taken out and after
washing off the paraffin and removing the mercury the polymer solution
was washed out with a solvent mixture of toluene-acetone. The mixture
was brought up to a vwlumre of 100 ml with the solvent mixture and added
dropwise into 400 ml of petroleum ether for precipitation. The preci-
pitate was filtered on a constant weight sintered glass filter (grade 4)
ahd dried overnight in vacuo. When necessary the precipitates were
redissolved in chloroform and reprecipitated in petfolemn ether for
higher purity. '

3.5 Analysis of Copolymers

W
3.5.1 Nuclear Magnetic ﬁesonance

Isotopes of certain nuclei, gpart from having properties of charge
and mass, also exhibit a nuclear spin. - Since a spinning charge gene-
rates a magnetic field the angular momentum is associated with a mag-
;F\its size is small.
(e.g. a proton), can be likened to a very small magnet. The only diff-

netic moment, p. This kind of nucleus, especially

erence between these nuclei and and small magnets is that when placed
in a magnetic field they do not flip over towards the direction of the
magnetic field but instead, being spinning bodies, like a gyroscope in
a gravitational field., Their spin axes undergo a precession movement
~ along the magnetic field direction. The frequency of this so-called

Lamor precession is Yo and given by
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hv =

5 (3.5fl)

v
I
where Ho is the applied magnetic field, h is the Planck constant and
I is the spin quantum number which is 1/2 for protons. If the applied
magnetic field is increased to very high values the precession frequ-
ency increases but the spin axis never aligns itself with the direc-
tion of the maghetic field. But if another magnetic field, perpendi-
cular to HO, is applied and rotated with the same frequency vo, the
spin axis can be made to flip over. This second magnetic field, Hl’
though not indicated in fig. (21a), can be much smaller than H..

If Hl is rotated at exactly the same frequency as the precession
of y, then v o the magnetic moment, will experience large oscillations
between its previous angle with H and the direction of H in a reso-
natmg fashion.

In practice the equipment used to detect and measure the fre-
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a large magnet of 10 to 50 kilogauss of str_enc_r’ch, with the sample tube
placed in its magnetic field. The present day spectrometers use magnets
of the srength 14,000, 23,500 and 47,000 kilogauss which correspond to Larmer
precessiaon frequencies for protons of 60, 100 and 200 Mc/sec ; as can be
found from equation (3.5.1). |

The radio—frequeng\y transmitter dewvelops an oscillating magnetic
field (through the coil (a) of fig.(22)) perpendicular to the field H
and the sample tube, This oscillating magnetic field serves as a ro-
tating magnetic field because it may be thought of as two rotating mag-
netic fields which are in phase but oppositein direction. When one of
the components serves as Hl the complementary one will be too far from
having any significant effect. The detection of the resonance can in
practice be done in two ways. One is to have a NMR spectrometer set-up
as shown in fig. (22) and change the strength of Ho by increasing slowly .
the magnetic field of the smaller coils m by a sweeping action while
keeping Vv, constant. When, c.f. equation (3.5.1), H_ comes to the re-
sonance value u flips over onto H 5 and this action induces a voltage
through the coil (b) which has its axis on the axis of the sample tube.
This voltage is detected on the recorder as a Lorentzian peak. The second ‘
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way of detection is to combine coils (a) and (b) into one and sweep

Vo while keeping HO constant. At the resonance value of \)‘o there is

an energy absorption by resonance which again is detected as a peak.
Although all nuclei of the same kind, like protons, under the

same magnetic field would resonate with the same frequency, for protons

in molecules of various structures this is not so. The difference is

very small but still is of measurable magnitude, and is of very much

use to the analytical chemist. This difference arises from the various

degrees of ‘abundance of electrons around a particulaxr proton-due to the

various bonds and atoms in its vicinity. When electron clouds are placed

in a magnetic field orbital currents are formed which give rise to slight

magnetic fields parallel to HO. Although weak, these fields, being in

the opposite direction, form a screen between the proton and the magne-

tic field which is called shielding and makes it necessary to have a

stronger magnetic field, Ho , in orxder to achieve rescnance with post

-screen local magnetic field,

Hloc

=H, (1 - o0) (3.5.2)
where ¢ 1s the screening constant: the thickness of the electron clouwd

which screens the proton. Then equation (3.5.1) becomes

h\)O = uHO (1-0)/1 ‘ (3.5.3)

The analysis of the electron clowd around the proton is the basis
of the NMR method. 'This‘, shielding is not much, only about 800 cps. va-
riaticn of v_ in a 14,100 Gauss field, but is enough to give valuable
information to the analytical chemist. The variations in local electron
density can be due to two reasons. _

a. Electronegative groups or atoms in the vicinity of the protons
in question may attack the electrons and thus de-shield the proton.
Protons of this kind appear to be resonating at lower values of H .
Protons far away from such groups give their peaks at higher HO values.

b, Certain molecular structures allow electrons to flow in certain
preffered directions thus exhibiting a diamagnetic anisotropy. Certain
protons around this structuré may show shielding and others de-shiel-
ding. 2n exanple of this is the benzene ring and the de-shielded pro-
tons attached to it. This kind of effect may be less than the induced
effect but nevertheless gives valuable information. Shielding of this
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kind may also have long distance effects and, for example, the benzene
ring apart from de-shielding its own protons, may shield, to a lesser
extent, other distant protons which may fall into the shielding field
of the ring. The shielding region of the benzene ring can be shown
diagramatically in fig. (21b).

Another effect found in nuclear resonance is the direct coupling
of certain nuclei with each other through the intervening chemical bonds.
This causes the polarization of the orbital motions of the valence bonds
and thus a splitting of the peaks of the protons in questicn into doub-
lets. If more than two protons are involved the resulting splitting
will be much more complicated and the intensities and the number of
the peaks will give a Pascal triangle.

In the analysis of NMR spectra various conventions are used at
the present day. One of them is to show the peaks on a scale of parts
per million relative change in Ho or less commonly in v o Another is
to use a referance substance dissolved in the sample and refer all shifts
to this internal referance. A standard internal referance is tetra-
methylsilane and to its peak position a value of 10.C0 T is assigned.
The rest of the peaks are expressed in T units. Sometimes a 6 scale
may be used which simply is §=10-t. The advantage of this dimension-
less scale is that it is independent of the field strength H,.

Application of NMR to copolymers is discussed in section (4.3).

4-‘.5
3.5.2 Copolymer Compositicn from NMR Spectra

The spectra of methyl methacrylate and a-methyl styrene ronomers
are shown in figures (24a) and (24b) respectively. The main difference
between the spectra of the monomers and their polymers is that the po-
lymer spectra possess a broader set of peaks which is due to the direct
coupling of the protbns with their consecutive neighbours. The spec~
trum of methyl methacrylate consists of one singlet peak for the meth-
oxy protons at 6.3 T and two multiplet peaks for the ethylene protons
at 3.95 and 4.45 1. When polymerized the ethylene protons become methyne
protans and resonate at a field strength corresponding to the region
from 7.7 to 8.5 t. In the spectrum of a-methyl styrene the main
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difference is the benzene peak at ~2.8 T instead of the methoxy peak.
The other two peaks again belong to the ethylene protons but at a sligt-
ly lower field, 4.7 and 5.05 T respectively, and a-methyl protons at
8.0 T (methyl protons of MA give their peak at 8.1 T).

The spectra of copolymers of oMS and MMA with varying composition
are shown in figures (25a) to (25i). The basic difference of these
spectra from a hypothetical spectra of mixtures of homopolyrers would
be (on a 60 MHz spectometer) the separation of the methoxy proton peaks
 into three groups of peaks dispersed onto the field between 2.5 and
4.06 . The reason for this dispersion is given in section (4.3). |
When it is needed to calculate the composition of a copolymer sample
with its NMR spectrum given, one only needs to compare the various
peaks of individual homopolyners. To find the mole ratio of the mono-
mer units the specific areas must be proportionated with a proper factor
which, since peak intensities depend on the mumber of protaons in ques-
tion, deriwved from the amount of that particular proton in the monomer.
For the copolymer of aMS-MMA the ratio vof the peak area of the benzene
ring protons and the peak area of methoxy protons with the formula be-
low give the mole fraction of aMS in the copolymer,

F — 3 (benzene peak area)
aMS  3(benzene peak area)+5 (methoxy peak area)

since phenyl group contains five protons whereas methoxy group contains
Some workers have also used UV spectra to determine copolymer
compositions. This was done by the absorbance of one of the benzene
peaks at 262 my of a solution of the copolynmer in CHCl This was emp—
loyed by Izu and O Drlscoll(Bl) after a calibration curve from elemen-

tal analysis and NMR data.

3.5.3 The Dupont Peak Resolver

The resonance peaks of protons in NMR spectra follows the Lorentz-
ian line shape. When these peaks are clustered together it is very
difficult to find the areas of ‘gj_he individual peaks. The crudest method



1.0
T

20

T 3'0' T

_6-0' PPM100M_H.2'5-0' —

T

T~
1
200 .

I
400

T

)
T
00

g

50

70

PPM 60 MHz

50

94

Fig.255 NMR spectrum of MA-oMS copolymer with 90:10 feed composition prepzred at 60°C and 1500 bars.

{code-23L)



30 20 1.0

4-0

Tr-T"Y

6:0 PPM100MHz 50
———T —r—

80__ 70_

9-0

|
1
500

]
T
200

29

PPM 60 MHz

50

50

=l

95

10

30

4:0

Fig.255 NMR spectrum of MA-aMS copolymer with 80:20 feed carposition prepared at 60°C and 1500 bars.

(code~4A)



30

4.0

vrvr_‘rvT---
|
400

80

9-0 .

1-0
T

20

.v"v--'ﬁ'—r-

)

[ =
vy
N
xf
=1
(=]
=13
=}
=t
=t
.P'
5
[ =] o
dlTe
of 1
7'
5

20

PPM 60 MHz

50

4-0

95

Fig.25b NMR spectrum of MMA-oMS copolymer with 80:20 feed camposition prepared at 60°C and 1500 bars.

(code—4a)



30
T
I

6-0 PPM100MHz 5-0' —

80

10

T '2‘0'

.o' L

II4

10

™

9:0_

T T

MR I

€00

PPM 60 MHz

50

70

96

Fig.25c NMR spectrum of MA-uMS copolymer with 70:30 feed camposition prepared at 60°C and 1500 bars.

(code-6A)



9.0 - 80 ' 70 60 PPM1OMHz 50 40 30 2.0 1-0
— e e R L] i

T T e ey T AL ML S AN ISR ISR BRI B 0 S S
T T T 7 [ T T T ]
800 00 - 400 : - 200
300
! .oow

L

' ' Do . o
; ] S R S
I :
; . . : . )

——s-2 ¥ g

My

1
N R BRI I T T

o
50 PPMEOMHz 40 30 2:0 10

Fig.25d MMR spectrum of MVA-aMS copolymer with 60:40 feed camposition prepared at 60°C and 1500 bars.
{code~7A)

L6



90 80__ - 70__ 60_pemiomnz 50__ 40 3020 _10

“—T"IvvII'—v—rv""'r'_"'l'lI'II|l“7" | A
]

|
o : : ! y
SO N Y IO N 5 6 s

70 60 _ 50 pPPMsoMHz 40 30 20 10

Fig.25e NMR spectrum of MA-oMS copolymer with 50:50 feed composition prepered at 60°C and 1500 bars.
(code-81)

86



6'0' PPM100MHz '5'0

80

9.0

40_

T~ T T

|
1
400

|
i
600

o

w

SN SO ST SRS R

i

pPM6OMHz 40

20

99

Fig.25f NMR spectrum of MMA-aMS copolymer with 40:60 feed conposition prepared at 60°c and 1500 bars.

{(code-94)



9-0 80 70 6-0 PPM‘IOO.MHz‘S-O 4.0 30 2.0

- 1-0
-'—T—Hﬂ—r—r'—Fﬁ—rH—!—r-r—Pﬁ—r—r-H—v-v—rm—rT—v—rv—r—rﬁ—v—
1 azlm i s(llo | ) '4&0 | 21‘10 |
00 00 plot] l . [[+4] l
0 " i :
" e
. b
. [
A5
i

| . ‘ 1 ] | |
T T T T ol e 1 A A
70 60 - 50 PPMsoMHz - 40

00T

Fig.25¢ NMR spectrum of MA-aMS copolymer with 30:70 feed camposition prepared at 60°C and 1500 bars.
(code-108)



17.0' -v T

80

90

T 13.0- T

T '4‘0' T

] '6-0 PPMI00MHz E'r(l' ]

!
T
200

T
]

™Y

]
T
0

Ty

PPM 60 MHz

-

40

Fig.25h NMR spectrum of MMA-0MS copolymer with 20:80 feed camposition prepared at 60°C and 1500 bars.

101

(code-11R)



90 80 ' 70 60 PPM100MHz 50 4.0 3.0 2.0 1-0
-~ . oM 20 A3 2

- ] vy ! r T [T T
T . 1 )
I 200 ] €00 i 00 I 200 ]
00 300 20 100
00 : 150 R 100 ;
v N 5
©

!
!

! \ ! 1 | X i
P PPV Y Y n b A i P —u I A
10 60 50 pPPm6OMHz 40

Fig.25i NMR spectrum of MMA-oMS copolymer with 80:20 feed camposition prepared at 60°C and 1500 bars.
(code=51K) The peaks at 7.20t1 (together with copolymer’s benzene peak), 2.35t and 2.15t in
same of the spectra are due to the toluene and oMS monorer impurities in the copolymer sample
and were excluded from the actual peak area (benzene) by an elimination process.

20T



103

involves guesswork, which is far from being reliable. The most recent
development in the resolution of such groups of curves is the 'Dupont
Peak Resolver'. This equipment takes various étatistical distributions
and adds up a certain nurber of their curves on a screen. It consists
of a bench to place the spectra on, a vacuum tube where the curves are
created, a two way mirror where the two curves are superimposed and a
panel of adjustment curves. It can create as many as seven curves on
a base line. Initially every individual peak is calibrated with a re-
ference graph for a particular distribution -in this case Lorentzian.
These peaks are then adjﬁsted to a certain dispersion which is guessed
from the spectra of a particular proton. Finally the spectrum is simu-
lated by moving the peaks into position and adjusting their heights
cumilatively. ,

To achieve a true resolution the exact number of peaks in a peak
.cluster and thelr approximate position must be known. The areas of the

individual peaks are read off a galvanometre, one at a time.

3.5.4 Elemental Analysis .

The copolymers were analysed for their oxygen content in order
to determine their composition. The analytical method used was elemen-
tal analysis and was carried out usmg the Carlo-Erba 'Elemental Ana-
lyser Mod.1102'. It is specifically designed for the determination
of the carbon, hydrogen, nitrogen and oxygen content of ‘organic materi- -
als and was consists of two channels, one of which arialyses 0O and the
other C, H and N. For the purpose of this research the determination
of oxygen was sufficient since the amount of oxygen was the main diffe-
rence between the various copolymers. The elemental composition of the

two monomer wmits were,

methyl methacrylate element mled weight®
Hoqy c 33.33 60.00
—C-C- H 53.33 8.00
H §¢=o0 0 13.33 32.00

O -—-CH

3.
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a-methyl styrene element mole$ weight®
A c 47.37 91.53

“‘,3‘;“ | . H 52.63 8.47
H ' o} 0.00 0.00

Although the copolymers can also be analysed from the differences in
their C or H content the fact that the difference in their O content
is always larger makes it more accurate.

The weight fraction of oxygen in the copolymer can be given by

W, = WS wo’S + Wm wo’m (3.574)

where w and Wy &re the oxygen contents in weight fraction in oMS

o,s ,m
and MMA units respectively and WS and Wm are the weight fractions of

the monomer units in the copolymer sample. Since

Wm=l—WS
then

w.=W. w + (l—WS) wo

,m
Hence W, can be calculated from the oxygen analysis data. For the mole
fraction of oMS in the polymer sample

X w, /32

F =1- | (3.5.6)
X/(100F_+ 118(1~F))

¢

AN
where X is the weight of the sample and 100 and 118 are the molecular
weights of MA and oMS respectively. Pearrenging equation (3.5.6)
1.18 Ws

F =1~ _ (3.5.7)
S 32 +0.18 w_

W, can be obtained directly from the peak height and the weight of each
sanple. For the analysis a standard sample (analysed under the same
conditions) is needed for the calibration of peaks. In this case it is
2—4,dinitrophenyl hydrazine:
v}/w % WA R
Cc 51.79 N 20.14
H 5.07 0 23.00
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From the oxygen peak height of the standard a factor is calcu-
lated.

K = 23.0(weight of standard)
o (standarxd peak height)

then for W,
K, (peak height of sample)

W
o}

X

The elemental analyser Mod.1102 is fully automatic and can ana-
lyse 23 samples at each run consecutively. Each analysis takes app-
roximately 8 minutes and out of 23, 2 or 3 must be allocated to stan-
dards and one left as blank to detect any impurity in the gases present.
"Any blank peak corresponding to the same retention time should be sub—
tracted from all sample peaks, including the standards. The peaks may
be measured by area or height (i.e., if the peak is long enough). Sam-
ples (including standards) are weighed into silver-foil containers usu-
ally approximately in one millioram lots on a micro-halance acourate
to the microgram.

The sample to be analysed is dropped from the sanple disk auto-
matically into the combustion tube where the organic substance is pyro—
lized at 1120°C. The combustion tube is filled with activated carbon,
thus the reaction products consist of CO, N2 and traces of CH 4 and H2
which are carried away by a constant stream of He. The gases are then

4
sent to a chromatcographic colum where CO and N, are separated. Each

2
component is detected by thermal conductivity at its corresponding re~

tenj:ion time below

conponent retention time
H2 2 min 15 sec
N2 3 min
e - 6 min

To check on the reliability of the results the Author calculated
the standard deviation of oxygen analysis in a single batch by deter—
mining the oxygen amount in ‘standard sanples as K -

no. of standard KO no. of standard K

(e
1 0.1404 4 0.1446
0.1374 5 0.1393

0.1460 - 6 0.1381
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which gave o= 0.3358*10_2. The Author also calculated the standard

deviation of copolymer composition of one copolymer sample analysed in -
seven different batches.

no. of batch Fs 'no. of batch FS
1 0.4142 5 0.4577
2 0.4114 6 0.4352
3 0.4790 7 0.4660
4 0.4685

which gives o= 0.027 and with 95% confidence limit the confidence in?

terval: + 0.0242 or + 5.41 %

3.5.5 Determination of Molecular Weights

The determination of the molecular weights was done by gel per—
e de S mam mlecamrn el amamealies At Ll TV ATe e CienT e en T Mamcam b ceal et e M e
AMECQwAN L blu.ullul—u\j.l_ut&l I_Y [& X SR B L G-y LI.L_YL[L:J. L)U‘L_Jbl _Y UL VL QA Ll 2 O et WAL L VA LS

laboratories of the Rubber and Plastic Research Association of Great

Britain. The operating variables of the colums were as follows:

Colum:
Set B: 4 colums
(1) 700 - 2000 A

(i1) 1.5%10° - 5+10% a

(iii) 7%10° - 5*10% a

(iv) 5%10° - 107 A
Flow rate: 1 ml/min. |
Solvent: Tétrahydrofuran plus 0.1% 2-6,di-tert-butyl-p-cresol as
| inhibitor. -
Tenperature: Arnbient.
Calibration: Polystyrene —Mark-Houwink constants used were of polysty-

rene and due to closeness of these constants to the ones

of MMA and aMS no conversion of calibration was made.

The results of this analysis are given in section (6.2) and a
sample result sheet chrcmatogram of one copolymer is shown in fig. (23).
For the reliability of the results the Polymer Supply and Characteri-
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sation Centre states:"Reproducibility of GPC runs is generally very
good in that the original chromatograms will superimpose. The selec—
tion of the baseline will sometime affect the interpretation and cal-
culation of molecular weight averages. Generally, calculated molecular
weight averages agree for duplicate rums to approximately 1% or better.
For comparison of nonduplicate samples accuracy is usually quoted to
be 8-10% for M, 3-5% for M and 5-30% for M, ."

S S i-'.'"':" S s

Fig.23 A typical GPC chromatogram of a MMA-oMS o
copolymer. Sample:B6, solvent:THF, temp.:25°C,
concentn. :0.2%, time:120sec.
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Iv. FURTHER ASPECTS OF COPOLYMERTZATION

4,1 Expansion of Copolymerization 'i‘heory

For the derivation of the original copolymerization equation of
Mayo and Lewis only four possible propagation steps were taken into
account, with the implicit assunption that only the terminal unit of
an active radical and the monomer itself decide the course of the re-
action. Later Merz, Alfrey and Goldf:i.nger(go) derived an equation
for copolymerization which allowed for a possible influence of the
penultimate unit of the growing chain on the determination of copoly-
mer composition. This treatment had to take eight possible copolyme—
rization steps into accownt,i.e.,

-AA*+ + A ———> -AAA-

._B]\‘- L A —_— —B‘D‘Z\.o
-AA* + B ——> -—ARB-
-BA+ + B ———> -BAB-
2B+ + A —s -ADA. (4.1.1)
-BB* + A ———s -BBAs
-AB> + B ———> -ABB-
-BB* + B ———> -BBB-
4“‘
and yielded the equation
A alB+A
1 +—
a o.B \0,B+A
. 1 2 - (4.1.2)
b’ B.B /B,BHA
1+ £ ( 2 )
A BlB-i—A

where a and b are the mole fractions of the corresponding monomers in
the copolymer chain, A and B are similarly of the feed mixture and a
and B are the reactivity ratios given by individual propagation rate
constants as |
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kaab kI;ab
0:1 = kaaa OLZ = kbaa

P P

 abb ' bbb
B = 5o By =P

K K

P P

These researchers produced this equation but did not obtain any
experimental confirmation. They believed that it would be rather
difficult to test an equation of this size, but the main reason for
its initial inapplicability was that it contained an error. A correc-

ted version of the same equation, in present-day nomenclature is

1+ rlx

1+ r]'_x —_———

1+ r]‘_x

n= (4.1.3)
{or X) 1+ r2/x
L+ (ry/fx) |——
1 1 aal /.o

\dL i Z/N

where x=A/B (of the previous equation), r1=1/al, ri=l/a2, r2=81 and
ré=82.

A detailed study of the styrene-fomaronitrile system by Ham and -
Fbrdyce(gl) showed evidence of a repulsion between a styrene-ended
chain radical with a h:Lgh fumaronitrile content and the fumaronitrile
monomer, To this system the original Mayo-Lewis equation did not apply
-but instead it was possible for Barb( 2) to interpret the data by the
penultimate-unit equation. For this he used a simplified version of
the equation in which, by assuming r2=ré=0,

1+ ryX
=1+ r]'_x —_— (4.1.4)

|
1 +rlx

am(93) studied the published data on other copolymerization systems

using this treatment of Barb's. He found that acrylonitrile also
appears to exhibit electrostatic repulsion between the polar monomer
and chains rich in that monomer (but with the other terminal wnit).
The deviation of the composition data from the terminal wnit model

is similar in shape to the styrene-fumaronitrile system, but much less.
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In fact, it was suggested that the ratio ri/ri can be taken as a mea-
sure of relative repelling tendencies of polar monomers, or of the
deviation fron the terminal unit model, which gives ri/rl=15 for fu-
maronitrile, 3-4 for maleic anhydride and 1.5 for acrylonitrile. It
is obvious that if a polar monomer contains polar groups on both vinyl
carbon atoms the repulsion will be much more pronownced. The ratio
r]'./rl becomes ill-conditioned with systems of large r, (in the terminal
it model) and the difference between ry and r._'L camnot be justified
in these systems. The values of ry and ri calculated in this way were
tested by applying them, plus published r, values for the penultimate
wmit model, to a penultimate wnit model equation of the type for which

Ve
r,=r,s
1+ I
1+ r]'_x (—-—-—-——)
1+ rix

n=. (4.1.5)
1+ r2/x :

The interpretation of the data by this equation were reported to be
much better than the terminal unit model equation.
93) to check on the influ-
ence of possible steric hindrances but he failed to obtain a difference
between ry and ri The system studied was vinyl acetate and crotonic
acid. The a-methyl styrene and acrylonitrile system was also studled(ao)
and a ratio of rl/r =1, 69 was obtained which is not much different

from that for styrene and acrylonitrile (_rl/rl =1.5). :

The 'penultimate unit effect' equation of Merz et al. was derived

from the kinetic treatment of copolymerization reactions. It is cb~

The same treatment was applied by Ham

vious from the fumarcnitrile copolymerization that there is a possible
need for the consideration of more remote monomer wunits in the chain,

The derivation of equations,which take into account the penpenultimate

- or more remote units,fraom kinetic considerations is extremely complex.

To achieve this formidable task researchers tackled the problemAdiffe—
rently. Two basic lines of approach were (l)use of probability con-
siderations to derive equations which take into account more remote
units, (2)consideration of possible depropagation reactions, leading

to derivations of equations to simulate special copolymerization reaction.
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(78,) , and by Coleman and Fox ; where-

as the second was pioneered independently by Lowxy(97) and by Wittmer(gs)
using kinetic considerations. The most recent development in this ge-

neralization of the copolynerization.equation is due to O'Driscoll et
(107)
al.

The first was pioneered by Ham (96)

r Who combined the 'remote units' effect with depropagation in
a probabilistic treatment.

As the terminal unit model is derived from probabilistic conside-
rations in section (1.3.4) the same method can be expanded to derive
more remote unit effect equations. It can also be used to develop the
eguation without the need of steady-state assumptions. The probabili-
ty of finding a given sequence of 'a' where there is the effect of a
penultimate unit in the propagation reaction is

n-2

Nn = PbaaPaaa P aab for n>1

_ -2 4.

= Pbaapgaa (1-P__) (4.1.6)
Nl = 'J.-Pbaa = Pbab ror n=1

where again Piaa is the probability of a sequence of 'ba' adding 'a'.
For a number average sequence length of ‘'a‘

Wa = Pbab + 2PbaaPaab + 3PbaaPaaaPaab + oee (4.1.7)
which gives ‘
B P P
W =1 --xaa, ‘badaab np? (4.1.8)
a » 2 , aaa
P P n-1
aaa aaa
and for 'b' sequences
' P P,.D
W o=1--22, abkaa ol (4.1.9)
P, P2 n- bbb
bbb bbb

Both of these averages, as shown in section (1.3.4) can be reduced to

Wa =1+ (Pbaa/P aab)
W= 14 @y /R ) (4.1.10)
SO
W a 1+ (¢ __/P__) '
a__ o baa’ _aab (4.1.11)
W, b 1+ /Pra)
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The individual probabilities can be obtained simply (as in section

(1.3.4)) from the competition of appropriate reaction steps, e.g.,

B - ks [B2] [A] |
Kpaa (B3] [A] + K [Ba-] [B]
= rx / (rjx + 1) (4.1.12a)
Pg= TjX/ (5x+1) N (4.1.12b)
Pap = (h/%) / (xh/x + 1)7 | (4.1.12¢)
Pu.= 1/ (t/x+1) (4.1.12d)

When these probabilities are Substituted into equation (4.1.11), equ~
ation (4.1.3) for the penultimate wnit effect is obtained. From
equations (1.3.46) and (4.1.11) it can be deduced that

™

_ “aab

'Pab - P + P
aab baa

P, = Tpba

ba P + P
A bba abb

(4.1.13)
P.
P‘t‘t = ———-————baa
aa

Paab + Pbaa

_ Papp

Pbb - P + P
hba abb

which is called the 'Progression of Probabilities'; and likewise it
is possible to determine the higher probabilities

b
_ bbaa
Pbaa = (4.1,14)

" Pppaa T Pabab

etc.

It is apparent from the equations of both models that the follo—-
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wing set of relationships between them exists

r = r! (rlx +1) / (rix + 1) (4.1.15a)

'_l

r,=rx

. (ry/x + 1) / (eh/x + 1) (4.1.15b)

D=

The equation for the model which takes account of the influence
of the'penultimate unit is derived by the use of equations (4.1.6)
and (4.1.14) which yield

n-2 .
N = Fhbaa ( Phaaa ) (1 - Praaa )
n
Pbbaa + Pabab Pbaaa + Paaab Pbaaa + Paaab
P (4.1.16)
abab
Nl =
Pobaa * FPabab

for 'a' sequences and a similar relationship for 'b' sequences. Fi-
nally the equation is obtained as

' l+rx
1+r'x<—————l-)

1 1+rix
1+

1 r'' /1 +x!'x
{l+ : < . )]

(| ] T

rlx X 1+r1 X

1+ —
11 11! 11! 19
r, <x:2 +x)[ X +rl <1+rlbxx)}
x rll +X rll rll l+rlll
= 2 2 1 1 (4.1.17)
r! /r, +x
2 2
1+_( )
x \r! 4+ x
2
1+
1 /1+1M'% A"+ x 7
r'x \L +ry''x ry' +x
+
l l rll r!ll +X
_ LI BN 2 2
x[rz rI'x \r!'' +x
‘ 1 2

Using this equation Ham(SO' 99) showed that certain systems follow
the equation much more closely than the penultimate unit effect equation,
provided some simplifications are made. The system styrene-fumarcnitrile
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follows

L [rp'% (xfx + 1) / (2'x + D] (ryx + 1)

(4.1.18)
[ri'x (rjx +1) / (r;"'x + l)] +1

with = 0.8, ri= 0.3 and ri'= 4.0. The system o-methyl styrene

—acrylonitrile follows

1 [r1'x @rjx + 1) / (x]'x + 1) (r]x + 1)]

(4.1.19)
1+ (r2/x)

with ry= 0, ri= 0.04, r:'L'= 0.13 and ry= 0.06, and the system o-methyl
styrene-fumaronitrile obeys

rix (rlx+l)
ri'V'x (e!'x +1) / (£''x + 1) + 1
1 1 1

1
rl+1

[ri"x (ry'x + 1) / (r]"'x + nj +1
(4.1.20)

n-1-=

The same set of equations, i.e., composition equations which
take into account the influence of the terminal unit, plus some finite
nunber of units further back in the chain, was obtained by Price (1)
with the use of transition probabilities of Markoffian statistics;
and then by Yamashita et al. (10:_” by treating the problem with the
statistical propositionfk made by Coleman and Fox(%a) . Both means
of derivations yield not only the composition of the copolymer but
also its microstrocture. Coleman and Fox in their derivation of the
equations for the diastereosequences of a polymer chain proposed the
following probability relationships.

The two general definitions to be used in the relationships are
(for the sake of adaptation it is more convenient to use Yamashita
and coworkers' nomenclature) : :

(1) P'n{xlxzo--xn} which is the probability of finding a parti-
cular copolymer sequence (a diastereosequence in case of a stereo ho-
mopolymer) of type X;X,¢*+X’ among all sequences with length n, where
X.l can either be monomer A or nonomer B.

(ii) p which is the conditional probability

X1 x2 ot Xn Xn+l
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of a particular monomer Xn +1 adding to a given chain of a particular
sequence XlXZ' . .Xn

Using these definitions one can intuitively say that,

Pl{A} + Pl{B} =1 (4.1.21)
or
PZ{AB} + PZ{AA} = Pl{A} (4.1.22a)
PZ{BA} + PZ{BB} = Pl{B} (4.1.22b)
combining these equations
Pz{AA} + PZ{AB} + PZ{BA} + PZ{BB} =1 (4,1.23) .

In general
P (55 XY o+ By (X %0 X B
= Byl k)
= Pn+l{AXlX2-..Xn} + Pn+l{BXlX2...xn} (4.1.24)

or more generally

Fr| q{xq+lxq+2 X XXy e -Xq} =‘<Pq{xlx2 .- ~xq}
= Pl % %) g+r=n (4.1.25)

which means the probability of finding a particular sequence xlxz- . -Xn
is the conditional probability of finding a sequence Xq 1% 42" -Xn
given a presequence Xlx2 --X times the prcbability of finding the
sequence X )(2-~-x Thitt magnltude of g defines the kind of distribu--
tion of pmbability. If g=N, where N is a finite number, the prcba-

bility distribution is Markoffian and

I RIETNID SIIDLLED ST b o ST R Xengd

lXf I AR T PTL RS N,

fo>m (4.1.26)
If N=1 the probability is Sinple Markoffian and in copolymerization
terms it means the only influence on the next addition comes from ter—

minal wmit. If N=O then the probability distribution is Bernouillian
and

PNt e X2 X eavn

Pn | n ¥ En X% X

=P {X X oeorX ) | (4.1.27)



It is also assumed that

P +1{1-“.“13} = {ea"} (4.1.28)

n+l

and for n=1
Pl{AB} = Pl{BA} (4.1.29)

(by equation (4.1.22a) and also P,{BA} +P,{An} = Pl{A}. See also
ref. (102))

Equation (4.1.25) can be put into the form of definition (ii)
to be more like the nomenclature used for the composition equation
(i.e., P, instead of Plll{XIX}) .

P *p { eeeX }
Xlx2"°quq+l"'xn q X1}{2 q |
= Pn{foXZ”'Xqu-i-l"'Xn} (4.1.30)

and only single additions are considered

Pop (%% XX 1 =P {xlxz---x Ip AT

lexz'"xnxn+l = n+l{XlX2 "ann-f-l}/Pn{XlXZ"'Xn}
Py = PZ{AB}/Pl{A} (4.1.31)

Equation (4.1.30) can be put in a more general form
P3{AAB} = PZ{AA}P =P {A}PaaPab (4.1.32)

Equations (4.1.29) and {4.1.3l) yield

Pl{A}P b = Pl{B}Pba (4.1.33)
and hence ,
p.{a} P
1 b2 (4.1,34)
Pl{B} Pb
Since
Pp =1/ (1+xx (1.,3.34)
Pba =1/ 1+ rB/x) (1.3.35)

116

the Mayo-Tewis equation can be derived. The next equation in the series
can be derived from equation (4.1.34) and the progression of the proba-
bilities of Ham; but another easy way of deriving the progression of
probabilities is by mathematical manipulation of Markoffian probability
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relationships. From ecquations (4.1.30) and (4.1.33)

Pl{A}PaaPa b = Pz{BA}Pbaa = PZ{AB}Pba =P {A}P Phan
. 1o ‘ : (4.1.35)
Since Paa—l Pab
(1- P Paab = PanPhaa (4.1.36)
SO .
Py = Paab/(Paab + P ) - (4.1.37)

and likewise the higher probabilities.

The first reliable treatment of copolymerization processes which
took depropagation into account was made by Iowxy(97) . In his treat-
ment Iowry considered three different cases of copolymerization, as
outlined below., He assumed o-methyl styrene to fit the nost complex
third case but recently O'Driscoll, Gaspaxro(103). have claimed that
case il corresponds closely to the copolymerization of this monomer.
The characteristics for the three cases can be given as follows:

(i) A does not depolymerize

B may depolymerize only if added to one or more B units.
(i1) A does not derolymerize;
B may depolymerize anly if added to two or more B units.
(iii) A and B may depolymerize only if added to two or more B wnits.

Iowry used kinetic analysis to derive his equations, apart from
case (iii) where he conﬂ‘?;_ned kinetic analys:l.s and probability analysis.
The first two equations ‘are relatively easy to derive, and only the
equations will be given here, omitting their derivation. The third
is too complex for use by itself, and will not be given here.

With a nomenclature compatible with the rest of this thesis,
rather than Lowry's paper, one can write down the two equations as

case (i)
B[1/(1 - )]
n = - ' (4.1.38)
r,A + B
where . .2
= (L +x8 + (R/rx)a] = L + 8B + (K/x5y)A]

, _ 12

and 4KB} 7)) /2 (4.1.39)

rA=kaa/kab ! rB__-kbb/kloa ! K=kbbﬁ{1'3b
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case (ii)

By - 1 + [1/1 - B)]°
n -_—
[(xp/B) + 1] [By + [B/(1 - 8)]]

(4.1.40)

Y = (KB + (K/rp)a - o} /KB (4.1.41)

and the rest of the parameters are the same as case (i).

Lowry shows that there is an effect of temperature and total
monomer concentration on the shapes of the theoretically calculated
curves and actually it seems that the difference in the shapes of the
curves predicted by the various models is quite small., There is a
slight difference between cases (i) and (ii) and very little, if any,
between cases (ii) and (iii).

O'Driscoll and Gasparro find that equations (4.1.39) to (4.1.41)
can be fitted quite well to their data for the copolymerizations of
styrene with e-methyl styrene, acrylonitrile with e-methyl styrene,
and styrene with mathyl methacrvlate. However these researchers,
instead of fitting the equation for the estimation of = and Tpe cal-
culated Ty by means of an equation derived from the Mayo-lewis equa-
tion for small values of B

-n-1=x/r (4.1,42;

A
The same treatment is not possible for Ty because of the reluctance
of B to homopolymerize $0 an approximate value was obtained from 'mo—-
lecular orbital theory'. Although X, for most of the monomers, is
available from the literature, according to the same authors it is
possible to obtain it from a limit equation of equations (4.1.39) to
(4.1.41), for large values of B,

L'me N ob = (2 - KB) /(3 — 2KB) (4.1.43)

(104) 150 studied the appliéation of Lowry's

equation to various depropagating systems and showed that the equation

for case (ii) fits the data well, and better than the equation for

(i); but, like O'Driscoll and Gasparro, they did not apply the equation

for case (iii) due to its compexity. '
Later Wittmer 08

polymer composition, " His treatment, although it does not lead to

Ivin and Spensley

studied the influence of depropagation on co-
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exactly the same equation on outloock, is derived by kinetic analysis
using the stationary state assunption, as is Lowry's. Wittmer's treat—
mént was supported by his extensive experiments on the copolymerization
of a-methyl styrene with methyl nethécrylate (the system studied in this
thesis), and o-methyl styrene with acrylonitrile, at various tempera-
tures. From a comparison of the two treatments, although they are
based on the same principle, Wittmer's derivation seems to be nore
explicit and to have more similarities between the various cases.,
It is surprising that, unlike Lowry's, Wittmer's work is hardly re-
ferred to in the English and Anerican literature; but this may be due
to the language barrier or to its similarity to Lowry's equation, after
rearrangement.. Wittwer treats three cases:
(1) Possible depropagation of B when attached to a radical with
one or more B wnits at the erd.
- (ii) Possible depropagation of A or B when attached to a radical
with one or more A or B units, respectively, at the end.
(iii) Possible depropagation of B when attached to a radical with
two or more B units at the end.

In the first case the composition equation is derived as

1+ rA% ‘
n= 5 7 (4.1.44)
1 +§BT&' rgx (1 - %)

where (l—xl) can be thought of basically as the concentration of ra-
dical chains ending with B and (1—K(l—x1) /B) as a factor to give the
fraction of the depropagation reaction. (1—xl) is defined as

X)) = =
s
2

rB(B+K) + A X l(:t:B(B+K) + A) B

1 - (4.1.45)

and given by

=] -y =X
o=1 ¥ =5

rBK ' rBK K

(4.1.46)
With this and the other two relationships the only parameters needed

to be estimated are the corresponding reactivity ratios and the -
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equilibrium constant defined as K= kbb d/kbb Since the equilibrium
constants of the monomers can often be calculated from hompolymarl-
zation data there are left only two parameters to be estimated, no
matter how complex the case is. '

For the other two cases the composition equations are given as

follows,
case (ii) A KA
1+ rA 'B- - rA —B—— UA . '
n= 3 KB (4.1.47)
1+r, —=r,— 0 '
A A

with 0p=0 (of equation (4.1.46)) and KB=K; and

2

1 rA(A+KA) + B 1 rA(A+KA) + A A
g, == - /= - — (4,1.48)
A 2 r.K 4 r K K
AA AA A
case (iii)
1+ rA% )
n= 7 (4.1.49)
B rB z g
l1+r, —-11 -~
B A 1+r B
B A

with ¢ as equation (4.1.46).
Recently Wittmer published a general equation which takes account
of the reversibility of all four propagation reacticns and can be used

to derive the above equations as special cases(lll):
A K
- A
Ty == Iy — (l-xl)
B B
1+ B ¥ q.x
Y1 9p%1
1- 9p —
B A+ qul
n = (4.1.50)
B KB .
- T - S (l—yl)
A A
1+ T
X1 9aY1
1-g3—
A B+ g%y

where K _kaad/kaap' Kp= kbbd/kbbp' 9p= abd/kbap' and qgg= k1:>ac1/k abp’ also
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A (B+rxB(@l-zx) -rxA
y; = AL LAl (41510
dp¥q (qB - rAKA) (1 - xl) + rAA
B A+ryA(l-y,) -ryB
%, = e LBl (15w
Apy; (g = rgkp) (1 - yp) + B

In all of the above cases qA=qB=O. .

Wittmer suggests that since the reactivity ratios can be given
in Arrhenius form 4

A E - E
r, = 22 exp (_ M) (4.1.52)

Aab RT

their logarithms should be inversely proportional to temperature.
But when In oM of the a-methyl styrene-methyl methacrylate system,
obtained from the classical Mayo-Lewis equation, is plotted against
1/T the result is certainly not a sraicht line. On the other hand
similar plots obtained for e-methyl styrene-methyl methacrylate and
a-methyl styrene-acrylonitrile systems with r values derived from
equation (4.1.44) show good linearity. The application of equation
(4.1,49) to the aMS-MMA system, however, again shows marked linearity
in the 1ln r vs. 1/T relation. This is difficult to explain since al-
though e-methyl styrene copolymerization systems can be approximated
by -BBe depolynerizatio‘l‘{s the more sensible mechanism must be -BBB-
depolymerizations probably with a much slower -BB+ depolymerization.
This can be shown by the substantial amount of dimer formation above
the ceiling temperatuxé. But this cannot be a positive proof since
the dimer formation is still vague and other theories like transfer
reactions and allyl formation exist.

Some special cases have been treated by other researchers in

various ways. Hazell and Iv:i_n(los)

considered the deprcopagation of
B regardless of the nature of the penultimate unit in the radical.
This is not the case for 1,l-disubstituted ethylenes where the depro-
pagation arises because of steric hindrance, but may be the case for
copolymerizati;m systems like cyclopentane~isobu’c:ane—so2 where the

depropagation reaction is mainly due to a low heat of reaction which



122

is not caused by steric hindrance. Hazell and Ivin suggest that the
system at low temperatures behaves ideally, i.e.,

n=r2 1 (4.1.53)

but when the temperature is raised r deviates from a true reactivity
ratio, following the relation
l+rx-rx
o) o ¢c
e = 2
l/ro + x + Yr X (1 - ac)

(4.1.54)

o being the apparent, and R the true reactivity ratios, and also

2 —
a, - (2 + l/rox)(ztc +1=0 (4.1.55)
_Kaba
Y e
Kba

when y=0 the relation corresponds to case (i) of Lowry.
fAmey
More recently Yamashita and coworkers'™™’ derived an equation
for Hazell and Ivin's case by the Lowry method of treatment and cbtained

A GrB
n=(1-a{l+r—+(01-a—} (4.1.56)
B pB :
where .
o = gerdoan) - [gerdoan) 2-gge] /2y (44157
Ay B ' B ,
c K
¢ b r p = _"Bab ’ § = *-i%
Kiba Kaba Kb

They also investigated the case where the terminal unit depropagates
if the penultimate unit is B. By the same method they obtained

n=(1-oa)(1+ rA§ ) (4.1.58)

where v
—Llro )
a =35{(2 (%‘};)05”1»}3)“‘1’}3)

[~ € o+ avgm) 2-298] 72} (4.1.59)
B B

r A
g = A , o= “bad (4.1.60)

rA +rArB6A+rB6B kbap
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‘It is obvious that equations (4.1.56) and (4.1.58) can readily
be obtained from Wittmer's general equation (eq. (4.1.50)).

The most recent development in the problem of copolymer compo-
sition prediction, by O'Driscoll et al. (107) ; leads to an equation
which is claimed to be 'the most general copolymer equation which has
ever been derived'. Two eguations were derived, namely, for- terminal
and penultimate unit models, which contain, without simplifying assump-
tions, eight and sixteen rate constants respectively. They showed
that any equation derived so far concerning penultimate wnits can be
obtained from these equations by appropriate simplifications. Pecu-
liarly, O'Driscoll et al. seem not to have attempted to use these equ-
ations to estimate the rate constants by fitting them to experimental
data. Instead, in a later paper(Bl) , describing their equation for
the copolymerization system o-methyl styrene-methyl methacrylate, they
use the literature values of reactivity ratios and adjust them for
temperature accbrding to the Arrhenius equation.

In their derivation they use the probability considerations of
Bayes (similar to Coleman and Fox's) but incorporate them in a structure
similar to kinetic analysis; and without making simplifying assumptions
they define transient conditional probabilities as probabilities for
radical end groups. The transient probabilities of finding A and B
as end growp are a and b respectively and

N a=1-b (4.1.61)

For diad groups
Py ln), = e =7

P(Bn+l|An)t =1-e =P
I:’(Bn+l|Bn)t =0
Py 1By, = 1on

Then similarly to

- ad% = [A']kl[A] + [B']k5[A] - [BA']kG - [AA']kz
(4.1.63)
P(A)
Tn = ak A + bkA - a(l-e)kg - ack, | (4.1.64)

where T is the time constant and A and B are the feed concentrations.
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Similarly

P(B.)
Tn = bkB + ak;B - b(1-n)k, + bnkg

(3) and (B) are the net addition of correspond:.ng unit to the chain.
For diad addition

(4.1.65)

P(A )
n+l’ - -
T B EJ‘klA aEk2
P(A )
n+l’ _ . o _
——-——;——-——- = aL3B b(l n)k4
——-——?—-——- = kaA - a(l—e:)k6
P(B )
n+l’ _ _
S L
For triads :
' P(A.A )
n+1"n+2 _ _ o2
= = aeklA ace k2 (4.1.67)

and so on. With the use of equation (4.1.24) and these equations the
various transient probabilities can be solved in terms of various rate
constants and feed concentrations. With the assumption that the tran-
sient probabilities are equal to the nontransient probabilities (which
needs to be proved) i.e., the probability of finding a radical end
group (singlet, diad, triad, etc.) is equal to the probability of fin=-
ding the same group anywhere in the chain, it is possible to use the
above-defined tran51ent probabllltles in the derivation of the compo-
» sition equation. Since

PAIP(A L |Aa), =P@A )
P(B )P (B +l| = P(B n+l) (4.1.68)
Therefore
P(A) P(AA ) /p(;q 1 A
- < (4.1.69)
P(Bn) P(B BL +1) /P(B L n)
an(k,A - ek,) ‘
- : 2 (4.1.70)
be (k7B - nk8)

This, plus the relationships of a,'b etc. in terms of rate constants
and feed concentrations, define the composition equation for a termi-
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nal wmit model.

For a penultimate wnit model four more transient probababilities .
are defined.

P(Alnln'z) =u

P(B |5 .l n- 2)

‘P(A IA an 2) - | ('4.1.71)‘
P(B_ B e1Phg) = ¢

The compos:Ltlon equation (given here after the correction of an error
in the original presentation) is derived as

(A) _ acvé (klA—ukZ) v (bnleA-,a(l-e)d:kl 4’)

(B) by (kyB=vk, ) v (bk, JA-a(1~g) ¢k

(4.1.72)
14)

and used with the relationships of corresponding probabilities.
O'Driscoll et al. have applied the diad equation to the system
oMS-MMA and their results are given in section (6.1) with comment in
section (6.3.3). |
Prabably the ultimate in the prediction of copolymer composition
is computer simulation of copolymerization react:l.ons(:LO9 llO) The
method is to add or subtract wnits to or from a growing binary sequ-
ence which constitutes the copolymer chain. The transition can be
to any degree of Markoffian distribution desired, bearing in mind thé
increasing size of the program. Any desired assumption and simplifi- |
cation in relation to the rate constants can be incorporated as well.
One point not attempted so far is to use computer similation
for the estimation of the rate constants. This point will be discussed
in section (6.5). Also the applicability of various equations menticned
in this section is considered in the last chapter.

4,2 Copolymer Microstructure

The first attempts to study the microstructure of polymers were
made to obtain information on the stereoregularities of various a-sub—
stituted polyolefins. Early studies on the theory of diastereosequences
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were conducted by Coleman and Fbx(%) and Bovey(lM) The analysis

of diastereosequences by NMR was mainly done by Bovey who later carriec_i'
this work into the study of copolymerizing systems. Coleman and Fox
used Bayesian statistics to study a general chain, which might have
propagated according to a Markoffian or non-Markoffian probability,

or even, with appropriate assumptions, according to a Bernoullian
probability. They considered each addition it not as a monomer but
as an attachment bond. Therefore, if a monomer is attached to a grow-
ing radical in the same stereo configuration as the radical end unit
this is considered as an isotactic attachment and defined as an T
wmit. BAn opposite stereo confiquration is a syndiotactic attachment
and defined as an S unit. Each of these units were called placements
and a couple of them at a time were called pairs. Three kinds of pairs
are defined Pié'—{II} isotactic pairs, Psﬁ{ss} syndiotactic pairs and
Ph'={ISvSI} (meaning either IS or SI) heterotactic pairs. The place-
ment and pair configurations in terms of molecular structure are shown

below for MMA polymer (all additions with a very good approximation

are assumed to be head to tail)

H CH, H CH
o137 13
{1} —C—C—=C—=C-—

! l { {
H MOH MO

o8 (3 MO
{s} —C—-C—-C—C-—

{11} —C—C—-C—-C—-C-—-C-—
{ss} —C—-—C—-C—~C—-C—C~—

{1s} —C—-C—-C—~-C—-C—-C-—
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Using Bayesian statistics Coleman and Fox derived the equations
given in section (4.1). These equations are presented in the previous |
section using a copolymer norenclature in which A replaces I and B rep-
laces S, since copolymerization is also a binary addition process and
the same equations may be applied. The only difference is that here
for every unit two nmonomers are involwved, whereas in copolyn{erizatic_m
every unit stands for one comonomer. This means that, since from NMR
(see section (4.3)) information can be gathered only as far as triad
concentrations, for sterechomopolymerization one may cbtain indepen-
dent information on doublets, say {II}, and for copolymerization in-
dependent information on triplets, say {AaA}. On the other hand if
it is necessary to involve stereoregularity in copolymerization that
would mean not a binary but a ternary sequence, or otherwise would
necessitate the use of the ¢ propagation of Bovey, as will be seen
later in the section. 1In addition to the equations given in the pre-
vious section it will prove useful to state some more general
equations given by Coleman and Fox, and proved valid by Kac(112),

‘The distribution of closed sequences can be given by

- n-1 - _ : -1
£ =P, {870 "sl/p{s} = Pnll{SIn |s} (4.2.1)
and by theorem
Zf = (4.2,2)
n=1

Then the mean recurre.nc‘éi time for S can be defined as

x{s} —an  (4.2.3)

n=l1
which yields
x{s} = (4.2.4)
PﬂSF
where q = lim P_{I"} and in the case of polymerization reactions

n+oon

it can be taken as being equal to zero, therefore

y{s} =i>‘11l'§}‘ o (4.2.5)

The mean length of closed sequences of the unit I can be defined as

annﬂ_

w{I} = “'1 = (4.2.6)
1
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where when fl=l there are no closed sequences of I. In terms of units

Pl{I} -q Pl{I}

{1} = (4.2.7)

p,{s} - p,y{ss} P, {s} - p,{s%)
Another definition is the persistence ratio which is the ratio of the
rmean length of closed sequences of certain kinds of units to. the mean
length of the same kind of unit, which would exist if the distribution

had been Bernoullian (g=O does not apply to Bernoullian distribution).
sy o = u{n}p){s} = uistp {1} (4.2.8)
p-1l is a measure of departure from Bernoullian statistics or in other
words the depth of Markoffian statistics, because in Bernoullian sta-
tistics u{I}=p {s} . |

The above definitions can be put into various forms by the use
of the general equations in the previous section, such as
p, {1} _ 2p, {1}

wirl = _ =
MLy

PZ{IS} Pz{ISvSI}

One equality derived from this new form is

' Pl{I} Pl{s}
“{I}Pl{S} = Pl{S} = P {1} = nislp, {1}
PZ{IS} P2{SI} (4.2.10)
which gives :
& wlnd  p{1}
= (4.2.11)

n{s} - Pl{S}

Other equations in terms of measurable parameters and, from the
equalities of previous section, would be

| 2
P2{ISVSI} = z(Pl{I} - P2{I hH (4.2.12)

P {1} = 12[1 + P2{12} - PZ{SZ}] (4.2,13)
and so on. ‘

In the case of copolymerization the letters I and S are replaced
by A and B and the above equations define the structure of the copo-
lymer. So, by allocating the degrees of freedom in stereoconfigura-
tion to the monomer variation one can get some primary information
on the copolymer chain (ignoring any stereoregularity). Therefore,
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it is possible to use the following definitions,

F_ = mle fraction of X = Pl{X} (X = A or B) (4.2.14)
la = no. average length of A sequences _

= uia} = p, {a}/p, {aBvEA} (4.2.15)
1b = no. average length of B sequences

= u{B} = p, {8} /P {aBvEA}  (4.2.16)
R = rumn no., i.e., fraction of all A-B (and B-3) bonds

= 2P2{AB} (4.2.17)

In a similar way the persistence ratio is

Pl{A}Pl{B}
p = u{A}Pl{B} = — (4.2,18)

PZ{AB}

n=1/p gives a measure of the departure from random (Bernoullian) sta-
tistics and

R andom = 2Pl{A}Pl{B} - (4.2.19)
FA = copolymer composition = Pl{A} =1 - Pl{B} (4.2.20)
F,,= bond or diad fraction = PZ{AA} (4.2.21)

These parameters are in terms of experimentally  (NMR) obtainable
values. To compare the particular copolymerization system with the
model assumed it is necessary to define these parameters in terms of
the rate constants. To achieve that it is possible to use an approach
similar to the statisti¥al derivation of the copolynmer composition
equation. For this, the above parameters must first be defined in
terms of conditional probabilities. Thus (0%

R= 2Pl{A}P b = PP/ By + P =2/ (L +(1/P )

_ : (4.2.22)
n-= PZ{AB}/Pl{A}Pl{B} = Pab/Pl{B} =Py +P .(4.2.23)
1, = Pl{A}/Pz{AB} =1/, (4.2.24)
F, = Pl{A} = Pba/(Pab + Pba) (4.2.25)
Fpp = PZ{AA} = Pba(l - Pab)/(Pab + Pba) (4.2.26)

The parameters can be calculated by substituting the particular
values of the conditional probabilities in terms of the rate constants
and feed compositions for particular models. Although for the terminal
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wmit model P b (or Pba) can be given in terms of rate constants and
feed compositions, for the penultimate unit model it is necessary first
to define P b (or Pba) in terms of progressed probabilities.

Since the copolymerization process involves nonamers rather than
bonds as statistical wnits it is possible to get information for triple
units of triads. The triad concentration in the chain is given (igno-

ring the stereoconfiquration) by P'3{XXX}. Then from general equations,
P3{AAA} + P3{BAA} + PB{AAB} + P3{BAB} B Pl{A} (4,2.27)

and similarly for monomer B. Then for convenience in using NMR data,
triad fractions are given by

Faap = P3{AAA}/Pl{A} (4.2.28a)
FBAB = PB{BAB}/Pl{A} (4.2.28b)
Foap = Fanp = P3{AAB}‘/Pl{A} (4.2,28¢)

Fana + Fap + Faan * Fang =

For comparison with models in terms of conditional probabilities

1 - (4.2,29)

FAAA = PaaPaaa = (1 - Pab) (1 - Paab) (4.2.30a)
FBAB = Pl{B}Pban ab/Pl{A} =P ab(1 - Pbaa) (4.2.30Db)
Fang = Pacfasb = (1 - Pab)Paab (4.2.30c)

To study the copolymer microstructure in terms of sterecconfi-
guration as well as monomer unit sequences one needs to emplov the o
propagation suggested by Bowvey and Tiers (113) . In stereocconfiqurati-
anal homopolymerization ¢ is the probability of the growing radical
adding a monomer unit in the stereoconfiguration, or the 'isotacticity
factor'. The pmbleﬁz here is that it is assumed that this addition
- is only affected by the terminal unit. If the penultimate wnit is
to be taken into consideration it is necessary to allocate two o
values. In simple Markoffian (terminal wnit model) stereoconfiqura-
tional copolymerization one needs four ¢ factors for the four types
of bonds formed during copolymerization. - '

If stereoregularity is included there are sixteen possible triad
fomations in fouwr original groups, thus, d and 1 denoting right and
left configurations, ' '
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ARR - —= AgPdlq v AP ¢ PRy MPdh
and similarly for the other triads. Then defining O the isotactic

emchainment between two particular monomers for AAA triad.

Py " ol (1-p)? (4.2.31a)
Fanghy  Fapaa T Paa (1 0pg) (- P)?  (4.2.31)
Fana = (- o )% - Pa.b)2 (4.2.31¢)
Fpna = Fa Aa FAlAdAd (or FAdAdAl) * ) (4.2.32)
Similarly for BAA or A2B triads
Fyah = Faan T (pg *Op) Py (17 2y) (4239

etc.,
and also for RAB triads.

These eguations apply only to simple Markoffian copolvmerization.
The complexity of considering a more general case can be imagined.
But if o's are obtained experimentally then they become static para-
meters and it suffices to alter only the conditional probabilities
to fit the particular model.

4.3 Copolymer Microstructure by High Resolution NMR

The NMR spectra of monomeric e-methyl styrene and methyl meth-
acrylate are given in fiqures (24a) and (24b). o-methyl styrene ex-—
hibits three groups of peaks namely, for the resonance of phenvl pro— ..
tons at 2.8 T,a-methyl protons at 8.0 1 and methyne protons at 4.7
and 5.05 1. The corresponding peaks are further split into their mul-
tiplets which does happen in the polymeric state. Methyl methacrylate,
too, exhibits three groups of peaks, namely for the resonance of meth-—
oxy protons at 6.3 1, a-methyl protons at 8.1 T and methyne protons
at 3.95 and 4.45 T, again split into multiplets. The difference bet-
ween the two monomers is the existence of the phenyl protons in oMS
as opposed to the methoxy protons in MMA. This difference is used,
as explained in section (3.5.1), for the determination of copolymer
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composition. Although the methoxy peak in poly methyl mthacryléte,
presents itself as one single peak when in a copolymer with a-methyl

~ styrene it is shifted up-field (higher HO) due to the shielding effect
of benzene ring as explained in section (3.5.1). The most pronounced
effect of shielding comes from the nearest benzene groups to the par-
ticular methoxy group. Since the nearest benzene groups to-the methoxy
group would be on the two neighbouring positions and since any two
neighbouring placements can take few configurations due to the como-
nomer and stereoconfiqurational freedoms the shifting will be variable.
In fact, depending on the amount of each placement the methoxy peak
will experience a split. The benzene rincgs placed further away than
the neighbouring positions have practically no effect or at least no
splitting effect. "I‘hey do have some effect in the sense that the total
group of methoxy groups shift up-field as the amount of a-methyl styrene
is increased in the polymer. This effect is shown by Bovey(ll4) and
in this research (see section (6.7)). T 1mderstand the gplitting
effect of neicghbouring benzene rings it is important to examine the
possible configquration and composition of methoxy centered triads can
take. The sixteen possible configurations, where M and S denote me-

thoxy and phenyl groups in positions given as below and above a ho-

rizontal line to show tacticity, are (114,115)
o MoM oM M M M M M
MM (a) LT ) L (o) L1 (@ ,
s M M M S M
MS I___]__l L1 I
- S oM M S
() (£) (g) (h)
S M M s M M M .
SMM ! s L__L_R” : ] |‘ I
sws (i) — o) e o —— @ r_J___é
] S S

It should be obvious that the most pronownced shifting effect
coming from a single neighbouring oMS will be from the one placed iso-
tactically next to the centre MR unit. This placement is called(ll4)
coisotactic placement and in the structural model is shown as
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H CH.H CH
t 137 13

A less pronounced effect will come from a cosyndiotactic placement,

1eCer 0 oO-~cH
N/ 3
H C H CH
I T T T
“FT RS
H CHyH

Of course, no shifting effect will come from any MMA group placed in
any configuration in the neighbouring position. If one can safely
assume that the shifting effect of coisotactic placement is much more
pronownced than syndiotactic placement one finds that the detenm‘ning
factor of shifting is the amount of coisotactic placement. There are
three possible quanta of colsotactic placements (aromnd one M unit),
namely zero, one and two, and the general practice is to £ind three
main splits in the methoxy proton resonance peaks of methyl methacrylate

and 'styrene type' cbpolyrxers(ll4'115’ll6'88) . The NMR spectra of

a-methyl styrene-methyl methacrylate copolyrmers exhibit three peaks e

in the region of 6.1 T to 7.4 T whlch are attrlbuted to the methoxy
proton resonance. These peaks mdlmdually are plaoed at appmmmately
6.5, 6.9 and 7.2 T and attributed to configurations with zero, one:

and two coisotactic placements respectively. ’

The less pronowunced effect of syndiotactic placements would be
to split the individual peaks even further according to their possible
guanta in every group of triads. Thus first group would be split into
three, secand group into two and third group would not be Sp].lt at a11
The peak groupings can be shown as below - " : S C

Methoxy rescnance Tacticity ™  Position for
region 50:50 polymer
1st peak lst sub-peak MM 352 3 L
‘ 2nd sub-peak M ' 3,42 7

3rd sub-peak g% 3.36
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2nd peak 1st sub-peak MVS 3.10
2nd sub-peak SIVE 2.98
3rd peak S SMS 2.78

This second stage of splitting, too, can be seen in the NMR spectra
of aMS-MMA copolymers,: '

Since it is mainly the coisotactic placement that defines the
splitting it may be possible to f£ind the amount of each nonconfiguratio-
nal triad in every peak by suitably defining a coisotacticity factor, ¢

, and hence obtain information on the tacticity of the copolymer as well
as conmpositional microstructure. This ¢ is nothing more than o b= %ba
of the previous section. TFrom the above generalizations it follows that

' _ _ 2

peak (I) F, = Fou + 2(1 = O)Fypps + (1 = 0) Fgppe  (4.3.1a)
peak (II) Fy = 20F)p + 2 (1 - 0)Fg. (4.3.1b)
pesk (III) F, = GZFSMS | (4.3.1c)

where (1 - 0) is the cosyndiotacticity factor.

_ The same peak areas can be expressed in terms of conditional
probabilities by substituting their conditional probability equivalents |
instead of their triad fractions. Then necessary simplifications can
be made according to the model used to derive the conditional probabi-
lities.

Many researchers have proved the validity of their model by show-
ing the constancy of the coisotacticity factor over a range of feed
concentrations. But it is mentioned that (94_) the verification of the
above peak assignment can be madé, by the method given below,

Since for every peak the area is given by

P = mFSIVB + nFg o, + qFMIVIM (4.3.2)
and so *
(PX—FMIM) [Fopg =M + n(FSW/FSM;) |
— ] ] l
Py/FSM; =m' +n (FSNM/FSNS) (4.3.3)

P /Fopg =M + 0" (Fgun/Fope)

these last equations, when plotted as L.H.S. vs. FSMM/FSDIB should give
straight lines. To achieve this one must first calculate the triad
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fractions from some model; and it leaves one with the question whether
it is a verification for the Bovey assunptions or for the model used. |
By combining this section with the previous section much infor—
mation can be obtained about the mic.fostructure and hence the mecha-
nism of the copolymerization. Ito et al., attempted to combine equations
(4.3.1) with equations (4.2.30) for the terminal unit model to obtain the

relations: ' 2
F = (1 - UPab) (4.3.4a)
Fy = 20Pab(l - oPab) (4.3.4b)
_ 2
-Fz = (UPab) (4.3.4c)
Then by the relation ,
P, =11 +r/x , x=[8]/z] (4.3.5)
for the terminal model, produced the linear relation
1/(1 - ©/%) = 1/0 + (£,/0) (1/9) (4.3.6)

‘on which the experimental points would lie if they were following the
terminal unit model., This straight line then yields the parameters

o and Tpe This approach is debatable since the linearization is not
a correct treatment due to the resulting nonlinearization of the ex-
perimental errors. EIhe results of this approach will be discussed in
the last chapter. ‘

It must be noted that Yamashita et al. (69) found from their
-experiments that there is no appreciable drift in triad fractions
due to conversicn, up to a conversicn of V5 or even 10%. Therefore
the triad fractions obtained from NMR can quite satisfactorily be used
as instantaneous triad fractions.

It is suprising that although it is sometime since the beginning
of information flcw on the microstructure parameters, and of the pro-
duction of new relationships, no attempt seems to have been made to
combine the microstructure relationships with those for composition
in order to obtain a better -explanation for the mechanism of the process.
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V. MATHEMATTICAL TREATMENT OF COPOLYMERIZATICN DATA

5.1 Theory of Reactivity Ratio Determination

a) Earlier methods-

After the establishment of the concept of the reactivity ratios
most of the work was concentrated on the determination of reactivity
ratios for many different system, rather than on developing methods
for obtaining refined statistical estimates of reactivity ratios. |
It is suprising to find that many reactivity ratio values are presen-
ted in the literature with error limits based on no statistical theory.
The early method of determining the reactivity ratios can be summed
up as follows (73,121)

(i) Approximation

] B D Lt Sy~ B N P
7 L Ve Tl ety

/
{
(iii) Mayo-Lewis line intersection
(iv) Linearization method of Fineman and Ross

(i) This is the crudest method of determining reactivity ratios
and is based on the assumtion that at very low concentrations of one
monomer its reactivity ratio depends on the ratio of concentrations
of the other monomer irhkfe'ed and copolymer, i.e.,

Iy = a/A (5.1.1)
where a and A are the mole fractions of monomer A in the feed and in
the copolymer. The method has many limitations but sometimes can be
useful, especially when the Q and e values of the monomer are not avai-
lable.

' (ii) Curve-fitting is the visual fitting of the experimental
points on any one of the curves calculated from the copolymer compo—
sition equation using the discrete values of rp and Ige This procedure
gives a rough but reascnable approximation to the reactivity ratios
and its sensitivity can be increased by the method of Alfrey et al. (') .
In this method a few of the better fitting curves are selected and a
value of A is calculated for each curve which is essentially the sum

of the squares of the deviations of each point from the calculated
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curve. Plots of ry and Iy Vs. A will give minimms at the best-fitting

Tn and Iy set. Also the iso-A contours of Ami_n plotted in the I, VS. Ip '
domain will give an ellipse which is a measure of the probable errors.
This second method of curve-fitting, if applied by the use of many |
calculated curves, (and in fact one needs many curves if cne wants to
make an estimate of the probable errors), is very similar to a least
square estimation and was suggested by Alfrey et al. without any pro—
babilistic interpretation. The laborious calculations of this method
are probably the reason for its not being used by later researchers.

(iii) The copolymer composition equation of Mayo and Lewis can
be rearranged to give a linear parametric 'equation,

(X-1) X
L, =——— +1;— (5.1.2)
X X

This, in the rp VS. Ip domain, will give a sraight line for each set
of feed and copolymer conposition data. Theoretically these lines
must intersect at one single point provided all the experimental points
fall on a curve described by the Mayo-Iewis equation. In practice
the sraight lines will give (nz-n) /2 intersection points whose gyra-
tion centre coordinates are the actual reactivity ratios. One impor-
tant thing in this method is not to consider intersection points of
pair of lines with wvery acute angles of intersection. These pairs of
lines are of experj_n‘entgl. points very close to each other, and may give
intersection points which are very far from the gyration centre. The
other difficulty is the sensitivity of extreme concentrations to analy-
tical errors. These may move a line far from the gyration centre and
seriously affect many intersection points. Error estimation in this
‘method is very difficult, and, alhtough the gyration centre is actually
a statistical mean of intersection points, the derivation of a variance
and standard deviation from the scatter of these points is not in accor—
dance with the statistical theory.

(iv) Fineman and Ross' rearranged the Mayo-Lewis equation to give
X2

x1-x _ . X

% =Ty "X Ta (5.1.3)

which is linear in the x(1-X)/X vs. -x2/X domain. A plot of experimental
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points according to this is a straight line with slope Iy and intercept

r L]
B
fit of this line on the experimental points. One difficulty here is

The linear least squares method can be used to obtain the best

that the clustering of the data in the domain may vary due to the choice
of one monomer as being A or B and thus giving non-unique (double) sets
of reactivity ratios. 2n example is that if one monomer is chosen as
B and one experimental point with a high concentration in B has consi-
derable error, the effect of this error will not be very large since
the point will lie close to the ordinate. But if the same monomer is
chosen as A, the same point will lie furthest away from the ordinate
and will have a considerable influence on the straight line. 2Another
difficulty of this method is that, althouch a statistical fit of the
straight line is obtained by a linear least square procedure, the error
~estimate of that fit, contrary to many statements in the literature,
is not the true error estimate of the reactivity ratios. When trans-
formation of variables is done the error in the composition of the
polymer loses its additive property and is statistically wrong to
assume othexrwise. Besides, in the Fineman—-Ross equation the dependent
variable becomes a stochastic variable, and since in these estimations
it is assumed that the dependent variable is deterministic it is doubt-
ful that the linear least square procedure can be used in this way.

The methods described above, apart from being wnsatisfactory,
can only be applied to the Mayo-lewis equation (simple Markoffian).
If the equation used, i.e., the mathematical model, is more complicated
the application of these methods becomes either impossible or very

laborious (curve-fitting only).
b) Estimation of reactivity ratios by non-linear least squares

Ieast squares estimation of the paranéters of the function

n= £(X X000 ,X 50,0, 00,8) A (5.1.4)
are the values of § that minimizes
N 2
b= D> (v, - £(x.8) (5.1.5)

k-1
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where Y, are the actual function valuves at kth experiment with no error
and ¢ is the square of the residuals. The error £ is assumed to be
normally distributed with an expected value of zero and a variance 02.

n=y+e | (5.1.6)

The least squares estimates of © can be obtained by the solution of
equation
Xxe=xy (5.1.7)

~

and were shown to be the best wnbiased estimates for the above system
by Gauss. When the system is nonlinear, as is the case for copolymer
compositicon equations, the procedure becomes complex and it is necessary
to linearize the function and converge it on its best estimations by
iterative procedures. For this, the fimction is first linearized by
expanding it in a Taylor's series around the first guesses (supplied.

by the researcher) of the parameters, and dropping all but linear terms,

o)

ALl
Sy o

L]

£(x:8) = £(x;67) + Z —_— (0, - 8;) (5.1.8)
) o Bei 9= QO i i
then for the residuals
m 9f(x ;Q)
i= aei Q - 9 _ :

h
which is a set of linear equations with m wnknowns and can be treated

likewise to obtain the best estimates of the unknowns
- - %
hi = (ei ei) (5.1.10)
This inturn is used to improve the initial guess for &
v - 0 -

and then used as 6 in equation (5.1.9); when the minimum for ¢ is
reached Qr is taken as é, the best estimate for 6.

The method of nonlinear least square estimation has found app-~
lication in many problems since the dévelopnent of high speed computers,
and has recently been used for the estimation of copolymer reactivity
ratios by Tidwell and Mortimer t211122)  ong petnken %3 . mhe many

algorithms written for this estimaticn can be found in the literatur'e(124_12 7



140

In this research the algorithm used by the Author was one based on -
Marqua]:d's(124)

NAG library (128)
(129)

method and kept updated and in binary form in the
as Subroutine EO4FBF, which is substantially the

subroutine VAO5A. The convergence of this algorithm was
(130,122)

Harwell
found adequate but does not assure convergence. According to Box
a simple modification of this method will assure convergence. The
modification is as follows:find

S, =D 4 - 90° (5.1.12)
for

e.
1

where K=1,2,3 and subscript j denotes the iteration number. Iet

il

o) + [® - 1 /2]n, (5.1.13)

V=1/2 + (5] - S5)/[4(s] - 25, +53)] (5.1.14)

Compute S, for 8; ei + Vh;; if S4< S, repeat the process using

a1 o 4w, (5.1.15)
. L XL L ‘

instead of ei otherwise reevaluate V after first halving h;'s. The
method, although not used in this research, was proved succesful by
Tidwell and Mortimer, and was claimed to have a faster convergence.

One thing of importance in nonlinear regression is to define
the variables so that the error will remain additive, as in the form
of equation (5.1.6), wigh zero expected value and 02 variance, If
this is not ensured the error may become a function of the dependent
variable and be aggrandized, depending on the analytical procedure
for composition determination. This was actually observed by Behnken
and the Author. For exanple (by the Author) if the dependent variable
is taken as (e.g., see equation (1.3.15))

.X=a/b

for large values of a the error will be incorporated as

v a+¢e
_,azxe _J b-¢
b+¢ '

Eventually the error becomes €/(b £ €) = €/b which depends on b, and
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for small values of b it becomes substantial. The dependent variable
must also be taken as the actual analytically measured value plus its
error (Behneken). For an experiment where the measured variable is
 the weight fraction of one monomer .

a=a+e

the molar ratio X is

a/Ma
(1-a) /Mb

where Ma and Mb are the corresponding molecular weights. This yields
a variance for the independent variable of

%

vz = 1 +—= 5% (5.1.18)

M

X = (5.1.17)

where £ is the actual value of X. As it can be seen the error variance
is not constant. Instead the proper way of defining equation (1.3.15)
would be

a = +tg = S + e (5.1.19)
(rptag) + (/M) % (Ltrpx)

In this research, although some of the composition values were
determined by NMR analysis, for the majority of the copolymer compo-
sition values elementa]l\‘analysis was used. These two analytical pro-
cedures do not present the conposition values in the same wnits: the
former gives composition values in mole fractions whereas the latter
gives weight fractions. The ideal procedure would be to use equation
(5.1.19) for the nonlinear least squares treatment of the data and
similar equations for higher forms of copolymerization models; and also
to treat the two sets of data separately. But since the ratio of mo-
lecular weights of oMS and MMA are very close to unity, the elemental
analysis data were converted to mole fractions and, assuming there was
no change in the properties of the error, equation (5.1.20), which is
the same as equation (5.1.19) apart from the use of mole fractions,
was used in the terminal unit model treatment of all data.

1+ rB/x
(5.1.20)

a=a+e-=
2+rAx+rB/x
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Here a is in mole fraction and x=A/B. For higher copolymerizaticn
models similar equations were used.

If the oonvérsic:n is high enough to give a drift in the copoly-
mexr composition then the integrated equation (1.3.51) needs to be used.
In this research it was found that, due to low conversions, the drift
of the most extreme experiment (highest oMS, and highest conversions)
was not more than 2%. Therefore a correction an the feed conpositions

was applied instead (73) :

'=0.5[a, + (B - a)/(l - o] (5.1.21)
where ¢ is the conversion.
c) Confidence limits

The COnfidence limits for the estimated parameters (i.e., reac—
-tivity ratios in the case of copolymerizaticon) have often been presen-—
ted quite erroneocusly in the copolymerization literature. Some have

besn wrong in the sense of treating the ervor in the ways descrilbed
earlier in this section, and a few have given a +/- standard deviaticn
as a measure of the error which needs to be treated further to be mea-
ningful | o |

The most straightforward description of the error limit is by
means of the confidence intervals. For a system of 'p' parameters
and 'k' experimental points the 100(1-B) confidence interval on © is

given by

éi - ¥ var éi t(B/Z,k—p) <o, < éi + ¥ var éi t(B/Z,k-p) , i=1,2,..,p
(5.1.22)

where 8, is the true solution, with a best estimate of 8;, and t(8/2,k-p)

is the 1008/2 percentage point of the t-distribution with k-p degrees

of freedom. In equation (5.1.23)

s g

var 8, = H
i

ii
where S is the sum of squéres and H; s is the (i,i)th element of the

Hessian matrix, defined by the Jacobian matrix as

g = (3%t (5.1.24)
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A better way of describing the error, especially if there is a
correlation of the estimates, is by the confidence region which is
boumnded by the ellipse,

2

©-8"g'7Ee-9 =ps (5.1.25)

"8 (o, k-p)
where sz=s/ (k-p), and FB (p,k=p) is the g percentage point of the ta-
bulated F distribution with p and k-p degrees of freedom.

The correlation of the estimates, which gives an idea on the
validity of the model chosen, can be obtained by various correlation
formulae in the literature; or the residuals can be plotted as
(8 = éi) vs. mole fraction in feed to show whether there is a sys=
tematic deviation from (ei - éi) = 0,

d) Design of experiments (122,123,73,130)

_ As Alfrey et al. (73) have mentioned, the most effective pairs

of experimental points are those which are adequately far apart. Since
the reactions at composition extremes may contain larger errors the
optimm two points are in the region of A = 0.2 and 0.8. It is pos-
sible to find a set of exact points for each system which minimizes

the confidence region. The two feed concentrations of one monomer,
(122) Ghich maxi-
mize the absolute determinant value of the Jacobian matrix. The pa-

which minimize the confidence region, are the ones

rameters used here are the crude estimates determined by some other
method. The two optimum concentrations as given by Tidwell and Mor—

timer(lzz) for the system of Ty = 0.40; Iy = 0.15 are

Mbl= 16,785 ; sz= 92.968

The experiments in this research did not follow this design for various
reasons, but mainly because the above pair is /for the two parameter
terminal model only, and this research was aimed to stucj%; many models
with varying nunbers of parameters. |

The complete program listing for NIR is given in fig. (40a);
example in subroutine SUMSQ is for Wittmer case(i) equation.



11
4o
45
911
94y
945

50

950

61

60

219

PROGRAYN MARPOCINDUT «OUTPUT « TAPES=TLPUT « TAPL6=0UTPUT)
DIVENSTION RUSOYert30) 0 Z2(30) o THETACIN Y s (S0 vaii(ANs 2) e TWHL 2¢30) ¢
1GHAF (242 )0 GU2a2) JHE(2e2) 0 TCSMY qULT) o ATCIN) s VARX(10) s CONF(L0) s
2AZ AN B2(50)

COIMON Y o Z LK 3L A2

EXTEHRNAL SUMSRGHMONIT

FORMAT(16FS»2)

FORVMAT(IZ2)

FORMAT(I2)

FORVAT(1X416F5,2)

FORMAT(1X12)

FORMAT(IXs[2) ‘

READ(Sy 11D UI(I)eI=1427)

READ(S5+40) KK

READ(S5+45) W

WRITEC(ECLLI(T (L) I=1027)

ARITE(6+940) KK

WRITE(A«TUS5) N R .

DQ 999 K1=1+1KK : -
READ(S,50) M .

FORWAT(IZ2) .

NRITE(6950) M

FORAT (1Xv12)

READ(S+61) ITEMK

FORSAT(1Xe19) :

WRITE(6e61) I{FMP

READ{5+60) PRESS

FORMATILX e F6al)

WHRITE(6+60) PRESS

READ(IS+219) REVOL

FORMAT(IX«F243)

WRITL (6+219) REVQL

TErp=1TEnR

ATWP=TECP+273,

TK=(S5Tel#ATHP =14 1U75% (PRESS=14)~16026.3/(4e574%ATMP)
CK=EXP{TK]

Ck=1,/CK

ARIJTC(64166) CK

166 FOR=AT(1X1F1045)

100

951
10

DTM=0 944 /(0. UNL1S* (TEMP=20.)¢1,)
NTASC.911/(J.006113%(TEMP=20.)+1,)
IWz2aM*ii+ 24 N+22A+ 53N

00 10 I=1+i

READ{Sv10U) ZAsYASCONV
FORYATIBX FBsU X eF6.UvS5X1F6e3)
lAA:ﬂ.S‘(£ﬂ+(lA-YAtQPHV/100.)/(1.—COHV/100.|1
AWT=ZAN®118.18 N
AnwT={1.=2AN)¥1p0,12

BVOL=EWT/UTA

AVOLZAWT/DTM

TVOL=AVOL+BVOL

Cvol=sTVOL *REVOL
AZ(IIZ1000e%(1,~-ZAN)/EVOL
B2t11=1000.%2ZAp/CV0L

Y(I)=YA

2(I)=2AA .

FURMATI9X 1 HF B4 )

COMTINUE

u(l)=1

IFalL=1

THETA(1)=0,5

THETA(2)=0.15

NHAX=10,

11=1 . 0E=4

ACC=1.0E-8

MAX=100 .

CALL EO4FBF( Myl THETA+R«SSOYACCHIDMAX s W « IWSUMSQO«MONTI T
1 DVMAXSIFAIL) . :

Fig.40a Listing of the NIR program.
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-0001
-00u2
-N003
~0N004
-0090s
0006
.0u0n7
0008
-N009
0010
-0011
-0o12
0013
~-0014
0015
-oule
~0017
~n018
0019
.0N20
-0021
0022
-0u23
0024
0028
-0026
0027
0028
~-0ue9
~0030 -
~-0031
-0032

PN At
-

003y
~N035
-0036
~-0037
.on3s
~0039
~0N040
0041
0042
~0043
004y
~004%
LY
0047
0048
~0049
-0050
00451
0052
~0053
~0054
~0055"
-0056
~N0S7,
.0058
.nns9
~0060
.No61
~-D062
0063
~N0hkY
-0065
-0066
~Nua?
0068



101
301

609

104

302

€10

13

12

303

511

304

612

103
102

300
4G0
S00
999

10

100
200
300

I=0

DO 101 II=1.M

DU 101 JJ=1N

I=1+1

WMITedJI=wtI)

CONTINUE

WRITC(64301)

FORPATILIX Z¢ THE JACPBIAN * /)

WRTITF (66093 (M (LTodd) e dJd=1 o) I1=14M)
FUKMAT(1IXv1UF10.59)

DO 104 11=1.M

DO 1n4 Jd=1+N

Twv(JJy I D) =wMiTIT o dd)

COHTIHUE

AR ITE (69 302)

FOR“ATULIX /7% THE TRANSPOSED JACOBIAN = /)
ARTTELEy610) (LTI edd) e JdJ=141") 4 I1=14N)
FORMAT(1X1UF10.5}

DO 12 II=14W

00 12 JJd=1.N

GHAF (1T+JJ)=0.0 -

00 13 IJd=1l.~

GHAF(IT s JUISGHAF (I T v JUI+ Tl (11 4TU) *WMITJsJd)
CONTIHUE

GIIL v JJI=2.U2GHAF(T T JJ)

CONTINUVE

CALL TOLAAF (G sHsEHeAT 1)
WRITEL6.303)

FORMAT(1IX /Z*(JACOBTIAN TLJACOBIANI%= /)
ARTITOE6 AL CIGHAF (ITedd) v 11=1e%) edJ=14H)
FURMPAT(IXe1UF1D.5) '

WHITE (643042

FORMATILX /% THE HESSIAN * /)
ARTITE (646121 THE(LT «JJ)edd=1oN)21TI=14N)
FORMAT(1Xv1UF10.9)

WRITE (643001

DO 102 1I=1.4

VAKKET )=SSuxHE(TI 1)/ (M~)
COIF(INI=(VARX(I)*««x0G D) &T (M=)

WHITE(64103) THETA(I)+«CCHFLI)
FORMAT(I0X£1Y4,642Xv2+/-%4E12.67)

COUTIIUE ’

WRITE(64500) SSW

WRITE(B+400) IFAIL

FORMATLywilOF INAL LEAST SQUARES ESTIWSATES OF THETA ARE2+/)
FORMATAYI TFAIL = «TiY

FORMATLITH SUM OF SGUARES =+E14,6)

COtITTNUE

sSTOP

END

SUBRQUTINE SUMSQ(M, . THETAR)

DIVENSION THETACGN) «R(M)+Y{30)+2(30)+nZ(30)+B2{30)
COYMDH Y Z'CKvBZ4A2Z

DO 10 I=14M

XSzAZ(T1)/782L1)

AA= () o +CKABLITI)+(CK/THETALZ2))Y*NA2(T1))

AL=(AN~ (ANSNA=4 xCK*B2 (1)) %x*%0.5)/2,
XC=(BZ(I)*(1e/Z{le=AL)))/Z(THETA(L)*AZLI)4B2(1))
ROII=XC/{1e+XC)=Y11]1)

RE TURN

END | :

SUAROUTIMNE MONIT(M«HVRESID+S+ICALLS)

OIMENSION V}H).RESID(M)

FORMAT(11HONOS CALLS +12)

FORIAT(16H SUuM OF SUGUARES +E14.6)

FORMAT (21 VALUES OF THETA ARE +3E14,.6)
WRITE(64100) ICALLS

ARITL(Ry200) S

ARITE(BE+300) (VIIdeI=1wH)

RETURN

END

Fig.40a Cont'd.
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~0069
-no70
-n071
~0u72
=N073
~0NnT7y
-007%
~0076
0077
~go7s8
-an179
~0080
-0081
~N0s2
~0us3
-0n8y
-0085
-0086
~boay
-0nys8
-00489
-0090
-0091
~0Dug2
~0093
0094
~0095%
0096
=0u9y
-on3s
~0099
_-nio0o0
-0101
-01u2
-0103
-0104
-N10%
-0106
-0107
-0108
-0109
-0110
-0111
-0112
-0113
0114
=N11%
~0116
-0117
-0118
-0119
-N1z20
-3121
0122
~0123
~0124%
-012%
-0128
~0127
-0128
-0129
-0130
~0131
~0132
-0133
-0134
~N139
-0136
0137
~-N138
-0139
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VI. RESULTS AND DISCUSSICNS

6.1 Data of Previous Research Work

a) Copolymer composition

Previous results for the system o-methyl styrene and methyl
methacrylate are summarized in this section for reference in the sub-
sequent discussion. Early researchers do not give any composition
values but anly the calculated reactivity ratios. These are given
in section (2.5) with the exception of values obtained by Doak, Deahl
and Christmas (terminal wit model) at 99°C, which are

= 0.0
= 0.89

2

1
(aMS=2) and are claimed to indicate an alternating tendency at higher
temperatures.

The most extensive set of experimental data on this system at
1 atm is that reported by Wittmer P87 14 obtained in his study
of copolymerization accompanied by depropagation in the case of one
of the monomers., The full experimental data is given in Table (xx).

Wittmer calculated the reactivity ratios for 20° to 100°C from
the terminal uwnit nodef""and from two sinpler models of the copolymeri-
zation-plus-depropagation. The results are given in Table (XIIa)

(the results for 60°C were also mentioned in section (4.1)), together
with values of K (the monomer-polymer equilibrium constant for o-methyl
styrene as k d/k ) used in h.‘LS calculations.

He also calculated react1v1ty ratios for 100 to 150°C from more
conplicated models like equations (4.1.47) and (4.1.50). The results
are shown in Table (XIIb) together with all four equilibrium constants
for all four propagation reactions. The equilibrium canstants a4y and
d, for the reactions of different monomers are trial values used by
Wittmer for the trial and error curve fitting on experimental data.

The system has also been studied by Izu and O'Driscoll and their

1(81)

coworkers. Izu and O'Driscol present monomer-copolymer compo—
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sition data for 60°, 114° and 147° in graph form (data not tabulated).

They report that approximate values of the reactivity ratios (termi-
nal wnit model) at 60°C are

r, = 0.15
r = 0.40 -
(aMS=2) and that the terminal wmit model vields negative valuss of .
ry at the two higher temperatures.

Izu, O'Driscoll et al. (95) tabulate mnone:o—copolymer' composi-

tion data at the same three temperatures (presumably the same data, ,
but fewei' points are given in the tables than are shown in the graphs
in reference (81)). The data of Izu, O'Driscoll et al. are shown in

Tables (XIV) to (XVI) together with their microstructure data.
b) Copolymer microstructure - .

The available data on the microstructure of the a-methyl styrene
- methyl methacrylate copolymer are mainly from Tz, O'Nriccoll and

their coworkers (81))

which are presented besides their conposition

- data. Their microstructure data, as mentioned above, are included in
Tabies (XIV) to (XVI) which also contain the microstructure parameters
calculated therefrom (see section (6.6) for the basis of this calcu-
lation). »

A similar attempt, on the basis of the terminal wmit model, was
made by Ito et al. (68) r'to calculate the microstructure parameters
from micms‘.tructure,data, but the individual analysis values are not
reported. The.appmm‘mate values of Ito et al. are given in Table (XIII)
as extracted from their graph.

Table (XVII) gives the coisotacticity parameter calculated by
Izu et al. for the copolymerization at various temperatures; with Ito
and coworkers' values for o for comparison. The valwe of O at 100°C
in the second column was evaluated by using Ito and coworkers' data;
but the value of ¢ at 114°C in the last colum was evaluated by using
Izu and coworkers' data. -

The microstructure data presented by various researchers so far
include only the peak fractions (see section(4.3)) Fx’ Fy and FZ and
there exists no available data on the fractions of individual triads
in the copolymer. '
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Table XTI

Copolymerization of oMS and MVA according to Wittmer

aMS mole % oMS mole % in polymer
in feed 2o°c_ 50 60°% 8% 100°%c 110% 120°% 13°c  150°C
5 7.79 8.13 9,10 7.79 6.97 7.24 6.16 7.52 1.49
: 8.88

10 17.21 15.47 17.75 14.96 14.68 11.35 11.07 11.07 0.68
20 29.27 26.87 25.38 25.19 21.45 21.45 13,29 13.84 3,68
30 34.41 32,89 33,50 31.33 26.93 25.20 19.46 16.92 4.23
40 ' 41.55 40.59 39.73 37.31 34,00 27.53 24,33 19.18 7.0l
50 . 45.87 45.95 44.68 42.78 37.00 31.94 28.39 23,16 7.0l
60 50.57 53.41 52.05 47.42 43,09 36.41 32.52 26.93 6.44
70 57.90 60.49 59.61 51.83 43,40 37.30 33,12 25.48 7.28

57.75 _
80 64.10 64.09 65.99 54.49 40.04 35,00 32,52 7.84
20 68.41 _ 40.03 32.52 15,24
95 81.37
Table XITIa

Reactivity ratios for oS-MMA system as calculated

by a) equatioqt(4.l.44) and b) equation (4.1.49)
X

3 | (b)
%) r - Tp  KOole/h) .. Lom
20 0.3 0.5 1.7 0.3 0.5
50 0.4  0.55 5.1 0.5  0.55
60 0.3 0.55 7.1 0.6 0.55
80 0.2 0.6 12.9 0.8l  0.65

100 0.05 0.65 22.9 1.0 0.7
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Reactivity ratios for aMS-MMA system as calculated by a) eguation
(4.1.,47) and b) equation (4.1.50)..
(a)

7(°C)

100
110
120
130
150

rdl\ﬁ

1.0
1.17
1.28

- 1.43

1.75

0.7
0. 72
0.74
0.76
0.8

kg fmm %
22,9  0.119 0.0
27.9 0.178 0.0
35 0.262 0.0
43 0.377 0.0
67 0.744 0.0
Table XTII

9

11
90

(b)

Tovs Tvma
1.0 0.7
.17 0.72
1.28 0.74
1.43  0.76
1.75 0.8

Microstructure parameters for oMS-MVA copolymers
by Ito et al., prepared at 60°C.

Sanple

1

N O U W

F
X

0.59
0.65
0.60
0.68
0.73
0.80
0.89

F
Y
0.44
0.30
0.35
0.28
0.24
0.18
0.11

Table XTIV

r
z

0.05
0.05

0.04
0.03

0.02
0.00

Microstructure parameters for oMS-MMA copolymers by Izu et al.,
prepared at 60°C (s=als) .

Sample

1

N oY ol w N

fs
0.656
0.550
0.449
0.352
0.259
0.169
0.083

v
0.502
0.471
0. 406
0.362
0.287
0.215

0.112

0.649
0.691
0.712
0.775
0.774
0.860
0.896

0.271

0.285
0.240
0.222
0.176
0.114
0.081

0.749
0.673
0.591
0.500
0.399
0.274
0.152
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Table XV

Microstructure parameters for oMS-MMA copolymers by Izu et al.,
prepared at 114%%.

Sample fS . FS FX FY P b
1 0.880 0.390 0.611 0.282 0.516
2 0.765 0.366 0.632 0.261 0.450
3 0.550 0.310 0.771 0.223 0.338
4 - 0.449 0.274 0.789 0.205 0.285
5 0.352 0.229 0.817 0.169 0.231
6 0.259 0.180 0.825 0.156 0.177

Table XVI

Microstructure parameters for oMS-MMA copolymers by Izu et al.,
prepared at 147°%c.

Sample fs FS FX FY
1 0.656 0.096 0.918 0.082
2 0.352 0.08%8 0.921 0.079
3 0.169 0.080 0.935 0.065

Table XVII
Ay
Comparison of coisotacticity parameter (o).
™C Tzu et al. Tio et al.
o) - . 0.21 # 0.03
60 0.26 + 0.03 0.27 + 0.03
100 0.31 0.25 + 0.03
*
114 0.40 + 0.4 0.20

*
See text.
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6.2 Analytical Results of This Research

Results on the copolymer-monomer composition relationship and
microstructure and kinetic data obtained in this research at 60°C
and at pressures from normal to 5000 bar gauge are given in Tables
(XVIITa) and (XVIIIb). Peak area fractions are over a total of meth-
oxy peaks and based on the copolymer MMA mole fractions in Table (XVIIIa)
estimated by NMR analysis. Results on the molecular weight analysis
for some copolymers prepared in this research are given in Table (XIX).
The nomenclature for the following tables are:

fs : mole fraction of oeMS in feed mixture
Fg : mole fraction of o«MS in copolymer, (CHN) by elemen-
tal analysis or (NMR) by NMR

In : iInitiator concentration

oonv. : conversion, Rp ¢ rate of reaction

MY : nunber average molecular weight

MY : weight average molecular weight

MZ ¢ 2 average molecular weight

MV : viscosity average molecular weight

Table XVIIIa
Code P t In fs | Fé (CHN) Fs (NMR) conv. Rp
No. barg °c mg/1t m. fr. m. fr. m.fr. 9% wA oonv./h
*100 ,

1 0 60 2 0.0 6.722  4,4815
2 o) 60 2 0.1933 0.2290 0.2339 3.860 0.1845
3 o} 60 2 0.3921 0.3630 0.3784 2.625 0.1105
4 0o 60 2 0.4858 0.4296 0.4107 1.841 0.0767
5 o} 60 2 0.5837 © 1,247  0.0520
11 o} 60 2 0.0188 5.635 1.1270
12 0 60 2 0.0509 0.0497 2.573 0.5147
13 O 60 2 0.0879 0.2468 0.1437 5.998 0.3076
20 0 60 2 0.1972 . 4,994 0.1685



Code P

No.

21

1

c3
c4

c6
c7
c8

BREBEBRERE

A6
A7
A8

AlO
All

Al3
Al4
Bl
B2

- B3

B4
B5
B6

bar g

0O 00O 0O 0000 C 000000 0CoO0OCO0O0OCOoOo0OCOoOOoOO0OCOoO OO OO OO OO OO

t

In

°c mg/lt

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

60

60
60
60
60
60
60
60
60

*100

N

PN NN NN NN NN DN NN NN N NN NN DN N NN

Table XVIIIa {cont'd)

£
s

m. fr.

0.3971
0.2906
0.2948
0.2934
0.2765
0.2997
0.2927
0.0211
0.0529
0.2093

0.4149 -

0.0214
0.0203
0.0211
0.0494
0.0613
0.0531

- 0.2072

0.1023
0.1046
0.1936
0.2029
0.2996
0.2945
0.2979
0.0981
0.0979
0.0958
0.5956
0.6045

0.5839

Fé (CHN)

m. fr.

0.2963

0.0032

0. 3055

FE(NMR)

m, fr.

0. 3060

cav.

% w/w

4,268
5.615
4.751
5.740
4,717
3.031
3.130
6.204
3.241
6.809
5.094
1.646
3.084
2.034
2.054
0.850
1.310
3.356
5.497
8.482
5.059
7.005
2,499
3.644
5.176
1.669
3.247
5.944
1.346
2.524
3.454

R
P

cenv. /h

0.0885

0.0981
0.1114

152

0.1003

0,1106
0.1166
0.1204
1.1314
0.5910
0.1586
0.0696
1,2348
1.0055
0.5084
0.5135
0.6375
0.4271
0.1891
0. 3202
0. 3122
0.1862
0.1661
0.1408
0.1341
0.1228
0.3338
0. 3068
0.2957
0.0561
0.0522
0,0480



Code P
No. b

15
16

NP2
NP3.
17
18
NP4

Clo -
Cll

~J

NP7
NP8
NP9
NP10
2G
3G
4G
5G
6G
176G
8C
8G
9C
9G
10C
101K
11p

ar g

8888888888888

OO0 0O 0O o0 0o o oo O o o oo o o oo

t

60
60
60
60
60
60
60
60
50
50
50
50
70
70
70
70
70
70
60
60
60
60
60
60
60
60
60
60
60
60
60

In

°c mg/lt
*100

1=

4

Table XVIITa (cont'd)

£
S

m, fr.

0.3915
0.4843
0.1889
0.2691
0.2169
0.1966
0.3889
0.3974
0.2005

0,3955 -

0.2383
0.4157

0.1900

0.3842
0.1957
0.4015
0.2010
0.3961

% 0.1009

0.1997
0.1995

0.1996

0.2950
0,3732
0.5180

- 0.4559

0.5663
0.5948
0. 7155
0.7006

0.7956

E;(CHN)

m. fr.

0.2855

0.3663

0.3837

0.2126

0.3455

0.1691
0.2775
0.2506
0.2353
0. 3384
0.4008
0.4590

' 0.4326

0.5316
0.5032
0.5867
0.5172
0.5857

EE(NMR)

m. fr.

0.1696
0.2759

0.3836
0.4394
0.4397
0.4732

0.5558

- 0.7424

CQnv.

% WA

2.839
3.538
5.393
8.435
6.560
5.736
3.685
4,445
1.885
0.985
3.220
1.728
6.812
5.081
6.815
3.718
7.991
4,555
8.091
4,987
6.545
8.634
4,957
4,847
7.095
4,408
5.321
5.966
4,405
4,566
3.421

R
P

conv. /h

0.1175
0, 1464
0.2227
0.1771
0.2066
0.3120
0.2005
0.1553
0.0713
0.0372
0.0634
0.0340
0.3161
0.2022
0.3501
0.1910
0.2668
0.1521
0.4624
0.2850
0.2570
0.2204
0.1946
0.1238
0.1001
0.1125
0.0750
0.0663
0.0621
0.0507
0.0380

153



Code P
No. barg
2H 1000
2F 1000
3z - 1000
3F 1000
52 1000
4H 1000
5H 1000
3 1000
6z 1000

_6F 1000
6H 1000
72 1000
7JF 1000
8H 1000
8s 1000
9H 1000
9F 1000
9P 1000
10z 1000
11Z 1000
28 - 1500
23L 1500
3™ 1500
4a 1500
51K 1500
68 1500
7a 1500
8A 1500
9a 1500
102 1500
11A 1500

t

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

60

60
60
60
60
60
60
60
60
60
60

In

°c mg/lt
*100

o

Table XVIIIa
£ F! (CHN)
m. fr. m. fr.
0.1042 0.1711
0.0992  0.1666
0.2057  0.2692
0.2030  0.2595
0.1990 0.2489
0.1997 0.1965
0.1982  0.2416
0.2001  0.2634
0.2941  0.3404
0.2902  0.3263
0.2912  0.3403
0.3907 0.3792
0.3989  0.3960
0.4998  0.3268
0.5004  0.4616
 0.5991 0.5348
0.5931  0.5059
0.6036  0.4529
. 0.7298  0.6130
0.8206 0.6715
0.1062  0.2399
0.0975 0.1656
0.1995 0.2598
0.1991  0.3023
0.2021 0.2973
0.2925 0.3899
0.3965  0.3940
0.4835  0.4877
0.5978  0.5186
0.6965 0.5693
0.7969  0.6391

(cont'd)

FS (NMR)

m. fr.

0.1822

0.4654

0.5977
0.6786
0.1436

0.2305
0.2695
0. 3504
0.4026
0.4322
0.4814
0.5637
0.6288

conv,

S w/iw

6,960
9.200
2,521
5.585
3.881

5.655

6.501
4.393
2.935
4,009
4.916
2.263
5.667
5.466
6.059
4.195
3.652
4.085
2.562
1.718
7.776
7.791
2.736
8.319
4,867
5.981
4.698
3.892
7.104
5.474

4.063

R
P

conv. /h

0.6736
0.7131
0.4384
0.4330
0.4281
0.3941
0.4632
0.4252
0.3237
0.3108
0.3503
0.2496
0.2227
0.1761
0.1579
0.1352
0.1435
0.1393
0.1073
0.0719
1.1296
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0.9739

0.6620
0.6433
0.6034
0.4977
0. 3910
0.3239
0.2279
0.1756
0.1304



Code P
No. barg
241, 2000
31K 2000
4B 2000
52K 2000
AF 2000
6B 2000
7K 2000
8B 2000
98 2000
10B. 2000
1B 2000
2D 2500
210 2500
AL 2500
4D 2500
5D 2500
6D © 2500
7D 2500
8D 2500
9D 2500
10D 2500
11D 2500
2E 3000
3E 3000
4E 3000
S5E 3000
60 3000
7E 3000
8E 3000
9E 3000
102K 3000

t

In

Sc mg/lt

60
60
60
60
60
60
60
60
60

60

60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

60

60
60

NNNNNNNN.NNNNNNNNNNNNNNNNNNNNNN

*100

%]

Table XVIIIa (cont'd)

£
S

m. fr.

0.0993
0.2081
0.2034
0.1958
0.1959
0.2987
0.4009
0.,4952
0.5890
0.6861

0.7930

0.1020
0.1010

-~ 0.2010

4

0.2037
0.2022
0.2903
0. 3980
0.4967
0.5805
0.6949
0.8306
0.1011
0.1963

1 0.1974

0.1850
0.2835
0. 4058
0.4918
0.6064

0.6744

Fé(CHN)

m. fr.

0.1723
0.2782
0.3291
0.2741
0.2561
0.3369
0.4119
0.4594
0.5139
0.6032
0.6389
0.2143
0.0899
0.2721
0.3145
0.2712
0.3447

0.3891

0.4901
0.5482
0.6159
0.6701
0.1760
0.2821
0.2745
0.2500
0.2690
0.5475
0.4513
0.5275
0.5620

FS(NMR)

m. fr.

0.1522
0.2495
0, 3107
0.2553
0.2670
0.3552
0,4015

0.6693

0.0539

0.2530
0. 3505
0.4246
0.4855

0.5091-

0.6109
0.6687
0. 3000
0. 3248

0,3718
0.4843
0.5010
0.5685
0.6314

Canv.

W/

oe

6.609
4,183
5,242
6.529
7.444
7.972
5.725
5.213
7.476
5.854
4,010
8,070
5.700
3.730
8.081
5.261
4.081
4,583
4,037
8.868

5.298
8.723
5.346
3.413
8.968
7.968
5.509
4.632
7.028
3.709

R
P

conv. /h

1.3130

0.8311
0.8736
0.8479
0.8623
0.6962
0. 4706
0.4553
0.3563
0.2790
0.1911
2.1330
1.8587
1.2162
1.2793
1.3152
1.0203
0. 7255
0.6391
0.4284
0.2560
2.5285
1.5494
1.7063
1.4741
1.1119
0.9056
0.7614
0.5637
0.5176

155
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Table XVIITa (cont'd)

Code P = t In fs Fé (CHN) Fs (NMR) conv. Rp
No. bar g Sc mg/1t m. fr. m. fr, m. fr. % wA  conv./h
*100

11E 3000 60
220 3500 60

N

0.7893 0.6457 0.7796 4.588 0.3680
0.1028 0.1870 0.1630 6.235 -3.1174

3J 3500 60 0.2130 0.2230 3.961 1.9807
4L 3500 60 0.1988 0.2736 0.2862 5.585 1.9370
'5M 3500 60 0.1937 0©.2839 8.279  1.8399

67 3500 60
720 3500 60
8J 3500 60
9J 3500 60
107 . 3500 60
111T 3500 60

0.2920 0.3546 0.3545 4,355 1.5104
0.3899 0.3494 0.4025 5.104 1.1962
0.4852 0.3998 0.5069 4.281 1.0033
0.5872 0.5251 0.5366 7.611 0.7714
0.7171 0.6216 0.6773 6.037 0.6119
0.8056 0.6999 0.7909 7.277 0.4428

11M 3500 60 0.7880 0.6601 4,842  0.4908
2M 4000 60 0.0999 0.0888 0.2000 8.911 4.6093
320 4000 60 0.2041  0.2069 5.369 2.7773
4M 4000 60 0.2030 0.2912 _ 7.808 2.6028
5T 4000 60 0.1981 0.2749 10.976  2.1952

6M 4000 60
TH 4000 60
‘8M 4000 60
925 4000 60

0.2968 - 0.3434 0.3641 5.807 1.9358
0.3883 0.4209 0.4706 6.195 1.5487
% 0.4912 0.4734 0.5624 5.146 1.2864
0.6100 0.4853 0,5334 7.777 0.6419

9M 4000 60 - 0.6001 0.5346 7.165 0.9883
105 4000 60 0.6919 0.6393 6.500 0.5365
10F 4000 60 0.7302  0.6207 5.704 0.7868
1125 4000 60 0.8163 0.6842 0.6677 4.796 0.3958
230 5000 60 0.0964 0,1245 26.308 13.1540
37 5000 60 0.1982  0.2489 9,822 4,9109
65 5000 60 0.3022 0.3580 0.4040 13.599  3,3034
7S 5000 60 0.3929 0.3725 10.988  2.6692

8T 5000 60
91S 5000 60
10P 5000 60
112T 5000 60

0.4937 0.4474 0.5055 8,431 2.0480
0.5845 0.4777 0.5261 11.625 1.6848
0.6948 0.5408 0.6069 9.241 1.3392
0.7921 0.6970 0.6673 7.121 1.0321



Code

12
13
- Al4
2G
3G
6G
G
8G
9G
101K
11p
2F

op
112
23L
4a
51K

FX
0.8625
0.7570
0.7140
0.9720
0.9250
0.7450
0.8600
0.7890
0.6700
0.5950
0.5875
0.5830
0.6330
0.6670
0.8430
0.6460
0.7370
0.6360
0.8500
0.8200
0.8200

FlMMM

0.6250
0.3570

0.3240.

0.9660
0. 7500
0.3088
0.5900
0.4330
0.2840
0.2060
0.2460
0.2267
0.3330
0.0470
0.6320
0.2790
0.2330
0.2730
0.6560
0.5800
0.5800

o FSMM

3.54 0.2037
3.54 0.3286
3.52 0,3286
3.57 0.0060
3.58 0.1750
3.54 0.3625
3.57 0.1600
3.52 0.2330
3.55 0.2600
3.53 0.2725
3.50 0.2440
3.50 0.2667
3.49 0.1730
3.45 0.4870
3.56 0.1930
3.50 0.2860
3.49 0.4700
3.45 0.2270
3.57 0.1750
3.57 0.2150
3.53 0.2120

Table XVIIIb

5 Foms

3.48 0.0388
3.45 0,0588
3.43 0.0586
3.46 0.00

3.50 0.00

3.45 0.0700
3.49 0.1120
3.44 0.1267
3.46 0.1180
3.45 0.1190
3.41 0.1000
3.41 0.0917
3.42 0.1267
3.40 0.1530
3.46 0.0330
3.43 0.0680
3.41 0.0430
3.38 0.1590
3.45 0.0175
3.47 0.0230
3.44 0.0380

5

3.41
3.37
3.31

3.42
3.35
3.41
3.3
3.37
3.33
3.30
3.30
3.32
3.31
3.34
3.32
3.29
3.29
3.33
3.39
3.34

F
y

0.1425
0.2210
0.2570

0.0260

0.0780
0.2075
0.1000
0.1640
0.2600

0.2875 .

0.2750
0.3330
0.2930
0.2470
0.0867
0.2220

.2470
0.2726
0..1190
0..1630
0..1520

0.1130
0.1440
0.1750
0.0850
0.1590
0.0770
0.1230
0.1670
0.2240
0.15%0
0.2330
0.1830
0.1330
0.0770
0.1430
0.1500
0.1420
0.0900
0.1420
0.1180

6 Fog ©

3.10 0.0300 2.98
3.11 0.0800 2.99

3.09 0.0810 2.95

3.10 - -
- 0.00 -
3.11 0.0450 2.97

3.07 0.0230 2.93

3.05 0.0400 2.92
3,11 0.0940 3.02
3.10 0.1150 2.97
3.09 0.1200 2.96
3.08 0.1110 2.97
3.07 0.1100 2.98
3.07 0.0870 2.97
3.10 0.0070 3.03
3.08 0.0890 2,94
3.07 0.0870 2.96
3,02 0.1410 2,93
3.08 0.0280 2.99
3.11 0.0260 2.99
3.09 0.0340 2.99

F o
Z

0.0010 2.79
0.0240 2.80
0.0386 2.73
0.0120 2.90

- 0.00 -
0.0387 2.75°

0.0350 2.79
0.0410 2,50
0.0700 2.79
0.1125 2.75

0.1375 2.72 -

0.0880 2.73
0.1000 2.74
0.1130 2.73
0.0667 2.84
0.0870 2.91
0.0160 2,68

"0.1045 2.70

0.0375 2.78
0.0100 2.77
0,0300 2.71

LST



Code

6A
7A
8A
‘9
10A
11a
241,
31K
4B
52K
4F
6B
7K
11B
210
5D
6D
7D
8D
9D
10D

F
X

0.7220
0.7110
0. 7050
0.7040
0.6300
0.6125
0.8140
0.7200
0.8000
0.7920
0.8130
0.8050
0.7290
0. 5500
0.8200
0.7717
0.7300
0.6925
0.6540
0. 5900
0.6075

Py

0. 4500
0.3170
0. 3666
0.2800

0.2060°

0.1625
0.5610
0.4800
0.5280
0.5955
0.5167
0.5500
0.3750
0.1650
0.2040
0.5217
0.4660
0.4250
0. 3540
0. 3000
0.2500

5]

3.54
3.54
3.52
3.53
3.49
3.47
3.55
3.54
3.55
3.58
3.56
3.53
3.53
3.49
3.54
3.56
3.51
3.50
3.49
3.49
3.48

Fomm

0. 2000
0.3030
0.2617
0. 3840
0.3580
0. 3400
0.2140
0.2480

0.2240

0.1580
0.2730
0.2650
0.2810
0.2750
0.5300
0.2167
0.1760
0.2375
0.2275
0.2160
0.2650

Table XVIIIb
& Foe B F,
3.47 0.0840 3.38  0.2220
3.45 0.0856 3.36 0.2510
3.44 0.0867 3.36  0.2600
3.45 0.0400 3.33  0.3000
3.40 0.0800 3.29  0.3200
340 0.1125 3.30 0. 3500
3.45 0,0430 3.32  0.1430
3.44 0.0450 3.31  0.1620
3.47 0.0480 3.37  0.1440
3.48 0.0420 3.39  0,1600
3.45 0.0430 3.35 0.1730.
3.45 0.0100 3.32  0,1950
3.43 0.0660 3.32  0,2190
3.41 0.1200 3.33  0.3300
3.50 0.0800 3.37  0.1300
3.46 0.0330 0.1830
3.43 0.0880 3.36  0.2200
3.41 0.0375 3.30  0.2500
3.40 0.0825 3,30 0.2875
3.41 0.0810 3.30  0.3010
3.40 0.1125 3.30 0.3075

(cont'd)

Fomm
0.1500
0.1470
0.1950
0.2340
0.2600
0.2750
0.1140
0.1130
0.1080
0.1250
0.1530
0.1600
0.1620
0.2100

0.1060

0.1500
0.1540
0.1880
0.2170
0.2240
0.2300

& FéNS 5

3.11 0.0720 2.99
3.13 0.0550 3.02
3.10 0.0670 2.98
3.10 0.0740 2.98
3.05 0.0740 2.95
3.04 0.0700 2.94
3.10 0.0340 2.94
3.07 0.0500 2.97
3.10 0.0400 2.97
3.08 0.0360 2.98
3.11 0.0330 2.99
3.10 0.0400 2.97
3.10 0.0660 2.97
3.08 0.1200 3,00
3.11 0.0350 2.93
3.12 0.0380 2.97
3.07 0.0600 2.94

3.09 0.06C0 2.95 -

3.09 0.0730 2.95
3.08 0.0800 2.98
3.04 0.0800 2,94

Fé 5

0.0550 2,77
0.0330 2.79
0.0280 2.78
0.0140 2.76
0.0440 2.72
0.0325 2.73
0.0470 2.80
0.0510 2.77
0.0600 2,83
0.0355 2.84
0.0330 2.73
0.0300 2,83
0.0625 2,76
0.1350 2,75
0.0500 2.70
0.0550 2.78
0.0600 2,77
0.0500 2.77
0.0540 2.75
0.1090 2.73

0.0925 2.75

86T



Code

11b
2E

3E
60
TE
8E
SE

102K
11E
220
4L,
6J
720
8J
N )
1oy
1117
2M
6M
TH
8M

Fx FMMM
0.5375 0.1575
0.8900 0.2767
0.7500  0.4250
0.8300 0.3575
0.6417  0.3250
0.6080 0.2717
0.6000 0.2675
0.6380 0.0692
0.5500  0.4000
0.8400 0.6160
0.7540 0.5120
0.6825  0.3925
0.7000  0.3500
0.6200  0.2550
0.5800 0.2340
0.6000  0.2000
0.6300 ~0.1450
0.8000  0.5000
0.6950  0.3500
0.6850  0.3625
0.6800  0.3500

5
3.45
3.55
3.53
3.53
3.50
3.49
3.47
3.46
3.45
3.57
3.57
3.52
3.50
3.49
3.48
3.48
3.47
3.57
3.53
3.50
3.51

3
F'SMM

0.2500 3.39
0.2400 3.46
0.2417 3.45
0.3875 3.46
0.2567 3.41
0.2400 3.41
0.2750 3.39
0.4935 3.40
0.1000 3.37
0.2240 3.48
0.1900 3.47
0.2325 3.42
0.3300 3.40
0.2375 3.40
0.2340 3.40
0.2550 3.40
0.4000 3.39
0.1875 3.50
0.2550 3.43
0.2675 3.42
0.3250 3.42

Table XVIIIb (cont'd)

Favs

0.1250
0. 0500
0.0867
0.0575
0.0617
0.1000
0.0600
0.0753
0.0650
0.0260
0.0480
0.0675
0.0340
0.1250
0.1140
0.1450
0.1100
0.1200
0.0875
0.0675
0.0550

5

3.30
3.38
3.33
3.34
3.30
3.30
3.28
3.31
3.30
3.34
3.37
3.31
3.26
3.30
3.30
3.30
3.29
3.42
3.33
3.31
3.30

EY
0.3600
0.1167
0.1880
0.1375
0.2717
0. 3000
0. 3075
0. 3100

0. 3350

0.1040
0.1980
0.2000
0.2260
0.2875
0. 3000
0. 3500
0. 3400
0.1200
0.2400
0.2450
0.2350

F'SMM

0.1750
0.0930
0.1130
0.0950
0.1930
0.2130
0.2270
0.2500
0.2450
0.0720
0. 1600
0.1630
0. 1940
0.1850
0. 2040
0.2680
0.2500
0.1230
0.1680
0.1530

" 0.1850

8

3.07
3.10
3.08
3.11
3.09
3.08
3.06
3.4
3.06
3.12
3.13
3.08
3.07
3.07
3.05
3.03
3.03
3.0
3.10
3.09
3.08

FéMS )

0.2050 2.96
0.0300 2.96
0.0750 2.94
0.0500 3.00
0.0820 2.96
0.0920 2.96
0.0880 2.96
0.0500 2.95
0.1000 2.96
0.0260 3.0l
0.0380 3.00
0.0500 2.95
0.0600 2.93
0.1150 2.95
0.1100 2.95
0.1000 2,91
0.1000 2.95
0.1000 2.95
0.0800 2.97
0.1000 2.97
0.0600 2.93

F 6
A

0.1075 2.71
0.1667 2,80
0.0667 2.80
0.0500 2.78
0.0817 2.74
0.0900 2.71
0.1050 2,74

© 0.0520 2.81

0.1100 2.71
0.0600 2.76

0.0500 2.77

0.1125 2.80
0.0680 2.72
0.1000 2.76
0.1140 2.72
0.0500 2.73
0.0300 2.73

- 0.0825 2,85
0.0750 2.76

0.0700 2.77
0.0650 2.76

65T



Tahle XVIIb (cont'd)

Code F, - Fyn & TFgu & Fge & F, Fom & Fogg & F, &
92s 0,6000 0.2800 3.50 0.2230 3.41 0.1000 3.31 0.2970 0.1870 3.07 0,1000 2.94 - 0.1130 2.74
10s - 0.8625 0.1625 3.48 0.5250 3.40 0.1750 3.32  0.1375 0.00 2,75

1128 0.5250 0.1250 3.45 0.1850 3.37 0.2100 3.32 0.3350 0.1450 3.02 0.2000 2.92  0.1500 2.65
6S  0.8830 0.4000 3.53 0.4830 3.45 0.00 3.30 0.0670 0.0470 3,10 0.0300 3,02 0.0550 2.80
8T  0.6670 0.3200 3.48 0.3170 3.38 0.0430 3.30 0.3000 0.2000 3.09 0.0960 2.95° 0.,0270 2.68
91S . 0.5960 0.1800 3.50 0.3400 3.42 0.0800 3.30 0.3000 0,1980 3.08 0.1120 2.95 0.1040 2.70

10P  0.6200 0.2520 3.45 0.3480 3,40 0.0560 3.30 0.3240 0.2080 3.05 0.1200 2.95 0.0540 2.72
1127 0.6000 0.1330 3.45 0.4200 3.36 0.0600 3.27 0.3500 0.3330 3.05 0.0600 2.95 0.0670 2.72

09T



Code

12
13

C3
Al4

B6
24L
52K
4F

6B -

8B
9B
10B
11B
4G

HHEEH

4L
5T
3T

SE§89H8888cc00c0c00

8 8

1500
2500
3000
3500
4000
5000

£
s

0.0214
0.0509
0.0879
0.1933
0.2934
0.2979
0.3921
0.4858
0.5839
0.0993
0.1958
0.1959
0.2987

. 0.4009

0.4952
0. 5890
0.6861
0.7930
0.1995
0.1982
0.1995
0.2010
0.1963
0.1988
0.1981
0.1982

T, (C)

0.0032
0.0497
0.2468
0.2290
0.2963
0.3055
0.3630
0.4296

0.1723
0.2741
0.2561
0. 3369
0.4119
0.4594
0.5139
0.6032
0.6389
0.2506
0.2416
0.2598
0.2721
0.2821
0.2736
0.2749
0.2489

Table XIX

MV*10 >

1.7465
1.1460
1.0338
0.5393
0.4454
0. 3405
0.3436
0.1922
0.3019
4.8223
2. 5509
3.0088
2,2846
1,7099
1.5421
1.1632
1.1068
0.8575
0.9573
1.4134
2.0575
3.4796
4.6804
5.3840
6.5195
8 6656

MA*10

3.5537
2.0619
1.8385
0.9324
0.8536
0.6179
0.6075
0.3972
0.5812
10.475
4.884
6.1364
4.2722
3.2020
2.9231
2.1392
1.9629
1.5730
1.6816
2.4875
3.8593
7.2653
10.679
14.462
17.707
24.594

5

MZ*10

7.0375
3. 3848
2.8720
1.4176
1.3470
0.9205
0.9040
0.6200
0.9251
21.959
9.2372
12.886
7.5801
5.5253

5.1099

3.4870
3.1350
2.5804
2.7130
4.1109
6.7971
14.629
23.586
31.778
41.810
60.640

5

MV*10

3.2247
1,9118
1,7138
0.8733
0.7918
0.5782
0.5691
0.3678
0.5384
9.3662
4.4580
5.5313
3.9209
2.9496
2.6924
1.9829
1.8253
1.4602
1.5654
2.3069
3.5458
6.5501
9.4912
12.725
15.451
21.275

5

My/M

2.03
1.80
1.78
1.73
1.92
1.81
1.77
2.07
1.93
2,17
1.91
2.04
1.87
1.87
1.90
1.84
1.77
1.83
1.76
1.76
1.88
2.09
2.28
2.69

2.72

2.84

161

MZ/MN

4,03
2.95
2,78 .
2.63
3.02
2.70
2,63
3.23
3.06
4,55
3.62
4,28
3.32
3.23
3.31
3.00
2.83
3.01
2.83
2.91

3.30

4.20
5.04
5.90
6.41
7.00
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6.3 Comparison of Composition Data with Results of Previous Work

A general inspection of the data of previous workers and this
research reveals, qualitatively, a change in copolymer composition due
to pressure and temperature. With increasing terrperéture there seems
to be a tendency of the formation of oMS in the copolymer to decrease,
although this is not obvious in the case of Wittmer's data between
20° and 60°C (fig. (27a)).

The only direct comparison of copolymer composition results bet—-
ween this research and previous ones which is possible is at 1 atm
and 60°C. As seen from fig. (26) all three sets of data conpare satis-
factorily and the reactivity ratios calculated for the terminal model
by the Author and as given by the researchers are shown in Table (XX).

' Increase in polymerization pressure seems to have the effect of
increasing the oMS content of the copolymer up to 3000 bars. At pres—
sures above 3000 bars there is a less-pronowmced reverse effect. and

the aMs content of the copolymer decreases with pressure (fig. (27b)).

Table XX
This research Wittmer Tzu et al.
Calctd. by A. given Calctd. by A. given
XS 0.148 W 0,297 0.30 0.192 0.15
. 0.567 0.512 0.55 0.564 0.40

- 6.4 Treatment of the Data by means of Various Copolymerizatiocn Models
6.4.1 Copolymerization Models without any Depropagation Reaction

a) Texrminal unit model

The composition data obtained by the two analytical methods, na-
mely CHN and NMR, were used to attenpt to identify the best copolyme-
‘rization model which fits to the particular system, and then to analyse
the effect of pressure on the copolymerization parameters (usually the
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reactivity ratios). The first model tested was the simple Markoffian
process of Mayo-Lewis, known also as the terminal wit model, in which
only the ultimate wnit of a radical chain has an influence on the co-
polymerization reaction. There are several methods (section (5.1)) of
fitting the equation of this model to the data in order to obtain the
reactivity ratios. Beside the widely used nonlinear regression (NLR)
in this reséarch, two other methods were used (which apply only to the
terminal wmit model), for comparison. These were the Mayo-lewis line
intersection method and the Fineman-Ross linearization method. Obvi-
ously only the NLR method can give trie error values. The results of
the NLR method were assessed by two kinds of error analysis (plus the
sum of squares of the residuals): 1) The + error as calculated by equ-
ation (5.1.22) and 2) the Jacobian matrix given for the calculation
of error ellipsés according to equation (5.1.25). Two ellipses cal-
culated in this way are given in fig. (29). The other two methods were
assessed approximately by a special procedure on a high speed compu-
ter: 1) the Mayo-lewis method was used to produce a large number of
intersection points. 'Then, after discarding a nunber of outliers,
their gyration centre was calculated. The standard deviation given,
as mentioned in section (5.1), is only a measure of the scatter of
these points. 2) The coordinates of the Fineman—Ross plots were cal-
culated and a line was fitted by linear least-squares. Again, the
standard deviation given is only a measure of the residuals of linear
least—~squares.
The £ ¢ Fg curves from the NLR reactivity ratios are given in

figures (28a) to (28j). The results of the three methods are given
in Tables (XXIa-e) and figures (30a) to (30c). As seen in fiqures
(30a-c) of the three methods the worst scatter along the pressure co—
ordinate was from the Fineman-Ross linearization method. The Mayo-
Iewis line intersection method gave slightly less scatter than NLR,
but since the NLR method is a better and general method, priority was
given to these results in the interpretation. The NLR method was used
to treat the data of Wittmer and Izu et al. for most of thé copolyme—
' rization models examined in this research. The terminal wnit model
reactivity ratios from the data ocbtained in this research at 60°C and
normal pressure were closer to those estimated from Izu et al.'s data
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than Wittmer's. ,

As seen in fig. (30c) there is quite noticeable change of the
terminal wnit model (apparent) reactivity ratios along the pressure
coordinate. The change is an increaée in r, and a decrease in r, with

pressure. The rate of change of Ty with pr];ssure levels off aftze:r

3000 atm which becomes a slight maximum due to a subsequent decrease

at higher pressures. The node of change. of T is similar since a plot

of 1/rA shows a very similar change to that of Tor in a larger scale.
The effect of pressure on reactivity ratios is expressed as a

conbined effect on both the rate constants involwed, therefore in terms

of activation volumes

K

3in -2 = 31n =—3r(v§b— \ia)ap (6.4.1)

kba B

and if

In ] < I8 | (6.4.2)
one expects an increase in rB with pressure. Although the increase
in r, in fig. (30c) may show that equation (6.4.2) is true, the nature

B ,
of equation (6.4.1) which predicts an exponential increase of I with

pressure may throw doubt on the validity of the terminal wnit model
as applied to this system. 2n explanation of the maximum is conside-
red in a later section.d

A similar mode of change in the 'terminal wnit model' r's, but
with respect to temperature, can be seen from analysis of the data of
Wittmer and of Izu et al. In this case the change is in the directicm
of the inverse temperature axis (fig.(30d)). In fact the shape of the
curves are very similar to those of the P curves, which may reopen
the possibility that the decrease of =N at the highest pressure may
not be due entirely to experimental error.

The data of Wittmer and Izu et al. also demonstrates the inva-
lidity of the terminal wnit model for this system, at normal pressure.
This is shown by the negative reactivity ratios which are obtained
-from the terminal wnit model at higher temperatures, and have no phy-
sical meaning. ' |

The usual way to check the goodness of fit of the model would be
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the existance of a correlation in the results but it is believed that

the data are too scattered to make any systematic correlation obvious,
b) Penultimate wnit model

The penultimate wnit model was first tried without any simpli-
fying assumptions, i.e., employing all four of the parameters, as in
equation (4.1.3). This gave an abnormally scattered set of estimated
parameters, which was attributed to trying to f£it an equation of too
many parameters to an insufficiently accurate set of data. Hence '
another attenpt was made using the simplifying assumption that kbbb= o.
So,

l+r.x

1+1rix A

A '

1+ rAx

X = (6.4.3)

r./x

1 +_l3__

1+ rB/x

This was a necessary assunption as seen from the results of this es-
timation, and also a justifiable assumption as indicated below. As
seen in fig. (31) (from Table (¥XXIIa)) the three parameters now follow
a rather consistent set of curves and the behaviour of the points at
the end the curves seerﬁs too smooth to be attributed sinply to experi-
nental errors. Although the shoulder at 1000 atm in curves (ii) and
(11i) may be due to experimental error the maxima in curves (ii) and
(iv) (for l/rA) are far too prominent. The locations of the maxima,
too, are similar to those from the terminal wnit model at 3000 atm.
In general it can be said that:

1) kbbb can be assumed to be zero or very close to it.,

2) The rates of change of kaaa and k 2ab with pressure are
of similar magnitude.

3 K,
r1'3=k abb/k “ba has an abnormality similar to rB=kbb/k‘ba (terminal unit
~model) and gives a maximum at 3000 atm..

4) Similar behaviour to that of k =bb is seen in kb b (espe-

is largely increased by pressure but the curve of

cially when rz'x plotted as 1/rZ'X) , possibly indicating that an A wnit
between two B wnits does not redwuwe their mutual repulsiaons.

Fig. (32) (Table (XXIIb)) shows the penultimate unit model reac-
tivity ratios for the data of Wittmer.



2:-0

/-0

Fig.31

[+ ]
[+]
0o
]
(&)
L [+ ]
(o}
o]
K
[ ] o (o}
o (o]
(s ]
(o]
I
X
0 x
X
4 (o]
(o}
X
' *
D * X
Ay %*
- §+ oo X +
+ +
2500 5000
P bars

Pressure dependence of the reactivity ratios for the
simplified penultimate unit model (eq. (6.4.3)) from
the data of this research. ( o) ry, +) Tar x) r,',
e) 1/r,,)

176



177

2.0
R
x N
// (o]
-0}
o o
X
X
»
+
g + x
L e +
0 0 1 —d
2.6 . 3/ 3.6
/T x 103

Fig.32 Temperature dependence of the reactivity ratios for the

simplified penultimate unit model (eq. (6.4
the data of Wittmer. (legend same as fig. (

.3)) from
31))



178

c) The penpenultimate wnit model

As mentioned above it seems that the insufficient accuracy of
the data makes an attempt to fit an equation with more than three pa-
rameters futile. But, as will be explained in later sections, there

appears to be an indication of a penpenultimate effect of the form
BAA» + B ——> BAAB-

B being the sterically-hindered moncmer (see section (1.3.2)). To

show this effect by means of an equation the penpenultimate wnit equ-
ation was used with simplifying assumptions, which make it equivalent
to equations (4.1.3) with kbbb= O and with kaaa split into two compo-

nents, kbaaa and kaa . Both approaches yield the equation

aa
l1+r.x
l+rAx A
l+.rix
1+ —-
1+ 1/¥'"x
X = = (6.4.4)
T,
14_B
gt X

Although containing four parameters, equation (6.4.4), supposedly a
better equation, was expected to give a better fit. As seen in fig. (33)
(from Table (XXIIIa)) the scatter of points in the r vs. P domain is
low enough to reveal some information.
In another attenpt the same equation was tried with Lo values
as estimated from equation (6.4.3) thus reducing it to a three para-
meter equation. This did not inprove the estimation much.
' The effect of pressure on the reactivity ratios, as obtained
from equation (6.4.4), can be sumarized as follow:
1) Rate of change of kaaaa and k ansb 2T of similar magni-
tude ' ¥
2) There is a sharp increase in kb azb though it is difficult
to discem a logarithmic decrease of ri (=kb aaa/kb aéb) .
For the rest of the rate constants the same considerations app-
ly as for the equation (6.4.3).
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Table XXIa

Reactivity ratios of aMS—-MMA system at various
pressures (this research) calculated by computer—
ized Mayo-lewis line intersection. T = 60°C.

P, bar g v GrMMA s oraMS
0 0.5427  0.1019  0.0768  0.2260
500 0.4661  0.0982  0.2040  0.0928
1000 0.4846  0,1011  0.2319  0.1633
1500 0.4638  0.1316  0.2047  0.1349
2000 0.4775  0.0932  0.2709  0.1611
2500 0.4267 0.1385 0.3135  0.1770
3000 0.3931  0.1170  0.2894  0.1419
3500 0.4270  0.0870  0.3252  0.1508
4000 0.4156  0.0797  0.2924  0.1607
5000 0,544 02068 0,3062  0.1713

LN S (R TR e

Table XXIb

Reactivity ratios of oMS-MMA system at various
pressures (this research) calculated by Fineman-
Ross method. T = 60°C.

: 4
P, bar g r, . o r o
MMA L aMs LS

0 0.5237  0.0306  0.0991  0.0491
500 0.4167  0.0503  0.1610  ©0.0144
1000 0.5157 0,0417 0.2810  0.0120
1500  "0.4653  0.0296  0.2318  0.0080
2000 0.4627 0.0380  0.2882  0.0133
2500 0.3218  0.0538  0.2359  0.0115
3000 0.3445  0.2005 0.3355  0.0715
3500  0.4277  0.0377  0.3406  0.0119
4000  0.3482  0.0679  0.2813  0.0l59
5000 0.5419  0.1214  0.3341  0.0359



Table XXId

Reactivity ratios of oMS-M'A system at various
temperatures ( a) Wittmer, b) Izu et al. ) calcu-
lated by Fineman-Ross method. P = 1 atm.

T, C v O’rm T e UraNs

a) 20 0. 3339 0.0738 0.1820 0.0028
50 0.4568 0.0629 0.2637 0.,0190

60 0.5084 0.0323 0.2996 0.0100

80 0.5927 0.0854 0.1399 0.0067
100 0.5864 0.,0411 0.0129 0.0146
b) 60 0.5545 0.0365 0.1740 0.0233
114 1.3646 - 0.1074 0.0339 0.0031

Table XXIc

Reactivity ratios of oMS-MMA system at various pressures
(this research) calculated by NIR, equation (1.3.15).

T

P =

Sum

Sum

= 60°C.
Obar g

Reac. ratio wvalue  95% conf. limits
v O.56684§ © 40,0443
T MA 0.1475 $0.0762
of squares = 0.1236%10 "2
500 bar g
Tma 0.4647 40,0377
raIVB 0.1905 +0.0300
of squares = 0.3865%10 2
1000 bar g
- 0.5003 +0.0349
r 0.2675 +0.0341

oMS

Sum

2

of squares = 0.7291*10

J acobian2

0.4516 -0.2124
-0.2124 0.1529

1.0248 0.3834
0. 3834 0.6491

0.8753  -0.4135
-0.4135 0.9182

181
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Table X)C[c {cont'd)

P = 1000 bar g

Reac. ratio value 95% conf. limits Jacobian2
i 0.5003 10,0349 0.8753 -0.4135
L. 0.2675 40,0341 -0,4135 0.9182
Sum of squares = 0. 7291*10*'_2
= 1500 bar g
erIMZ\. 0.4455 +0.0327 0.6761 -0.3363
rO(MA 0.2228 ;tQ.0259 -0,3363 1.0789
Sum of squares = 0.3745%10 2
P = 2000 bar g
rMMA 0.4739 40,0293 0.9198 -0. 3546
ras 0.2997 10,0358 | -0.3546 0.6160
Sum of squares = 0.4385%102
P = 2500 bar g
rNJMA 0.4095 +0.0463 0.8010 ~-0.3744
r 0.2904 10.0451 -0.3744 0. 8446
oMS
Sum of squares = O. 8317+1072
o
P = 3000 bar g
L "0.4278 +0.0900 0.6269 -0.2651
r 0.3828 10,1014 : ~0.2651 0.4929
oMS v
Sum of squares =.O.l782='<10ml
P = 35C0 bar g
Lm 0.4317 +0.0319 0.5282 -0.2351
LS 0.3452 40.0311 -0.2351 0.5540
Sum of squares = 0.2200%10
P =400 bar g
rog  O-4085 10,0450  0.5959  -0.3569
rag  0-3112 $0.0374 - ~0.3569  0.8641

Sum of squares = 0.4135%10 2



a)

Table XXIc {cont'd)

P = 5000 bar g
Reac. ratico wvalwe 95% conf. limits

Lom 0.4863 10. 1057
TS 0. 3126 10.0767

Sum of squares = O.ZL381"‘]_O'-2

Table XXIe
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J acobian2
0.3976 -0. 3082
-0, 3082 O._7545

Reactivity ratios of oMS-MMA system at various temperatu~
res ( a) Wittmer, b) Izu et al. ) calculated by NLR, equ-

ation (1.3,15). P =1 atm.

T = 20°%

Reac. ratio wvalve 95% conf. limits

r__ . 0.4324 +0.0423
MVA ,
roMS 0.2221 1+0.0288
Sum of squares = 0.1672%10 2
T = 50°C
rMMA 0.5110 40,0510
r 0.3051 4+0.0426
. TaMs "\"5
Sum of squares = 0.1335%10 2
T = 60°C
T 0.5116 10,0406
raIVE 0.2969 +0.0316
Sum of squares = 0,1071*10 2
T = 80°C
Lm 0.5369 +0.0406
ToMs 0.1282 10.0161
2

Sum of squares = 0.1071*10

Jacocbian
0, 3RR1 -0.,2105
0.2799 -0,1741
-0.1741 0.4015
0. 3145 -0.2260
~0.226 0.5210
0.2498 ~-0.2279
-0.2279 1.5891



b)

Table X{Ie (cont'd) |

T = 100°C

Reac. ratio wvalue 95% conf. limits Jacob:i.an2
Lom 0,6042 4+0.0658 0.1819 -0.2064
r -0.0068 10.0349 -0,2064 0.6477
aMsS

Sum of squares = 0.1005*10 2

T = 60°C
Lm 0.5639 40.0513 " 0.2426 -0.1594
raNS 0.1922 40.0514 -0.1594 0.2412

Sum of squares = 0.5467*10 5

T = 114%
Lnm 1.3030 10,1325 0.0362 -0.1835
r -0,0368 40,0093 -0.1835 7.2920
alMS

Sum of squares = 0.5743"‘10_3

Table XXIIa

Reactivity ratios of aMS~-MMA system at various pressures
(this research) calculated from equation (6.4.3).
T = 60°C. (A= B=a}S) .

P=Obar g _
Reac. ratio value 95% conf. limits Jacobian®
A 0.4971 10.0968" 0.2121 0.0300 -0.0603
£} 1.3141 +35.89 0.0300 0.0070 -0.0141
Iy 0.5532 +17.54 ~0.0603 -0.0141 0.0285
5 |

Sum of squares = 0.8278*10
P =500 bar g

r. 0. 4405 - 40,2427 0.2797 0.0560 -0.0573

A ,

ri 0.9224 +22.35 - 0.0560 0.0277 -0.0293

Ty 0.6945 +20.70 ~-0.0573 -0.0293 0.0310
2

Sum of squares = 0.3396%10 °
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Table XXIIa (cont'd)

P = 1000 bar g

Reac. ratio wvaluwe  95% conf. llj_mits Jacobian2
n 0.5047 +0.4648 0.3507 0.1021 -0,0719
rZ'& 0,7922 +10.19 0.1021 Q.0558 -0.0401
rB 0.8332 1+54.87 -0,0719 -0,0401 0©.0288
Sum of squares = 0.1866%10 *
P = 1500 bar g
rA 0.4298 10,2867 0.3004 0.0729 -0,0571
rZ'\ 0.8023 +14.,57 0.0729 0.0392 -0.0321
r]3 " 0.7646 +17.17 -0.0571 -0.0321 0.0263
Sum of squares = O. 7556%1G"2
P = 2000 bar g
rA 0.5312 +0.5618 0.3356 0.1246 -0,0573
) 0.6645 +87.59 0.1246 0.0711 -0.0329
g 1.0356 +187.2 -0.0573 -0.0329 0,0152
Sum of squares = 0.1098*10 1
P = 2500 bar g
rA 0.5077\3} +1.089 0.2274 00,1135 -0.0394
rA 0.5863 +725.3 0.1135 0.0925 -0.0321
]’:B 1.1980 +2081 -0.03%94 -0.0321 0.0112
Sum of squares = 0.1292%10° 1
P = 3000 bar g
rA 0.5283 +1.7519 0.1926 0.1042 -0,0261
rA 0.5191 4+81.57 0.1042 0.0926 -0.0229
r]3 1.4369 +338.2 -0.0261 -0.0229 0.0057
1

Sum of squares = 0.3467%10



a)

P = 3500 bar g

Reac. ratio wvalwe

' 0.5445
]
ra 0.5417
Ty 1.3556

Sum of squares = 0.1222*10

P = 4000 bar g

T 0.5070
rA 0.5624
Iy .1.2624

Sum of squares = 0.1373*10 .

P = 5000 bar g

r 0.6324
A

rA 0.6286

Iy 1.2C090

Sum of squares = 0.2348*10

Table XXITa (cont'd)

95% conf. limits

40.8573
163.37
+234.5
1

+0.8675
1514.2
+1642

1

159

[

+40.09
$116.3
1

L7
i

J. acobian2

0.2065 0.1083
0.1083 0.0925
-0.0300 -0.0254

0.1564
0.0853
-0,0268

0.0853
0.0788

0.0QEE
0.0645
-0,0231

Q.0645
0.0732

Table XXITb

-0.0300
0.0070

-0.0247
0.0078

0.0091

Reactivity ratios%of MS-MA system at various temperatu—
res ( a) Wittmer, b) Izu et al. ) calculated from equation
(6.4.3). P =1 atm. (A=MMA, B=aMS).

T = 20°C -

Reac. ratio wvalue 95% conf. limits
rA 0.4973 4+1.050
r,  0.6898 186.79
rB 0.9605 1160, 7

Sum of squares = 0.2907%10 ©

T = 50°C
r,  O6l7l  10.5821
ri 0.6603 +157.4
rB 1.0841 +371.7

Sum of squares = O. 3314*10°2

J acobian2

0.1201 0.0423
0.0423 0.0327
~0.0221 -0.0174

0.0853 0,0414
0.0414 0.0386
-0.0177 -0.0164

-0.0221
-0.0174
0.0093

~0,0177
-0.0164
0.0070
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b)

‘Sum of squares = 0.1109%10"

Table XXIIb (cont'd)

T = 60°C
Reac. ratio wvalwe 95% conf,. limits Jac:obian2
A 0.5544 ° +0.6541 0.1013 0.0399 -0.0215
ry 0. 7150 +115.1 0.0399 0.0345 -0,0187
Sum of squares = 0.6147*10 2
T = 80°C
I, 0.5014 10, 3162 0.1156 0.0211 -0.0352
Iy 1.1278 +16, 60 0.0211 0.0107 -0.0188
ry 0.5135 49,079 -0.0352 -0.0188 0.0334
Sum of squares = 0.5089%10 2"
T = 100°C
p 0.5591 40.1215 0.0839 0.0244 -0.0591
oy 0.7537 40.4541 0.0244 0.0192 -0.0778
Iy 0.0153 40,0795 -0.0591 -0.0778 0.4384
sum of squares = 0.9036*10-'3
T = 60°C
ry 0.4077 40,1499 0.0963 0.1869 -0.1566
s 0.1928 $0.113 - . -0.0742 -0.1566 0.1518
Sum of squares = 0.2206*10—'3
T = 114°% )
' 0.9959 4+0.1536 0.0218. 0.0034 -0.0787
rp 0.2463 40.9153 0.0034 0.0012 -0.0742
rg -0.0211 40.0074 -0,0787 -0.0742 9.8911
3 ,
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Table XXIIIa

Reactivity ratios of aMS-MMA system at various pressures (this
research) calculated from equation (6,4.4). T = 60°C. (A=A,
B=aMsS) ’

P, bar g Ty rA r}; rI'3 ss*103

0 0.4292 2.6963 0.7857 0.7175 0.5230
500 0.3714 3.4513 0.8481 1.5517 3.1916
1000 0.4055 2.9102 0.5945 - 1.0853 15,824
1500 0.3709 3.3749 0.7701 1.8188 6.8204
2000 0.4486 2.5896 0.5128 - 1.3275 9.3562
2500 0.3967 2.3039 0.4604 1.4170 10.824
3000 0.4571 2.7088 0.4258 1.9784 33.218
3500 0.4705 2.4521 0.4290 °  1.7031 10.669
4000 0.3912 2,3512 0.4487 1.5050 11,547
ggs = oum of squares

=y =

Table XXITIb

Reactivity ratios of oMS-MVA system at various temperatures
( a) Wittmer, b) Izu et al. ) calculated from equation (6.4.4).
P'=1atm. (A=MB, B=0MS).

T, °c Ty ’**‘ri . ' rg Iy ss* 1 3

a)
20 0.4410 4.4788 0.5733  1.7902  27.699
50 . 0.5463 2.5302 0.5116 1.3349 2.5262
60 0.4622.  2.5791 0.5494 1.1770 4.7116
80 0.4937 0.5302 1.1147 0.5179 5.0876
100 0.5305 1.6995 0.4835  ~-0.0009 0.8126

b) | .
60 0.6754 1.5221 0.3012 0.1718 0.2177
114 1.5106 0.4088 3.9952  -0,0147 0.0047

ss = sum of squares
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6.4.2 Equilibrium Constants for Depropagating Monomers

Before discussing copolymerization models which include polymer-—
monomer equilibria it is useful to consider available data on equilib-
ria for the monomers.

Since for models with depropagating reaction steps the reversible
reaction is assumed to follow the rules of equilibrium homopolymeriza-
tion it is important to establish the equilibrium constant accurately.
Wittmer(gs) calculated the equilibrium conatant for oMS from the equi-
librium monomer concentration data of McConnick(64) which yield

Table XXIV

°C K (mole/1t)
20 1.7
40 3.6
50 5.1
60 7.1
80 _ 12.9
100 | 22,9
150 67

where XK=k d/kpz[M]e unlike the usual equilibrium constant of K=kp/k a
=1/[M] o This set of data has been found (present work) to be expressed
by the empirical equation (6.4.5).

K = exp(3487/(273 + t) - 12.4309) (6.4.5)

where K=kp/k g+ Equation (6.4.5) was used during the analysis of data
by the models described by Wittmer and lowry.

Worsfold and Bywater(65) obtained results for equilibrium mono—
mer concentrations of oMS slightly different from those of McCormick -
but close to those of other researchers (see section (2.4)). Their
results were also used by O'Driscoll and Gasparm(103) . 'The l/I:M]e
" data of Worsfold and Bywater against temperature are found (present
work) to fit the following empirical equation.

Kt = exp(4025/(273 + t) - 14.4498) (6.4.6)
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where K=kp/k 3 Equation (6.4.6) was favoured in this research for
the analysis of data but equation (6.4.5) was also used alongside,
especially to analyse the data of Wittmer.

The dependence of K upon pressure was calculated from the molar
volume difference of reactants and products plus the assumption that
this molar volume difference remains constant over the wholé pressure
range. Then from

RT (3%545) = AV (1.4.10)
P
T .
at 6OOC one cbtains

) (6.4.8)
(59)

K, = exp(0.005312P + In Ky .o

where P is in bar and AP is the value of Kilroe and Weale
K=kp/k a°
Stein, Wittmer and TOlle, in their paper en the ceiling tempe-

» and

ratures of alVB(GG) (see section (2.4)), give an extensive set of re-
sults on the monomer-polymer equilibrium canstant at various tempera-
tures and pressures. The conplete set of results is given in Table(XXV).
Again McCormick's values for AH and AS® were used in the calculations.

Table XXV

_K_(mole/1t) (=M y/k )

P (atii) 40°c " 50°C 60°C 80°c 100°¢c
0 3.63 5.14 7.10 12.9 22.9
500 2.46 3.53 4.96 9,15 15.9
1000 1.67 2,42 3.43 6.49 11.4
1500 1.13 ©  1.66 2.38 4.60 8.27
2000 0.766 1.14 1.65 3.25 5.97
2500 - 0.519 0.780 1.14 2.30 4,31
3000 0.325 0.536 0.794 1.63 3.11
3500 0.239 0.367 0.551 1.16 2.24
4000 0.161 0.252 0.382 0.819 1.41
4500 0.109 0.173 0.265 0.580  1.17
5000 0.074 0.119 0.174 0,410 0.841
M 7.56  7.48 7.40 7,25 7.08
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The last row shows the monomer concentration of the undiluted monomer. .
The above workers produced the general equation for K by integ-
‘rating equations (6.4.9) and (6.4.10)

(_z_;_z\a_g) =AV-T (3%‘-,;) (6.4.9)
T 2 .
Q
38\ _  (sav
o) - () (810
T P .
combining into equation (6.4.11)
a— -— 0 - -
O = AH; - TAS] + AV(P ~ 1) ~ BT In[M] (6.4.11)

and treating the data of Table (Xxv) , as

1.968 T

In [M], = (6.4.12)

The depropagation of methyl methacrylate at 60°C is almost neg-
liyivle with an equilibrium constant of
K= kp/kd = 93,46 1lt/mole

Thexefore it was assured to be nondepropagating for all models except
the Monte—-Carlo simulation model in section (6.5). TFor this model

the equilibrium monomer concehtration of Bywater(los) was used to ob-
tain the empirical equation
3
Kt = exp(6450/(273 + t) ~ 14.83) (6.4.13)

where K=kp/k 3° Since an increase in pressure will only increase K

even more, the effect of pressure on K (MMA) was ignored altogether.

6.4.3 Copolymerization Model with Depropagating Reaction Steps

The simplest model of copolymerization combined with depropaga~
tion is one which considers the depropagation of only one monomer
whenever it is attached to its own kind. Therefore of the four ter-

minal wmit reactions only one is reversible, i.e.,

WABe + B == \NN\EB*
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To a close approm'mﬁon (according to Wittmer) the system of aMS and
MMA follows this mechanism with equation (4.1.44). The data obtained
in this research were analysed by the case (i) equation of Wittmer
and by the case (i) equation of m, which are derived from the same
reaction scheme and give exactly the same results.

Surprisingly it was found impossible to duplicate Wittmer's re-
sults from his data using his case (i) equation. The reactivity ra-
tios obtained from Wittmer's data by the case (i) equation us:mg
equation (6.4.6) and (6.4.12) for the calculation of K values are gi-
ven in Tables (XXVIb) and (XXVId) and shown in figures (36b) and (34b)
respectively. They also include one set of r's obtained from Izu et
al.'s data. The reactivity ratios obtained from the data of this re-
search similarly using equations (6.4.8) and (6.4.12) for the calcu-
lation of K values are given in Tables (XXVIa) and (XXVIc) and shown
in figures (36a) and (34a) respectively.

The reactivity ratios obtained from Wittmer's data using equation
(6.4.5) (as used by Wittmer) and his case (i) equation do not seem to
be similar to those calculated by Wittmer. Apart from the values,
the trend of change also does not seem to be similar, as, instead of
being logarithmic, they pass through a maximum with increase of T.
The reason for this discrepancy has not been found but it may be use-
ful, although not conclusive, to mention that NLR was used for the
present estimation mer‘éas Wittmer used trial-and-error visual curve
fitting, (at 1 atm. eg. (6.4.12)= eq. (6.4.5)) _

When equation (6.4.6) is used to produce K values the reactivity
ratios obtained from Wittmer's data by the case (i) equation become
anomalous. The maximum appears at rB=513.24. This is due to the
ill-conditioning of the equation and its physical meaning is further
considered in section (6.9). ‘ ‘

The reactivity ratios obtained from the data of this research
by the case (i) equation using both sets of K values do not show any
ancmalies and are much smoother; but both sets of r's pass through
a maximum. The physical meaning of this maximum, too, is considered
" in section (6.4.6).

As far as known to the Author the case (1) equation of Lowry
(which is similar to Wittmer's case (i)} was used only by Ivin and
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Spensley(104) for the system of ‘styrene-methyl methacrylate at 132°

(ceiling temperature of MM = 160°C). For some wknown reason only
- composition high in MMA were treated by the equation;

The case (iii) equation of Wittfner (which is similar to Lowry's
case (ii) equation) was also used to treat the data of this research
and the other workers. This model, as in equations (4.1.40) and
(4.1.49) considers only the reversibility of one monomer when attached
to two or more of its own kind

BB + B /= \"\"\RBBB-

With this equation, as seen in Tables (XXVITa) to (XXVIId)' and figures
(35) and (37) it was possible to produce reactivity ratio values, from
the data of Wittmer, close to the reactivity ratios presented by this
worker. The difference between the K producing equations did not
‘make much difference in the estimated values.

- The estimated reactivity ratios from the data of this research
are given in Tables (XXVITa) and (XXVIIc) and shown in figures (35a)
and (37a). Although the estimated reactivity ratios are fairly smooth
the.nmd_rmm in Iy at around 3000 bars is prominent; whereas r I follows
a steady decrease.

Wittmer's paper does not compare the goodness of fit of the
different models and it is difficult to judge the best fit, but from
the curves it seems there is not much difference. The argument put

forward by Wittmer is that since

k = a e &/RT | (6.4.14)

I =be (Ebb Eba) .(6.4.15)

kb RT

and

'In r should be a Llinear function of 1/T and on this basie’ it seems
that case (i) defines (according to Wittmer) the best model.

- Wittmer fits his higher temperature data cn the oMS-MMA system
(100° - 150°C) to equation (4.1.50) but since the conditions of poly-
merization are different from those of this research ’chey have not
been treated by the Author.
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Fig.34 Pressure and temperature dependence of the reactivity
ratios for case(i) eqg. (4.1.44) of Wittmer; a) data of
this research with eg. (6.4.12), b) data of Wittmer with eq. (6.4.12),
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Fig.35 Pressure and temperature dependence of the reactivity
ratios for case(iil) eq. (4.1.49) of Wittmer; a) data of
this research with eg.(6.4.8), b) data of Wittmer with eq. (6.4.6).
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Fig.36 Pressure and temperature dependence of the reactivity
ratios for case(i) eq.(4.1.44) of Wittmer; a) data of
this research with eq. (6.4.8), b) data of Wittmer with eqg. (6.4.6).
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Fig.37 Pressure and temperature dependence of the reactivity
ratios for case(iii) eq.(4.1.49) of Wittmer; a) data of
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Table XXVIa

Reactivity ratios of oMS-MMA system at various pressures

(this research) calculated from equation (4.1.44) and

equation (6.4.6). T = 60°C.

P=0Obar g

Reac. ratio wvalue 95% conf. limits

rm 0.5685 +0.0491
TS 0.2107 40.1643
2

Sum of squares = 0.1285%10

P = 500 bar g

rMMA 0.4831 +0.0387
rovs 0.3611 1+0.0875
Sum of squares = O. 3534"‘10_2
P = 1000 bar g
rMMA 0.5251 +0.0429
L 0.493 +0.1013
Sum of squares = 0,8977*10 2
P = 1500
0.4560 " 0362
Lvm . 10.
ToMs 0.3156 10,0510
Sum of squares = 0.4204*10 2.
P = 2000 bar g
v 0.4844 40.0302
r.Ms 0.4076 +0.0580
Ssum of squares = 0.4473%10 2
P = 2500
L 0.4189 +0.0456
s 0. 3647 10.0609
2

Sum of squares = 0.7641*10 -

J. acobian2

0.4106 -0.1010
-0. 1010 0.0367
-0.1621 0.1241
0.7943 ~-0.1826
-0.1826 0.1426
0.6817 ~0.2316
0.9376 -0.2516
~0,2516 0.2542
0.7776 -0.2775
0.4360

~-0.2775
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Table XxXVIa (cont'd)

P = 3000 bar g

Reac. ratio valué 95% conf. limits Jacobian2
ron  0-4341 10.0929 0.608L  -0.2040
¥ NS 0.459 10,1342 -0.2040 0.2912
Sum of squares = 0.1823*10 T
P = 3500 bar g
Lom 0.4367 10.0287 0.6509 -0.2211
s 0.3935 40.0370 -0.2211 0. 3908
Sum of squares = 0.2183*10 2
P = 4000 bar g
Lpm 0.4124 40,0454 0.57717 -0.2919
Loe 0.3423 10.0445 -0.2919 0.6003
Sum of squares = 0.4082*10__2
P = 5000 bar g
pm 0.4891 +0.1065 0. 3955 -0.2848
rovs 0.3294 +0.0835 -0,2848 0.6424
Sum of squares = 0.1387+10 T
b
Table XXVIb

Reactivity ratios of oMS-MMA system at various temperatu-
res ( a) Wittmexr, b) Izu et al. ) calculated from equations
(4.1.44) and (6.4.6). P =1 atm,

T = 20°C
Reac. ratio wvalue 95% conf. limits Jacob:i.an2
Lom 0.4431 40.0381 0. 3929 -0.2699
r 0.2648 . 40,0283 -0,2699 0.7115
aMS
2

Sum of squares = 0,1267*10
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Table XXVIb (cont'd)

T = 50°C
Reac, ratio wvalue - 95% conf. limits ' Jacobian2
o  0-5502 +0.0448 0.3330  ~0.0660
L 0.7516 +0.1528 -0.0660 0.0287
Sum of squares = 0.9159*10-3
T = 60°C
rMVIA 0.5756 40,0850 0.2451 -0.0116
raIVS 1.7942 41,1972 -0.0116 0,0012
Sum of squares = 0.2938*10_2
T = 80°C
T 0.5913 40,2193 0.2204 0.0
MMA v 6
roe  513.2 10.9067*10 0.0 0.0
Sum of squares = 0. 1181*10-1
T = 100°C .
Tipp  O-6165 40.1820 973*10!  243*10°
rodVS 0.00001 +0.0728 2 43*108 608*108
Sum of squares = O. 1028*1072
T = 60°C | *
erVlA 0.5870 10,0429 0.2842 -0,0499
_ rcleS 0.4382 10.1788 -0.0499 0.0163
3

Sum of squares = 0,3673*10
T = 114°C

Equation ill-conditioned.
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Table XXVITa

Reactivity ratios of oMS-MMR system at various pressures
(this research) calculated from equations (4.1.49) and
(6-4-8)0 T = GOOC- v .

P=0Obhar g _ .
‘Reac. ratio wvalue 95% conf. limits Jacobian2
Lom ' 0.5667 10,0454 0.4544 -0.2019
Lo 0.1504 +0.0837 ~0.2019 0.1341
Sum of squares = 0.1248*10 2
P =500 bar g
' L 0.4749 10,0387 0.6108 -0. 3085
r 0.2251 4+0.0424 -0. 3085 0.5092
aoMS
Sum of squares = O. 3540*10'-2
F = 1000 bar g
Ty  0-5173 $0.0430 0.8079  -0.3308
r 0.3288 10,0594 ~0.3308 0.4219
aMS
Sum of squares = 0.8803*10 2
P = 1500 bar g |
Lop  0-452 % #0.0357 0.6749  -0.3076
ToMs 0.2498 1+0.0368 | ~0.3076 0.6358
Sum of squares = 0.4104%107%
P =2000 bar g ‘
Ty~ 0-4831 40,0309 0.9215  ~0.3246
L oMS 0. 3420 | 40,0470 -0.3246 0.3973
Sum of squares = 0,4453%1G >
P = 2500 bar g
L 0.4196 0. 04'57 0.7711 -0.3281
r 0.3259 +0.0530 -0.3281 0.5752
aMS .
5 .

Sum of squares = 0,7467%10



a)

Table XXVIIa (cont'd) -

P = 3000 bar g

Reac. ratio wvalve 95% conf. limits J‘acobian2
rm 0.4343 40.0941 0.6120 -0.2369
LS 0.4165 +0.1221 ~0.2369 0.3637
1

Sum of squares = 0.1843%10
P = 3500 bar g

T 0.4371 10.0290 0.6325 -0.2276

MMA
LS 0.3686 _ +0.0348 -0.2276 0.4395

Sum of squares = 0.2184%10"2

P = 4000 bar g

L 0.4128 40,0453 0.6158 -0.3607
Tovs 0. 3266 10.0421 -0. 3607 0. 7126
2

Sum of squares = 0.4044*10

P = 5000 bar g

v 0.4891 40.1069 0.3956  -0.,2963
v T M 0.3204 10.0811 -0,2963 0.6864
Sum of squares = 0.1390*10~*
&)

Table XXVIIb

Reactivity ratios of oMS—-MMA system at various temperatu-
res ( a) Wittmer, b) Izu et al. ) calculated from equations
(4.1.49) and (6.4.6). P =1 atm,

T = 20°C

Reac. ratio value 95% conf. limits - Jacobian®
Lpm  O-4427 40.0361 0.3549 -0.1920
rag  0-2479 . 40.0279 ~0.1920 0.5943

Sum of squares = 0.1144*10 2
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Table XXVIIb

T = 50°C

Reac. ratio wvaluwe 95% conf. limits

L 0.5438 10.0463
r M 0.4176 +0.0687
Sum of squares = 0.8603*10_3
T = 60°C
Tipp 0.5473 $0.0713
roMS 0.4308 10.1047
Sum of squares = 0.2195*10 2
T = 80°C
Tpm 0.5690 +0.0863
L oMS 0.1960 10.0760
Sum of squares = O. 3478*1072
= 100%
i 0. 6066 10,0521
T -0.-0198 10,0442
Sum of sguares = O. 1004*10_2
i
T = 60°C
’ T 0.5729 40,0496
TS 0.2197 +0.0630
3

Sum of squares = 0.4612*10°
= 114°¢

Equation ill-conditioned.

(cont'd)

Jacobian2
0.3331 ~0,. 1619
-0.1619 0.1513
0.2632 -0.1208
-0.1208 0.1222
0.2289 -0, 1466
-0.1466 0.2945
0.2358 -0,1295
-0,1295 0. 3288
0.2622 -0.1501
~-0.1501 0.1626
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Table XXVIc

Reactivity ratios of oMS-MMA system at various pressures

(this research) calculated from equations (4.1.44) and

(6.4.12).
P, bar g

0
500
1000
1500
2000
2500
3000
3500
4000
5000

T = 60°C.

MR

0.5675 10.0462
0.4792 +0.0379
0.5126 10.0388
0.4503 #0.0343
0.4782 10,0295
0.4139 10.0458
0.4300 #0.0908
0.4335 #0.0294
0.4096 - £0.0451
0.4870 10.1060

ralVB

0.1844 10.1237
0.2682 +0,0528
0. 3585 10.0564
0.2613 10.0356
0.3403 £0.0437
0.3157 +0.0483
0.4081 #0.1117
0.3601 10,0332
0.3202 10,0393
0.3167 0.0784

Table XXVI4

ss"c‘lo2 :

0.1268
0. 3611
0.7988
0.3931
0.4404
0.8041
1,7957
0.2191
0.4118
1.3822

Reactivity ratios of oMS-MMA system at various temperatu-
res ( a) Wittmer, b) Izu et al. ) calculated from equations

(4.1.44) and (6.4.5).

°c

Tl
a)
20
50
60
80
100
b)
60
114

T

0.4410 +0.0389
0.5357 10.0450
0.5487 #0.0604
0.5984 ' +0.1085

P =1 atm.

ralvs
0.2554 20,0273
0.5243 20,0867
0.6868 +0,1604
0.5881 40,5227

Equation ill-conditioned

0.5784 40,0450

0.3094 10.1038

Equation ill-conditioned

ss"‘lo2

0.1332
0.0988
0.1835

10.0427



Table XXVIIC

Reactivity ratios of oMS-MMA system at various pressures

(this research) calculated from equations (4.1.49) and

(6.4.12).
P, bar g

0.
500

1000
1500
2000
2500
3000
3500
4000
5000

Reactivity ratios
res ( a) Wittmer,
(4.1.49) and (6.4.5).

T, %

a)
20
50
60
80

100

b)

60
114

T = 60°C.

Lm

0.5671 #0.0471
0.4897 10,0426
0.5402 10,0696
0.4664 10.0466
0.5100 10,0432
0.4503 10.0489
0.4499 10.1090
0.4491 10,0321
0.4207 10,0463
0.4929 10,1092

raI\'E

0.1575 40,0962
0.2989 10,0801
0.4636 40,1823
0.3254 #0,0830
0.4869 10,1224
0.4514 10,093
0.5139 30,2067
0.4272 10,0490
0.3578 0.0494
0.3316 +0,0878

Table XXVIId

v

0.5043 20,1343
0.6038 0.1140
0.5792 20,1424
0.5840 #0.1156

roMs
0.4472 #0,2553
0.7776 #0,4183
0.6765 10,4478
0.2489 #0.1465

Equation ill-conditioned

0.5862 20,0479

0.2721 £0,0850

Equation ill-conditicned

ss*10

0.1267
0.3565
1.4602
0.5627
0.5733
0.6322
2.0407
0.2320
0. 3958

11,4029

of aMS-MMA system at various temperatu-
b) Izu et al. ) calculated from equations
P =1 atm.

ss*lO2

0,8893
0.2115
0.5044
0.5119

0.0366

2
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6.4.4 More Advanced Copolymerization Equations

In the ceiling temperature concept of oMS it is assumed that
the equilibrium constant K is equal for every reaction of chain growth,
including dimerization. Due to the influence of steric hindrance on
the magnitude of the equilibrium constant the above assumption may
not be entirely valid which in tum gives a slightly different physi-
cal outlock to the ceiling temperature concept. Although the concen—
tration of polymer chains drops sharply towards the ceiling tenpera-
ture the concentration of dimers may not drop so sharply (see section
(2.4)) and may reach a higher ceiling temperature than the one obtained
by extrapolating the overall drop. Therefore, on this basis, it is
possible to assume that all propagation steps have the same K except
‘the dinerization. This would explain the existance of dimers at the
ceiling temperature. Ewven the trimerization equilibrium constant may
be different, although much less, from the overall equilibrium constant
but the concentration. of trimers and higher-mers will be undetectably
low at the overall ceiling temperature. Nevertheless the variation
in K would influence the copolymer composition and a more elaborate
model would be necessary provided the varying values for K were known.

At present the only composition equation that takes into accoﬁnt
both penultimate effects and depropagation is O'Driscoll's triad de-
propagation equation (equation (4.1.72)). This equation contains six-
teen parameters (as the rate constants) and for the estimation of these
parameters by NLR a set of nonlinear equations with eight unknowns
has to be solved at each iteration. Apart from long computer time
the estimation of sixteen parameters needs data of high accuracy which
may be impossible to obtain. ‘

Similar difficulties still exist even if the nurber of parame-
ters are reduced to ten by simplifying assumpticns. g

The diad depropagation equation of O'Driscoll (equation (4.1.71)) '
with eight parameters and four nonlinear equations, was tried by the
Author but it failed to give any estimates since the Harwell NSOlA
subroutine for the solution of nonlinear ecquations did not work suc—

cesfully in the entire parameter space. The diad equation was solved
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Table XXVIIIa

Solution of O'Driscoll and co-workers' nonlinear equations(*) (107,95)

(x%)

using k's calculated from their parameter values.

Feed oMS Cop.oMS  Fp., a b | e |
0.1000 0.0725 0.4734 0.5175 0.2461 0.9228 0.0129
0.2000 0.1328 0.4173 0.4942 0.4920 0.8511 0.0276
0.3000 0.1844 0.3659 ~0.4701 0.7378 0.7840 0.0448
0.4000 0.2300 0.3185 0.4449 0.9835 0.7207 0.0651
0.5000 0.2717  0.2745 0.4182 1.2292 0.6604 0.0896
0.6000 0.3113 0.2331 0.3893 1.4747 0.6022 0.1199
0.7000 ©0.3510 ©0.1938 0.3574 1.7203 0.5451 0.1587
0.8000 0.3942 .0.1553 0.3204 1.9659 0.4870 0.2118
0.9000 0.4774 0.1162 0.2737 2.2115 0.4264 0.2914

(*)b = k3s + kG(l—e) S=feed oMS concn.

a= ksM + k4 (1-n) M=feed MMA concn.

2
k4e(l—n) (k3S+k6(l—e) = (k5M+k 4 (1-n) (e(klI~I+k2+k3S)—(klM+€;kZ))
an(l'—'a) (k5M+k 4 (1=-n) = (k3S+k6 (1-e) (n (k5M+k8+k7S)-(k7S+n k8))

(**’kl=1.o, k,=0.0094, k
k;=0.029, k =0.067.

=2.44, k,=0.361, k5=0.l79, k6=0.027,

3 4

8

Table XXVIIIb

' Monte—Carlo simulation results using the k's of Table XXVIIIa

Feed o MS Cop. oMS FAAA' '
0.1 0.0712 ~ 0.7976
0.2 0.1285 0. 6406
0.3 0.1776 0.5202
0.4 0.2231 0.4127
0.5 0.2733 0.3132
0.6 .  0.3063 . 0.2568
0.7 " 0.3551 0.1872
0.8 ' 0.3883 0.1518

0.9 © 0.4657 0.0874



Table XXIX

Parameter values of O'Driscoll et al.,

o
AGl,

AGg , kcal/mole

kecal /mole

AG?,

O
16y,

kcal/mole

kcal/mole

60°C
-3.08
-1.26
-1.26
0.55
0.41
0.16

5.6

114%

-1.48
0.31
0.31
2.11
0.41
0.16
5.6

-147°%C
-0.51
1.27
1.27
3.06
0.41
0.16

5.6
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for copolymer compositions with the parameter values given by O'Driscoll
(81)
et al.
to O'Driscoll, and this was also supported by Monte-Carlo simulation.
The results are given in Table (XXVIII).
The parameter values of O'Driscoll are given in Table (XXIX).
K,, as calculated from AS and AH with AH adjusted to 100°C, is larger

than the valuves of other workers as calculated from 1/[M]e. When smal-

The results did not match the experimental curve, contrary

ler K, values of section (6.4.2) are used for composition calculations
‘there seems to be little improvement. Also the assunption that

AG, = AG3 =1/2 (AG]. + AG3) (6.4.16)

2
is by no means justifiable(ll7) .

6.4.5 Progressicon of Wittmer's Equation

Although some of the equations of Wittmer caonsider the depropa-
gation of ane wnit after being attached to two of the same units it
is not in the true sense a penultimate effect: it considers both for-

Kb

MMNB. + B ——— ““\\BB-

Mob

ward reactims.

to have the same reaction rates and not even a slight reversibility
for the first reaction. ' The possibility of deriving an equation for

a model, which would consider the penultimate wmit effects and treat
both of the above reactions as reversible, was considered. The results
are presented in this section. '

The consideration was made for the full eight penultimate—unit-
effect reactions with one monomer depropagating wheneversit is attached
to its own kind but with different reverse rates for different forward
rates. Therefore the eight reactions were

AA + A ———> PAAA-
BA. + A ~————> BAA-
AB- + A ——— ABA-
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for copolymer compositicons with the parameter values given by O Drlscoll
et al. (81) The results did not match the experimental curve, contrary
to O0'Driscoll, and this was also supported by Monte-Carlo simulation.
The results are given in Table (XXVIII) .< »

' The parameter values of O'Driscoll are given in Table (XXIX).
K4, as calculated from AS and AH with AH adjusted to lOOOC, is larger
than the valwes of other workers as calculated from 1/ [M]e. When smal-
ler K4 values of section (6.4.2) are used for corrpqsition calculations
there seems to be little improvement. Also the assunption that

AG2 = AG3 =1/2 (AGl + AGA). (6.4.16)

. is by no means justifiable (117) .

6.4.5 Progression of Wittmer's Equétion '

- Although some of the equations of Wittmer consider the depropa—
gation of one unit after being attached to two of the same wmnits it
- is not in the true sense a penultimate effect: it considers both for-

*b

W\B'_+B———>-\/\/\BB

Fob

MNABB: + B yma—— N N\BBB-

ward reactions.

td have the same'reaction rates and not even a slight reversibility
for the first reaction. The possibility of deriving an equation for

a model, which would consider the penultimate mit effects and treat
both of the above reactions as rever51ble, was considered. The results
are presented in this section.

The consideration was made for the full eight penultimate—unit—
effect reactions with one monomer depropagating whenever \;it is attached
to its own kind but with different -reverse rates for different forward
. rates. Therefore the eight reactions were

AR* + A ———> ARA-
BA- + A ——> BAA*
.AB+ + A —— BABA-
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BB + A ——> BBA°
AA* + B . ———> AAB-
BA* + B — BAB-
AB* + B =——=Z 2BB-
BB* + B =——— BBB*

For the rate of disappearance of the individual monomers one has

a[a]
- _d—t— B kaaa[Ajg[A'] it kbaa[A:l (2] 1t kaba[A:| [e-] 1
Fl, A ; B (6.4.17)
a[s]

= = (B2 B g Bl 43 B]lx],
| + BT[] - Ky T[], - ki[5, 6010

P R
aLoy

kba[A]%_[B'] 4= kab[B]g[A-] i (6.4.19)

= kbba[A] ZZT[B] 3 F kaba[A] [B'] i = kaab[ng[A.] i F kbab[A] 1[B]

and (6.4.20)

N

;[A-] ;= ;[A;]i - [a], (6.4.21)

For simplicity treat each monomer separately. For A, dividing
equation (6.4.17) by an appropriate factor

) gl + g 1

at A ‘
apa L1 B]) + b (P15 ] + ko[BI (] B
a2 (0] + R 8] 5 ],

aaa P13 (] + i [P12T,

=1+ {(6.4.22)

kbab[A'] 1[B] + kaab [B] ZZ [A'] i
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define
(2], ;[A'] ;[A] - [A]l
=X ’ : =] -x
L Fk, 3, l
(6.4.23)
Therefore
d[A]
— / ey [B][2] + kbba[A]g[B] )
14 kaaa[A](l - x) kbaa[A]xl (6.4'.24)

Kaap 11 = %) + 3 [B]x)

To find Xy it is necessary to find the concentration of the radicals

from their rate of formation

d[A]

=k, [A] 7 [B], aal2l[B], - Ko [A0], [B]- kel (2]
(6.4.24)

Therefore from the staticnary state assunmption and equations (6.4.20)
and (6 4,21)

kBl Z[A] =k . [2-] 1Bl + koaal21[2]  (6.4.26)
kaab [B] + kbaa[A]

1l = Xl
k plB] k. [B]
1=x(1+ kbaa [ ] (6.4.27)
then
k. [B
x, = cap (7] (6.4.28)
L [B] + K an [a]
A
1-x = kbaa[ ] (6.4.29)

k aab[B] + kbaa[A]

When substituted in equation (6.4.24)
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T, (r _x+1) Ar - ,
R.H.G = 1 +-222 aaa , x= —[—] (6.4.30)
rbaaX + 1 : A [B]

which is nothing than the numewator of the penulti_mate unit equéticn.
For moncmer B, again dividing by appropriate factor

d[B]
~—7 Gy [B],[2] + Kpal2] 2 [B] )
. kbbb[B] (1 - %) +k,, [Blx R i N L kabeZ
kpalB](1 - x)) +ky [a]x kbb [A](l X)) + kaba[A]xl
' (6.4.31)
where [B:], _ [B:],

R TR

- For X and %, from the rates of radical formation

d[zt]l ab[B];[A .+ kbab[B] [A.]l _ kaba[B'] l[A]_ kabb[B'] 1[B]
o,
d[B-]2
at abb[B ]l[B:| kbba[B] [A] + b[B] - kbbb[B'] [B]
] & - k3],
d|B-
0 2 kBl [B] + X [B], - Ky [Be] 5 - Ky [B15[B]
] B kbba[B] 3[A]
afs- |
[dt % = KB Inc1 B + k(8]0 - R Bl = R Be14[E]
- kbba[B']n[A]
(6.4.32)
Dividing by

e [215 ]

(using also equations (6.4.20) and (6.4.21) and applying the stationary
state assunption)
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1=x (1+abb[B] ‘_. kabbK‘
o 1 P A
_gng]__ kbbb (2] i{abb K | kbbb_K_l_
Vg B2 g B e 11 Py,

k'bbb [B] - k‘bbb [B] kbbb ) '_ « _kb_llli -E'_
e ] kbba o Kopa A1 Ko [B]

Kb [B] | o Bl My ¥ Kb K
p (1 * ) T X e

Koba [A] kbba [AJ kbba [A] kaab [B]

| (6.4.33)

- : . . .
where K=k b/k aba and K kbbb/kbba Using equation (6.4.33) with
. equation (6.4.34) : '

n

; x, =1 : (6.4.34) °
one obtains
X _
1+ xr
% = ﬁ-RgﬁT |  (6.4.35)
1+ rR A
[B] B],2
2 2+2£"'B+(r+r) +r——KrTl'(.'6)

where r. _kbbb/kbba’ abb/k‘bba When equations (6.4.30) and (6.4.31)
are combined they yleld ‘

(2]
r (r + 1)
| 1+ TT
r! + 1
%%]I - . A B (6.4.37)
1+1:B(1:B :A:+l)er l-x x2)+rRKx2
. v B .
gar Tt Al (1 - x

. g _ v
where =K aa¥pap @4 rA_kaaa/k aab®
Since the application of a six-parameter equation needs fairly
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accurate data no attempt was made for estimation with the data obtained
in this research. A special feature in Wittmer's equations is that

the denominator and the nomerator can be treated separately. A simnple
version was derived which considers the penultimate wnit effects for
radicals ending with A and depropagation for radicals ending with BBB
where rB=ré. ' _ : '

1+ xy (1+x,[a]/[B])/( + g[8]/[B])

1 + xrp[B]/[A] - rK(1 - %) /[A]

where X is as in equation (4.1.44). The application of this equation,

A_
2= (6.4.38)

gontrary to expectations, gave a constanj: Iy over pressure (fig.(38)).

Since the results are quite scattered it is difficult to ascertain and

interpret- this. ' ‘ |
Although the Wittmer type equations derived from kinetic scheme

do not give any information on microstructure (as advocated by O'Driscoll)

it is possible to overcome this disadvantage by using the estimated pa-

rameters in a Monte-Carlo simulation to obtain the diad or triad functions.

6.4.6 Behaviour of Iy over Pressure
As mentioned in earlier sections although the direction of change

(increase or decrease) of the reactivity ratios over pressure depends
on the difference between the activation volume (AV7£) of the constitu-
ent rate constants the mode of change should'always be exponential.
This is also true for the dependence of reactivity ratios on tempera-
ture where the activation energy replaces activation volume. Therefore -
any deviation fiom the exponential change could be attributed to the
incompetence of the model and the reactivity ratios obtained would be
only apparent reactivity ratios ©O8) | It would be interesting to in-
vestigate the functional relationship between the actual and apparent
reactivity ratios.
A - The relation between an actual reactivity ratio in a penultimate
wmit model equation and the apparent reactivity ratio in the simpli-
fied equation of terminal wmit model is '
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Fig.38 Pressure dependence of the reactivity ratios for copoly-~

merization model with depropagation assumptions according
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Y [A] :
raa baa(l + raaa ])/(1 + baa T—]— (6.4-39)

as derived by probabilistic as well as k:'metic means.

In the case of an actual reactivity ratio in a despropagating mo— '
del and the apparent reactivity ratio in a model simplified by ignoring
depropagaticn it can be derived as follows. For the case where EB
depropagate but not BA or 2B, for the consumption of monomer B |

B anl2] [B] +dq [B] [B] - g [Be] (6.4.40

dat

whereas for a non-depropagating model

a[z]

- — =g P[] kbb(appﬂB]EB] - (Ga

Hence from equations (6.4.40) and (6.4.41)

}( rB-l = B-I - ](l
. T (app) L4~ “bbtts T b
and since K=k’ /k | B |
Xbb (app) ] = kbb[B] - kKo (6.4.42)

Dividing both sides by'kba B yields the relationship

K

rbb(app) =Yy T T E (6.4.43)

Since the rate constants and equilibrium constant can be shown

as

N
- P
k=%5'e (E'= constant)
and B\
' K=V e RT. (Kék‘/k) , { ¥= constant)

respectively, one can define equation (‘6.4.39) as

AP
- ﬁ(AV: AV# ) [A]

N N 5
AV e ) (L + E

e
_ = 1 ﬂ
Taa T 728 - 2 AV#
(1 + = e RI‘ [A]
) : Bk

(6.4.44)
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and equation (6.4.43) as

: O AP
SRR ) AV =
r =g e K- bb hal ., e ) (6.4.45)
bb(app) =~ B] , o

Equation (6.4.44) shows exponential change with pressure apart from
when AV;{ differences are equal and opposite in sign then r becomes
wity at all pressures. Equation (6.4.45) shows three dJ_fi erent changes
dependmg on V differences:
= A\/‘# - change of the type (l—e %
(11) Avgb > AVT - change of the type e
(1ii) A\gb < AVQ - change with a maximum

The cbservation of this functional maximm may also explain the
experimental maximum. TIf the experimentally observed maxiram can be
truly explained by the above relatian the implication is ttat neither
case (i) nor case (iii) equations of Wittmer can explain the copolymeri- .
zation system system MS-MMA and a more complicated relaticn is nece-
ssary to define d[B]/dt. - The similar maximum observed in I /rbaa in

fig. (31) may also mean that there is a certain depropagaticn in
BA- + B ———> BAB-

in which case there needs to be a depropagative relation tc define
d[A]/dt. This would be, more complex than equatian (6.4.37).

6.5 Monte-Carlo Simulation of General Copolymerization Process

A Monte—-Carlo process was developed to simulate the c¢hain for-
mation of a binary copolymerization reaction. The aims of this were
1) to have a better understanding of the copolymerization process,

2) to check on the validity of various copolymerization models,

3) to obta:m information on the mlcrostructure of copolymers and

4) to use the simulation in the estimation of the reaction parameters.
The last aim was not achieved because, although the simulation needed
less time than the solution of equations like those of O'Driscoll,

the model which would find simulation as the best solution would still
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involve too many parameters to make estimation possible with the ac-
curacy of the present data. But in any case a simulation model would
involve less parameters than a conplex equation for the same mechanism
due to the better possibility of parameter grouping (k's as r's).

The simulation takes into account the eight propagation reactions
to consider the penultimate unit effects together with their eight
depropagation reactions. The computer program is flexible and by in-
corporating various assumptions can be transformed into any model from
simple terminal unit model to fully depropagative penultimate wnit mo-
del. In one case, with certain modifications it was transformed into
a partly penpenultimate wnit model.

The program time and core storage characteristics are as follows:

1.3 seconds compilation time
+ 0.6 seconds per thousand units of copolymer
+ 1.2 seconds auxillary calculations
51000 core storage (2000 wnits of copolymer)
Computer time refers to CDC 6400.

The simulation program propagate the'chain according to the tran—
sition probabilities of the monomers reacting with the radical end.
Therefore for a radical of BAA+« the transition probabilities are:

possible reaction | transition probability
S
‘ Kanal2]
VMABA: + A . aad
: L [a] + kB + Koo
k. IB]
VNVMA. + B P asb = aab[]

kaaa[A] + kaab[B] + ko

L}
SAABARe - A l_Jbaa = kbaa
' kaaa [A] + kaab [B] + kﬁaa

with the condition

+ =
Paaa + Paab 1:'baf;t 1

(One of the reactions can be picked up by a random number X. where
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0<x <l The block representaticn of the program is shown J_n fig. (39)
and the actual program is given in fig. (40b) ' |

The storage of the chain in the computer is in bma:cy numbers'

1 denoting A wnits and O denoting monorer B. On the output the whole
chain can be short-listed if needed, as seen in fig. (41), and the
total amount of depropagating units are shown as x's to give an idea
about the depropagativity of the particular copolymerization reaction.

The oscillation of the Monte-Carlo process damps after about
1500 chain wnits and after 2000 wnits there is an oscillation of # 0.005
in composition mole fraction output which is reduced down to + 0.00025
after 3500 wits, In this research the chain orowth was carried out
up to 2000 units. '

The program listing for case (ii) Wittmer equation is given in
fig. (4C0b). The composition and microstructure results are given in
figures (42a) to (42e) as corputer outputs. The results are also shown
for triad fractions ( [AAA]/ [A:I) in fig. (43) (curves) with the experi¥
mental points. for copolymerization at 1500 bars. It seems the penul-
timate unit model approximates to the experimental points but a split
of r into r and r of penpenultimate unit model seems to

aaa aaaa baaa
result in overall hicher AAA fractions than the experimental results.

6.6 Microstructure of aMS-MRA Copolyrer and its Pressure Dependence

- It is possible to fit a variety of copolymer composition equa-
tions, derived from various models, to the experimental data with a
aood accuracy. From the curves of various equations and the experi-
mental points in fig. (43a)it is not possible to decide which model is
strictly superior to the others. The dependence on pressure and tem-
perature of the reactivity ratios calculated from various models can
throw some licht on the problem (see section (6.4)) but certain ambi-

guities prevents it from being a good and absolute test.
| A more enlightening source of information on the mechanism is
the microstructure of the copolymer. As seen in fig.(43a) and (43b)
similar composition curves of different models may produce various
triad curves. Although all models fit to the experimental composition
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SITION, DIAD ¥ TRIAD
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WRITE CoMB DL.,TR.

CALCULATE

TRANSITION PROBASBS.

1
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XNR = RANDOM No.
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|

NO-
8 2fog
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Block representation of the computer program for the Monte-
Carlo simulation of the copolymerization reaction.
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726

r

PROGIAM MCULMPUT JORTPUT s TAPESZINPIT . TAPES=0UTIPUT)
DIFPLSTON THETALLG) sNUNITE20N]) «YE(30)¢2030)
NDP=2000 .

COMV=0.0 -
CK=,31248 ' .
THFTA(Y)=0,75

THLTA(2)=D.42

THETA(3)1=0,37

XK1=1a

XK2=040

XK3I=XKL/THETALL)

XK4=n,0 .
WRITF (601000) XK eXK2 1 XK3 e XKUY 1 XKS e XKE ¢ XKT + XKB e XKTeXK10e XK1l
IXRTI2+4XK13 9 XK1I4 4 XK134XK1E -
FORWATIZZIX16FB,47/)

DO 2000 WNN=1+9

A=D,.0

B=0.0 v
XNTIN=NHN

FxH=xNNN20,1

B=B+F XN

Az=1.-B

FORMATI3F6,.,5418)

WRITF L6726 A B +CONVeNCP

KNRSEANF(S5,0) -

IHAAR=3

HAAB=0

NARA=OQ

NBAA=0

NARB=0

HBAB=0

h_l@ﬂl\:f_)

1§338=0

NROUN=0

HA=Y%

NB=v

DU 5 I=145

HUnNtT(I)=1

CONTIRUE

I=5

NDAAN=XK1xA+XKIxB+XK2

PAANL X=xK1%A/DAAA

PAARTIX=XK3«B/LAAN

PAAN2X=XK2 ZDAAA

DRAA:XKI*A+XK5#B+XKIE

PAAATY=XK1&A/DBAR .

PAABTY=XK3+B/DBAA

i

S PBAAR2Y=XK10/DBAA

DAAR=XKS#A+XKT2B+XKY

PANATIX=XKS*AZ/DAAR

PARRTIX=xK7xB/0AAB

PAAH2 X=XKY4 /DAAD

OBAB=xKS*A+XKTxB+XK12

PABBLY=XK7 xt3/DBAR

PARALY=XKS*A/0BAB,

pRARZY=XK12/0BAH

DARB=XK13*«A+XK15«3+XK8

PB3ALX=XK13*xA/NARB

PRRBIX=XK15¢B/DNABE

PARNB2 X=XxKB/UNABR

NHRRB=XK132N+XK15234+XK16

PBAIALY=XK134A/DEB0

PIEEB1Y=XxK15+3/1888

PHRE2Y=XK1&/70830 .
DABAS=XKI*N+XKL12B3+XKE . . . ’ N

- PBAAI X=XKIxA/DABA

PEABT x=xK11*H3/DABA
PABAX=XKE/DABA

Fig.40b IListing of the Monte-Carlo similation program.
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LA
0902
-0003
~.ouoy

_anons

9006
QUo7
~ouos
_nnos
-Ju0lo
-oo11
0012
~0N13
~Naly
. =fluls
_0016
_oui7
_oulg
~nNol9
-1029
02l
-guee
~0i23
~no2u4
0025
-0u26
~0027
~ou2s
-00n29
-0030
0031
0632
-0033
29934
-an3%
~0uids
0037
~go38
~an39
~gn40
~no4l
~I42
~0N43
004y
0045
0046
~oou7
~Bu48
~0049
-0050
0051
~0u52
~0U53
~0054
-0085
0056
-0057
0058
0059
~nneo
-0061
-N062
~0063
~ou6Y
0065
~0066
~-0067
~0068




NBAAZXKI*A+XK11#131+XK14

PBAATY=XK9+A/0BBA

PBARBIY=xK11*3/0BBA

PHRA2YZXK14/DBBA

DU 909 L=6+NDP

XNR=RAUF (04U}

IF(HNUHIT(I}«EQ,1) GO TO 55

IF(NUNIT(LI).EQ.U) GO To 56
55 IF(NUNIT(I-1).£0.1) GD TO 57

IF(NUNITCI=-1).EQ,U0) GO TO S8
S7T IF(NUNIT(I-2).Eu,1) GO TO S9

IF(nuNITII=-2)EQ.U) GO TO 60
58 IF(NUNIT(I=2).Ey.1) GO TO 61

IF(HONIT(I=2).E6,0) GO TO 62
56 IF(NUHLIT(I=-1}.tu.1l) GO TO 63

IF(NUNIT(1=-1).ER.V) GU TO 64
63 IF(NUHIT(I=-2).€¢.1) GU TO 65

IF(HUNIT(I=2).,EQ.U) GU TO 66
64 IF(NUNIT(I-2).E0.1) GO TO 67

IF(NUNIT(I-2).€0.0) GO TO 68
59 IF(XMR.GT«PAAALX) GO TO 100

I=1+1 ’

MUNIT(I)=1

WAARZNAAASL

NA=NA+1

G0 TOo 9058

101 IF(XMRGT.(PARALX+PAABIX)) GO TO 101

I=I+1
HUIT(T)=0
NAAB=NAAB+1
NRDN=NRUN+1
NB=KR+1
GO To 909
101 I=1~-1
NANA=NAAA=]
NA=NA=1
Go To %05
60 IF(XR.GT+PAAALY) GO Tp 200
I=I+1 '
HUNIT(I)=1
MARASNAAA+]L
NA=HA+1
GO TOo S09
200 IF(XMR.GT«(PAAALY+PAABLIY)) GO TO 201
I=1+1
NUNIT(I)=0 4&
NAAB=NAAR+1 .
NRUN=NRUN+1
NB=NB+1
G0 To 9n9
201 I=1-1
NBAA=NBAA=-1
NA=NA=1
GO To Su9
61 IF(XHR.GT.PBAALX) GO TO 300
1=T#+1 ’
NUNTT(I)=1
NBAA=NBAA+]
NA=lA+1
: GO TO 909 . .
300 IF(XHRGT» (PBAALX+PBABIX)) GO TO 301
I=I+1
NUMEIT(I)=0
NBAB=MBAR+1
MRIJN=NRUN+L
NB=NB+1
GO TO 909
301 I=I-1

Fig.40b Cont'd.
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0069

0073
0074
~0075
0076
~0077
0078
-0079
-0080
0081
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62

400

401

65

S00

S01

£6.

600

601

67

700

HNABRA=IIARA=]

HRUN=NRUN~1

NAzNA=1

GO THh 909 .
IF(XIR.GT«PBAALIY) GO T0 400
I=1+1

RULITLI)=1

n3an=1,BAA+l

NA=NA+1

6o To 9Yn9

IF(X:ReGTo (PIAALY+PBABLY)) GO TC 401
I=1+1

nNunIT(II=0

NBAU=HBAR+L .

HRUN=HNRUN+L

nNB=NB+1

G0 TQ 909

I=7-1

HBRA=nBRA~1

LRIy RUN=1

WAzigA~1 '

GO Tp 9n9 .
IF(X'1R.GT.PABNALX) GO TO S00
I=7+1

HUNITLII=1

HARA=HABA+L

HROHZNRUN+L

NAZHA+L

Gu 1o Y09
IFIXnR, 6T« (FABALX+PABBLIX)) GO TO 501
I=1+1 :
HUNTreir=o

HARB=NABR+1

NB=iG+1

GO To 909

I=T=-1

NAAB=MNAAB=1

NRUHW=NRUN=1

NB=hi3=1

GO Tp 9209 .
IF(X(R+GT«PABALY) GO TO 600
I=1+1

HUNMIT(I)=)

HAGA=NABA+1

HRII=MNRUN+1

HA=NA+L

GO 10 909

IF{XMNR«GT« (PAGALIY+PABB1YY) GO TO 601
I=1+1 -
HUMIT(I)=0

NARB=NABB+1

NB=NB+1

60 T 909

I=1-1

HIAB=NBAB~1

NRUH=NRUN=1

NBz=HR-1

60 T0o 909

IF{(XtiRaGT.PLBBALIX) GO TO 700
I=1+1 .

HUNIT(IV2]

NBRA=NBRA+1

NA=tIA+1

HRUN=NRUN+1

GO To 909

IF{XNR.GT, (PBEBALX+PBBB1X)) GO TO 701
I=I+1}

NUNIT(I}=0

Fig.40b Cont'd.
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NBBR=IBRB+1 ' © .n2us

HB=NI+1 c. - : ) 0206
60 TO 909 . - _na207
I=1-1 : , ’ ' 0208
HARB=NABB=1 : C ’ o ‘ ~.N209
NB=hNB=1 ’ T o ’ -0210
- GO To 909 ’ L0211
IF(XQyRLGT«288A1Y) GO To 800 . ’ .nz212
I=I+1 -N213
NUNIT(I)=1 : . . T .0214
HBBAZIIBRA+1 . . ~0215
NASNA+1 -0216
NRUN=NRUN+L . : 0217
GO TO 999 . . w0218
IF{XNRLGT. (PBBALIY+PBRIB1IY)Y) GO TO 801 0219
I[=1+1 . -Nn220
NURIT(1)=0 ; ) . -0221
NBHB=NBBR+1 : : ) 0222
NB=NB+1 : -0223
GO TO 909 ’ ~0224
I=1-1 . ~n22s
H3BRB=BlR-1 . -n226
fi3=nNB3~1 : -N227
COMTINUE ~0228
NNNP=T ) ~0229
XHAAAZNANA 0230
XNAAB=NANG . -0231
XHABA=NARA ) . ~0232
XuBAASHNBAN 0233
XHABR=HABS . =023y
XHBAB=NBAS ) ’ : -0235
XLnBA=LNnA =0236
XNBBH=H3B8 - - 0237
XNA=NA ’ ~0238
XNB=HKB ) . . -1239
XURUNIZHRUN ) -0240
MOLW=NA«1U0+NS2118 -N241
COXPA=XIA/Z L XHA+XNB) . 0242
COWPHRIXNI/ (XUA+XNB) ~N243
RUBINU=XHRUNZ TXNA+XB) . . -0244
AARFR=XHAAAZ [XHA+XNB) : -3245
AABFR=X1AAB/Z [ XMNA+XNB) . -N246
ABAFR=XHABA/Z ( XA +XNR) ~n247
BAAF K= X IBAA/Z (XNA+XNE) . -0248
ABBFR=XNASR/ { XNA+XNB) ' ~-0249
AARF =X A3/ (XNA+XNE) ’ -0250
BOAFR=XiIBAZ (XNA+XHB) : : - ~0251
RBRFR=XHRBI/Z (XNA+XIB] 0252
WRTTELE«827) NNDP«COMPACOMPR +RUNNUM - -0253
FORAATI/LXy 17 e3(5XF6+5)) 0254
ARTTFE(6+828) AMFRZAABFRyABAFR+BAAFR ¢ABRFR+«BABFR+BBAFR « BBAFR 0255
FURMATLIXsB(2X4F10,9)7) ~.0256
COMTINUE -3257
sToP . : .0258

END ) : : .0259

Fig.4Ch Cont'd. S
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(a) Terminal unlt model, k
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copolym. MMA mole fractn.; copolym. oMS mole fractn.; run number
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=1.0; kab—2 .2422; kbb=0 .22 (this page). '

- {cont'd.)

9¢c



n 2000
209N .B872130 .17659 .33000
« 510500000 144000000 L150500000 144070000 014500000 021000000 014500000
«20000.20000 1 2000 '
2090 W 73170 26500 46300 :
« 322009100 .177000000 194000000 ,L1765000C0 LD37500000 .O054500000 L037500080
«76N00.30000 7 2000
2090 IS .35150 .55200 '
+195500000 ,L,175500000 ,.200500000 .1750100C0 075500000 .100500000 LO075500000
«60N000.40000 7 2000 s
2090 +52310 L1700 - .532%0
100501000 .144n00000 L215€00000 .165570000 4100870000 150500000 100580000
«50000,50000 1 2nog '
2000 «53311 LLEZG0 .65300 g
+NEI500000 4147500007 ,1910000C0° .147070000 135500000 179000000 135500000
‘ «40000.,£0000 1 20040 '
Co2n10 487370 W517C0 . 66850
«03750N0000 L,111000000 L4151500000 110570000 482500000 223500000 182500000
«30000,70000 ") 2000 ' '
2010 AL .55€0n «63300 . . :
«T17EN0N00 194500000 L127000000 .084090000 244500000 L257000000 214500000
«20070.200040 1 2000
29190 03311 9:00 .68650 - ‘
. . 308500900 Lnis nnnnon 095010030 .755500000 208500000 .287500000 4248000000
«10700.90000 0 2000
2000 37310 62700 66800 . :
.102500000 035500000 ,N61000000 L035500600 293000000 +293000000

«9C100.10000

«298500000

'Fig.42 (Cont'd.) (b) Penultimate wunit model, k

=1.0; =0.0 (by s:melJ.fymg assumption) ;
kaab—z 3256; kabb=0 76; K o=l 25. aaa” abakbaa kbba kbbb

(cont'd.)

Lze



1 ~
W 660Ul 10 3 2acn
2046¢C «82650 «17357 30100 :
$547530000 132500008 L1275005L3  LA32500000 023097700 LJ1RJ00000 LOP3J00G00 n
eHOGUC. 20000 G 2600 '
200t «73909 27007 B1GED
<3€6C000CT +15R500008 141000000 1580060000 .0645000u6 047600000 764C90006 0
e7L0CUs 23977 R 20Cn
20ty 65751 24250 Le3 G _
C2E5,90000 152500000 S145%4¢iFT 452000000 144000000 Luk9nQ00NT  L1717000u0 6
«BCCGL tudlhd ¢ zcor o
290G «57930 42105 +5UuB50 ' ‘
$169000000 ~LL3R500005 L12550°0C1  L12677C000  LA67507020  4I7N06G03  L147500000 n
«5000Le 50udb g 2oe0n
2630 «53650 J4675° £5675(
_ «123€03300 L126000005 104570000 ,123500000 179500000 160630000 .179036009 n
{ «4ClCu. 60370 0 2400
2541 V41359 51650 5875 :
«T63G00060° L107500000 L, GEBCOGCSES .1u3OUDuUU «205500060 198500600 225504000 - : 0
«30600, 78305 no2y0r
2uud Ju393°0 '56 62610 - ' '
CUB100In0d 576803048 .0useuu0 G J076000C00  JE2HRANNGEN  L2390090600 268003000 0
200Ul 20500 yo2n04 '
i 39957 «AGIFD +64150 ,
« 026500500 +052°023CN . 061002CL0  L951500607 L279503980 263706095 .279500000 , n
¢ 1660390030 S5
2udd  WFR43T  ,6323) . 4H52G0 :
+0I850GC00 LT3 pnucc S02120900) L032300200 «305500000 4294500000 .305595000 0
: 1 — -
Fig.42 (Cont d ) (c) Penpenultimate unlt model (with simplifying assumptions), k 'k ,k] 'kbba'kbaaa 1.0;

kbbb=0 .0; k —2 6954; k =]1,819, kb =],.2987; kb =),2963.
aaab abb ab ab
, (cont'd.)

82¢



Fig.42

1

«90000,10630
1594 825 11 17389 J3uh76
516112903 .13°%e03871 ,170866335 .13RARNA871
«800CN,2170C0 1 29¢en
19'0'4 071’317 026183 vsihliu
313786908 (1Z6R66€67 .252572016 166152263
W7CNG7.29000 1 2300
189n 654737 » 33193 «h2
0193361433 162276020 +232413066 161749210
«60000.6000N 1 2000 #
1110 « 6045 19 . 36301 . 72216
«NA7336245 L138296¢43 334061135 15775102
«50003.500090 1 2300
1714 57215 . 4l7€S « 78705
«0%S425904 ,1:71034a51  ,359976€6%  .122520420
CLONNNLEINQ0 1 2000
1572 « 54252 45738 . 83015
WNINISL145  ,1S3A75318  J374ER1934 ,N9223S186
«300N00.,74000 ] 2000
1126 «50719 Jbc17n 5219
. 017745400 .aeuiozseu L37028657 063348416
«2GN00.79900 ) 2000
1154 ln577 » 51423 « 3671
«094763933  .145489564 365275142 aN4S5407¢C7
«10000.,27000 1 2001 '
El!ﬂ 0'977[(’0 0.2 6719
007212500 ,331250000 .3 4687500  +029€37500

(Cont'd. ) (d) Wittmer's case(l) model, k kba

1 2000

1
=1.0; -kaa ab’

+ 001512097

+ 0046296310

« 0194964204

0267 41726

« 033258503

040712468

«055806938

L0£8311195

+ 078125100

«033770161

+ 130534979

«149631191

2203156769

270711785

322519084

.361990950

« 387096774

«403125000

«001512097

«004€22630

.N194964204

«02674€725

«033255543

«0LON7E336

055806938

01683111935

078125000

. 000526870
« 006912660
.uuusaéu3i
«0012722¢€5
. 009803922
<0123239¢6

«0140€2€00

kb =0.0; k =2.193; kbb=0 .316; kﬂb—l.5127.
(cont'd.)



Fig.42

«9C00C. 19000

2011 .
-+623000000

g 2000

8E% 10 o1
133500000

1::
~

«B00N9,20900 T 2000
2000 «77250 22757 W18
423500000 ci3n500000 «190500030

TL,70000,30000D J 2000
2900 . 467311 J22200 57
L254000000 L133500000 248000000
60000, 40000 1 2000 -
2010 «53119 JHGZ0D «679
126500006 .131500000 .277506000
«S5ENNCLENT00 7 2000
2000 « 54139 L5159 728
«174000000 .739000000 269500000
«4CN00.E0N0N 1 21700
2n9n 49219 L,50200 o7
137000900 .3)25008000 .23650000)
3C000,7000Q 1 2000
2000 45130 ,54351 «751
.149060000 40352500000 ,202500000
»20000,20000 1 2000
21190 413557 +58457 « 7438
»307000000 .93Enagon  L1€4500000
«10700.90100 9. 2000
2oenn 38113 62700 L7008
.003000000 023500000 .036500000

«2Eh
.128‘00000

11
103510000

an
«13403C0C0

ocn
«1330)0000

5N
«131090000
pl}
.0985100040
LeQ
+032010000
gn
«5€030000

10
«333020000

50
«023030000

« 003500000

« 018500000

+ 037000000

«N6200J400

» 094500000

«135500000

«173000000

«210000000

«2€6500000

(Cont d.) (e) Wittmer's case(ii) model k kba =1.0; kéa ab kb

b—l .1967.

+ 078500000

« 074500000

«14A500000

» 208500000

« 265000000

«290000000

«319000000

"«341000000

« 330000000

«003500000

018500000

«037000000

.062000000

+ 094500000

«135500900

«17300003%0

«210000000

«266500000

=0+ 0i kab—2 2222; kbb kbbb=0 25;

(cont'd )

oee



231
10

10 ¢

fr(AAA/A)

(b)

(5),(4)

Q)

0 05 /-0
13
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research -1500bars, 60°C); a) copolymer comp. vs. feed comp.,
b) ARA/A triad frac. vs. feed comp. (curves: (1)terminal,
(2)penult., (3)penpenult., (4)Wittmexr (i), (5)Wittmer (dii))
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data only some are close enough to the experimental triad concentration
data. ' '

It seems fram figure. (43b) that the best fit on triad fraction
points is obtainable by the penultiniate unit model for low aMS copoly-
mer and by the penpenultimate unit model for high aMS copolymers. It
could probably be said that the mechanism involves certain depropaga-—
tion of AB links to give the block character at high aMS copolymers.
This was also supported in section(6.4.6). Terminal unit and simple
depropagation models certainly do not conform with microstructure data.

It is possible to define the microstructure in numerical values
of parameters as described in section(4.2). The main paraméterbs which

define the microstructure were,

p = the persistance ratio of Coleman and Fox;
n = 1/p, departure fram random statistics of Ito et al.;
u[A] = average sequence length for A seguences,

where

P, [2]

ua] = . p=ualp[B] =1 (6.6.1) .

P, (2] ‘
Fram NMR data

2p, [aB] i |

SatRd |
= 2F o + 2F (6.6.2)
sMs T TmMs
O |
where
Fypmg + 2Fynie + Foye = 1

MM TTMMS @ TSMS

On the other hand for comparison same parameters for terminal and pen-
ultimate unit models can be calculated by:
Terminal

u[a] = Py > nPS;l (6.6.3)
=1
Penultimate

u[A] = Pbab + Pbaa asb Z (n+l)Pn 1

(6.6.4)

or si.rhply by Ito's formulae,
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n=1/(w[alp,(B) | N | (6.6.5)

where for the terminal unit model

1 +r_/x
P [B] = B (6.6.6)
rx+2+r_/x
A B
u[a] =1+ ryx (6.6.7)
and for the penultimate unit model
r! /r, + X
1+-2 ( B )
: X rI'3 + x
pl[B] = (6.6.8)
)
1+ IpX s [T + x
: rix —_— + 2 +—
) )
1+ rpX X \rg + X
‘ 1+ x,x '
ual =1+ z; ———) x (6.6.9)
1+ rix .

A

The results of tl}e comparisén are shown in Table (X¥X) below, and
" NMR results utilised we%e those of 1500 atm because of their better

accuracy over the rest.

Table XXX

NMR analyses Obs. Term. Penult.
Code Py[B] Py[a] 2m[a] w[a] n  w[a) n  wfa] =
23L  0.144 0.856 0.433 4.62 1.51 5.13 1.36 5.39 1.29
4a  0.230 0.770 0.475 4.21 1.03 2.79 1.55 3.08 1.41
6A  0.350 0.650 0.772 2.59 1.10 2.08 1.37 2.35 1.22
74  0.403 0.597 0.798 2.51 0.99 1.68 1.48 1.91 1.30
8A  0.432 0.568 0.821 2.44 0.95 1.48 1.58 1.67 1.38
9A  0.481 0.519 0.874 2.89 0.91 1.30 1.60 1.45 1.43
10A 0.564 0.436 1.014 1.97 0.90 1.19 1.49 1.31 1.36
1A 0.629 0.371 1.047 1.91 0.83 1.11 1.43 1.19 1.34
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From the results it can clearly be seen that the copolymer has
a more block character than that of penultimate wit model and even
more fraom terminal unit model. Since N=1 denotes a random copolymer
it seems that the copolymer is closer to a random distribution than
the other models, which means a more block character since decreasing
n is due to increasing block character.

For other pressures these calculations were carried out but.due to
less accurate data the results are given ‘in fig. (50) (together with the
coisotacticity parameters of the preceding paragraphs) without further
analysis. They may still reveal some information on the pressure depen-
dence of the above parameters. Nevertheless a plot of F (fig. (44)) on
four different concentrations against pressure shows a convergence towards
‘high pressures, indicating increased block character.

Another microstructure parameter is the coisotacticity parameter
of Bovey, as described in section (4.2). This was calculated by other
researchers in various ways for the results given in section (6.1).

Izu and coworkers (95) calculate P b (=1-€) for ¢ fram the depropaga-
ting model by equations (4.1.66) and (4.1.67). Ito et al. calculated
o fram equation (4.3.6) and its linear plot. An attempt was made in
this research in the latter method with 1500 atm data. The parameters
" were calculated as

0=0.23, r,, =0.54
e

but the plot was far frdm being satisfactory. The parameter was also
calculated from equation (4.3.1a) and believed to be more satisfactory
since it was calculated from individual triad fractions instead of Fx'
FY and F, peaks. The value of ¢ for 1500 atm was found to be O.38.
The results for other pressures are given in Table (XXXI). A slight
increase in this parameter is observed with pressure. Izu et al. claim
that there should be an increase in this parameter with temperature
since there will be an increase in randomness. On the other hand, one
can say that there should be an increase in this parameter with pressure
since there should be a more random attachment less inhibited by steric
- hindrance which causes stereospecificity.

Ancother attempt was made on the definition of the microstructure
by a calculation of the codiastereosequence distribution of the copoly-

mer. This is the calculation of the same parameters of average length
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and persistance ratio as earlier in the section but for I (=coisotactic
enthainment) and S (=cosyndiotactic enchainment) instead of A and B,
and IS instead of AB. The NMR data yield information as

p,[1] = (Fy sus * Ty, ams/2 Fous (6.6.10a)

P, (18] = F, qus/Fous | (6.6.10b)

Pl[s] = (FZ'SMS + FY’SMS/Z)/FSMS (6.6.10¢c)
where Fx, SMS is the amount of SMS triads in Fo peak etc. The >calcula-

tions are similar to monomer unit calculations. The results for 1500
atm data are given in Table (XXXII). The average value for p is

p=0.66 or n =1.52

indicating a block character for the codiastereosequences.

Table XXXI

Coisotacticity parameter for MS-MMA copolymers
prepared at various pressures. T = 60°C.

Pressure a
0 0.337
500 » 0.369
1 0.349
1:8.3* 0.383
2000 0. 389
2500 0.443*
3000 0.418
3500 0.407
4000 0.404
5000 0.420%

* after rejecting one outlier.
The pressure dependence of o, when plotted, will show the same
trend of change as the pressure dependence of r oS (i.e., a steady
increase up to around 3000 bars followed by a levelling off.
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Table XXXIT

Microstructure data of oMS-MMA copolymers, prepared at 1500 bars,
for the calculation of p for entanglements.

Copolymer  [B] [2] 2[=8]/[a] [x] [s] [s] - o
231, 0.1436 0.8564 = 0.433 0.381 0.333 0.619 0.707
4A  0.2305 0.7695 0.475 0.610 0.441 0.390 0.540

6A 0.3504 0.6496 0.772° 0.569 0.341 0.431 0.719
7A  0.4026 0.5974 0.798 0.652 0.316 0.348 = 0.718

6.7 Effect of Pressure and Cogpoéition on the Rate of Polymerization
and on Polymer Molecular Weight.

The dependence of reaction rates on pressure and also on the mo-
nomer feed camposition was also investigated by assessing the rates’
of polymerization gravimetrically. For accuracy the conversions were
generally kept below 5% so that as well as avoiding camposition drift
an overall copolymerization rate close to initial rate and a molecular

weight close to zero conversion molecular weight was ensured.
a) Reaction rate

The addition of the comonamer oMS into the MMA-AZBN solutions
seerhs to reduce the raté of the reaction drastically (fig. (45) and
Table (XVIII)). It is beyond the scope of this research to analyse
the implications of this reduction to obtain the exact mechanism of
the of the aMS effect on the copolymerization rate therefore only the
experimental results will be presented.

Curve (i) of fig.(45) shows a sudden drop in the rate where 0.02
' mole fraction of aMS in the moncmer mixture causes the rate to fall
to 25% of that for pure MMA, although the camposition of the copolymer
is high in MR (app. 97 mole %). With a comonomer mixture of 1:1 mole
fraction the rate is only 0.01675 of that of pure MMA. The drastic
fall of the rate without any doubt is assisted by the depropagation
of oMS units but it seems toohigh to be attributed solely to that.
There seem to be other kinetic reasons possibly transfer or early
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termination (see subsection (b)) which increase the effect.

The effect of pressure on the rate of copolymerization is to in- -
crease it exponentially up to 3000 atm, from where on the rate of in-~
crease slows down. This form of pressure dependence is in line with
other polymerizations under pressure as mentioned in section (1.6).

The magnitude of the increase 'depends on the initial composition of the
comonomer mixture. The rate increases 10 fold between 1 atm and 3000
bars- for an equimolar feed mixture, whereas it increases 8.63 fold for
‘a 20:80 aMS-MA mixture, and app. 11 fold for an 80:20 OMS-MMA mixture.
This is still low compared with the 14.36 fold increase for pure MVA,
but high compared with the 6 44 fold increase for pure styrene. This
mode of dependence of the pressure effect on initial composition shows
that the higher the aMS in the feed mixture the more the effect of pres-
sure on the rate. This may be due to the increase of K, the equilib-
rium constant (=k/k') due to pressure. ‘

The initial linear rate of copolymerization expectedly curves-
down after some conversion and there will be a natural dispersion in
conversion rate vs. feed composition curves since the rate results
were taken at varying low oohversions. The curve points for conversion
rate vs. pressure curves in fig. (46) wére derived fram fig. (45).

b) Molecular weight

The change in nb]‘c\acular weight with pressure and feed camposition
shows a parallelism with the change in reaction rate. The dependence
of molecular weight on pressure and feed composition is shown in fig. (47)
at two concentrations and one pressure separately. Again there is an
exponential increase of molecular weight with increasing pressure up
to 3000 bars, after which the rate of increase drops. The effect of
oMS on molecular weight is a drastic decrease. Although the molecular
weight of poly-MMA prepared in this work was not measured the theore-
tically calculated (fig. (12)) ﬁolecular weight indicates a sudden drop
with the addition of aMs. VThe Monte-Carlo simulation, which gives also
‘the relative molecular weights after depropagation, shows a less drop
in the degree of molecular weight with increased oMS in monomer feed
mixture (fig.(42b)). This indicates that the molecular weight decrease
cannot be merely due to depropagation. Kang and O'Driscoll (132) e~
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Fig.45 Pressure dependence of the rate of copolymerization on the intial feed monomer
camposition at various pressures.
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ributed the sudden drop of molecular weight with camposition mainly
to the premature termination of chains by a high number of highly mo- .
bile small aMS radicals formed by depropagation. '
The full molecular weight data with Mw’ Mn’ MV and Mz are given
in Table (XIX). As for the dispersion of molecular weights an increase
in Wn was observed with increasing pressure. There is also a de-
crease in M W/Mn with increasing oMS in the feed composition, but this
is very small and only apparent in the O bar copolymers.

6.8 The Effect of Feed Compositions on the Positions of the NMR Peaks

The peak positions and their respective areas are given in section
(6.2). The peaks and sub-peaks are scattered between 2.606 and 3.608
as seen in fig. (25). The peak positions for 1500 bar data are shown
in fig. (48a) as sub-peak positions vs. feed composition and there seems
to be a shift in peak positions downfield with increasing oMS in the
feed mixture, as shown by Bovey(114) .

The triad areas were plotted against feed compositions in the
view of obtaining similar curves to those of Bovey and Tiers(lB) . _
The curves in fig. (48b) are slightly different and this may be due to

the fact that the curves of Bovey and Tiers preassume a terminal model.
N3
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-VII  GENERAL CONCLUSIONS

Research work on copolymerizations which are more complex than
those which follow the simple Mayo-Lewis scheme has usually concentra-—
ted on the monomer—copolymer composition relationship. There has been
relatively little systematic study of the effect of other parameters
such as temperature. The usual treatment has been to make & visual
fit of same preferred equation to the composition data, and to compare
this with the fit of other 'inferior' equations. This allowed only
a semi~empirical explanation of the copolymerization processes but not
a detailed explanation of the reaction sequences.

The first researchers to study such copolymerizations by systema-
tic variation of temperature, as well as composition, was Paul Wittmer.
He attempted to assess which one of several theoretical copolymeriza-
tion equations, based on different models, best fitted the data. This
was done not only by fitting curves visually to the composition data
but also by using the criterion that the reactivity ratios so cbtained
must vary with temperature in accordance with the Arrhenius relationship.

The aim of this research was to extend the study of one of Wittmer's i
systems by investigating the effect of varying another reaction parame—
ter, the pressure. ThlS could be expected not only to provide a further
test of the model adopted for the particular systan but also to give
results of general interest in copolymerization theory.

It is evident fram the findings discussed in the preceding sections
that copolymerization in the system oMS-MMA is, in detail, a camplex
process. This has been further revealed by the analysis of its pressure _ !
dependence and by evaluation of the microstructure data cbtained from
the NMR analysis. It was this complexity which enforced the Author to
study the system in relation to a wider range of mathematical models
and élthough a single satisfactory model was not found the new infor-
mation obtained has shed further light on the copolymerization proces-
ses. '

Initially the Author tried to confirm Wittmer's conclusions by
an independent mathematical treatment of Wittmer's data. Same of the:
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results were reproduced satisfactorily bﬁt the set of results which,
according to Wittmer, prove the validity of his case (i) equation by
giving a straight line plot for 1n r vs. 1/T did not produce a linear
relation. When the K values of Bywéter and Worsfold were used in cal-
culations (instead of those of McCormick, as used by Wittmer) the re-
sults were more diverse; in fact one reactivity ratio was found to be
app. 500. The discrepancy between the results of the Author and of
Wittmer can only be attributed to the different methods of curve-fitting.
Since nonlinear regression analysis is much superior to visual trial
and error, and in the absence of any special factors, it is assumed
that the Author's results are more reliable.

Another point against the application of the case (i) equation
to the MS-MMA system is that it produces very diverse results from the
two experimental sets of K values mentioned above. The curves obtained
- fram the case (i) equation by using the two K sets are shown, with the
data points, in figures (49a) and (49b). Since neither of the K sets
~can be claimed to be the positively correct one it is not possible to
discriminate between the results produced fram them. In fact the reac—
tivity ratio results were not expected to be so sensitive to'small chan-
ges (probably within the experimental error) in K. When the equation
is studied the reason for the sensitivity is found to be the high value-
of K (=k /k ). Therefore it may be wrong to assume that at this high
rate of dePropagatlon the -BB chain ends depropagate as fast as the
-BBB chain ends; otherwise increase in Lo would not have much effect
on the composition of the copolymer (51nce increasing kbb will increase
kﬁb as well) and hence the equation will became K sensitive. ,

‘Because of the failure to reproduce Wittmer's results a conside-
rable number of more camplex equations was tried by a two-stage fit
method; namely a canposition fit, followed by a linear Inrvs. P curve.
A good fit was not achieved with any of the equations, indicating that
the system is more camplex than these equations can define. A one-stage
fit using a modified equation on parameters 133) , in which

F = f(f,rl,rz,...,rn)

is replaced by
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F = f(f,T‘,éel,eez,... ,een,e¢1,e¢2,...,e¢n)
where
AE AE 1 1
(- ) =5 &E-5))
k., =AaA.e RTo RT T
i 84
_LE & -1 )
=A’:‘e R 'T To
i
= eel _ed)lT'

was tried (as recently applied also by Pritchard and Bacon(133) to homogeneoﬁs
catalysis) but this failed not only because of the increased number

of parameters but the cbvious absence of a proportional lIn r vs. P re-

‘lation in the equations used. Ultimately it was found best to base
conclusions and inferences on the imperfect results obtained fram the
two~-stage method and the micrbs_tructure data.

As far as possible all the available equations were used to fit
the data for this system. A limitation on the number of the reactivity
ratios which could be estimated simultaneously was imposed by the accu-
racy of the camposition data. Some of the most complex theoretical
equations could therefore not be used.

- As far as the composition data is concerned all of the egquations
gave fairly satisfactory visual fits. The terminal model equation gave
a good fit by all three methods of fitting (Fineman-Ross, Mayo-Iewis
and NLR). The confidence intervals obtained from NLR were quite satis-
- factory. The other two-parameter equations, namely Wittmer's case (i)
and case (iil) depropagation equations gave the same satisfactory fits
and confidence intervals. As the number of parameters were increased
although the visual fits or the sum of squares were still satisfactory
the confidence region enlarges abnormally. The three-parameter penul-
timate and four-parameter penpenultimate unit equations gave quite sa-
tisfactory sums of squares, but the confidence region was large due
to a shallow minimum. Any equations other than these failed because
they did not yield satisfactory smooth r vs. P curves

The abnormality of the effect of pressure is shown mainly by the
existence of a maximm in same r vs. P curves. The persistence of the
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maximum in various models suggests that the _depropaé{atidn process is
not a simple one and may involve equilibrium constants and forWard
rates which depend on the nature of the pénult:imate unit (section (6.4.6)).
Also a maximum in l/rbab (fig. (31)) .suggests a possible depropagation '
of the -BAB- radical. This possibility is also supported by the micro-
structure evidence; and the presence of a large number of 'AAA' triads
in high-oMS copolymers may even imply a penpenultimate unit effect
of 'XAA-' on the forward reaction, if not on the depropagation as well.
The best fit on the microstructure parameters was obtained from:
the four-parameter penpenultimate unit effect from the oMS unit in the
-BAA- end group (B=oMS).

In conclusion it can be said that the results obtained in this
research by the analysis of the various models show vthat the copolyme-
rizing system oMS-MMA follows a camplicated mechanism and although it
has proved impossible to calculate the parameters of an equation which
would be fully satisfactory for this system (due to lack of sufficient~

ly accurate data) the mechanism and the effect of pressure on it can
be established qualitatively or semi~quantitatively. It can also be
said that the general effect of pressure is to reduce the depropagation
and penultimate unit effects, and to move the system closer to ideal
systems. '
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