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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 monomers 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 a-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 homepolymerization of the two monomers are 

well established; and the monomer - polymer equilibrium of a-methyl 
rnOnN 	• 	• (nr,rml 	temperature 	previoubiy 

tigated at 1 bar and at high pressUret. 

Copolymerization reactions were carried out at 60°C over a wide 

range of compositions; 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 analytis of the copolymers also 

yielded 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 sane information on 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 research are considered 

together with data obtained'hy 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 
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composition data to the predominantly nonlinear equations was accomplished 

by nonlinear regression methods, using a CDC 6400 computer and the results 

for the Mayo-Lewis equation were compared 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 

satisfactory 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 roc P. This may indicate the need of a more elaborate equation 

with a higher nuiriber 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. 
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I. 	INTRODUCTION 

1.1 Importance 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 homopolymers in the sense 

that they cover a wide and continuous spectrum of property combination 

which includes the properties of the parent homopolvmers and also 

some 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 camonomers in the chain. The 

microstructure of the copolymer can be varied from completely random 

sequences to block sequences of each monomer 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 

homopolymerize 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. 
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In the second it is because pressure is one of the parameters that. 

has an effect on the nature of the end product of the copolymerization 

reaction. By varying this parameter it is possible to obtain copoly-

mers with a desired microstructure; and also in chemical 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 dissociation. 

The dissociation mechanism depends on the radical itself but most of 

the themnai initiators have an activation energy for dissociation of 

about 30kcal/mole. Although the rate of dissociation thus depends 

strongly upon temperature, each initiator has a useful temperature 

range of 20 to 30°C. Apart from thermal process some 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 1-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 

compounds which involve the decomposition 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. Persuiphates 

S208-- 	2504'-  

b. Hydroperoxides 

R.O.O.H 	R.0' + '0.H 

c. Di-alkyl peroxides 

R.O.O.R 	 2R.0.  

d. Di-acyl(di-aroyl) peroxides 

R.00.0.0.CO.R 	> 2R.00.0' 	›- 2R' + 2002 
e. Peresters 

R.00.0.0.W  	+ 12:0' 

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 dibenZpyl 

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*1013 and 6*1014 sec 1. 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 80PC. Dibenzoyl peroxide is susceptible to 

induced decomposition 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,(AZBN) 

CH 	CH3 3 / 

FNC---  N  = N.-- C  CE-
3  1 I \GI3 

CE-7N 	CEiN 

As a thermal initiator it is nearly in the same temperature range as 

benzoyl peroxide but it also dissociates to free radicals by the in-

fluence of near u.v. light and can be used as a photo-initiator. 

Unlike benzoyl peroxide its decomposition 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-

composition or transfer reactions. Although the decomposition of AZBN 

for the production of free radicals can be represented as 

(CH3)2C(CN)-N:N.C(CH3)2.CN 	2(CH3 2  ) C(CN) • + N2 
the actual decomposition mechanism in a solvent involves more than 

two steps(1,2,3).  AZBN was first prepared by Thiele and Heuser(4) 

and tetramethylsuccinodinitrile was found to be the product of its 

thermal decomposition. Amore thorough study by Bickel and Waters(5) 

showed that the terminal products of the thermal decomposition consist of 

(I) Tetramethylsuccinodinitrile (84%) 

(II): Isobutyronitrile (3.5%) 

(III) Tricyanohexane (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. Later methacrylonitrile 
rnar4-c Cnri-hemr Te4+-h rmAir,mla 4-n givr1 (TTT) .  TP creci-nrhntrirpf*rir7 

studies during the course of the reaction shows the existence of an 

unstable intermediate product(1). 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 radical is attributed to the resonance-stabilized 

states of the cyano radical 

CH3 	 CH3 
.0 • 
	 C = C = 

CH3  C = N 	 CH3 

and the keteneimine radical can initiate polymerization with approxi-

mately the efficiency of the cyano radical(8). 

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

with oxygen 

(CH3)2C(CN)- + 02 	C(CN)'0•0. 
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and the resulting radical may have a differrent reactivity from the 

cyan radical. Combination of the peroxy radical with the cyano radicals 

gives a peroxide which in turn dissociate to a radical. Talat-Erben 

and Onol(6)  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) n experiments conducted over the range 

37°  to 100°C and is given by: 

k = 1.58 * 1015 exp(-30.8 kcal mole 1/14T) sec 1 	(1.2.1) 

The most effective temperature range for initiation by AZBN is from 

45o to 65°C. 

Arnett(50) showed that the solvent is essentially without effect 

on the decomposition of.AZBN and the dependence of k upon temperature 

is given by 

= -(7019/T) + 17.807 1°g10 k 	 (1.2.1a) 

which is in agrcmpro7 	a1 (54) nInA .4. 	.1,4. 
 M-4-1- (55) 

+■■•... • • 	■.0 S-41  

as seen below: 

Table I a 

Rate constants for the decomposition of AZBN 

k,m±n71  
oC 	Arnett4, 	Overberger, Lewis and 	van Hook and 

et al 	Matheson 	Toholsky(*)  

50 	1.2*10-4 1.1*1Cr4 	4 1.5*10 	1.15*10 4 

77 	5.7*10 3 	6.5*1073  6.3*10 4.73*10 3 

(*) Calculated from eq. (1.2.1) 

1.2.2 Free Radical Polymerization Kinetics 

The general mechanism of free radical polymerization can be 

given as follows, where RI- is a free radical produced from 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: 

Initiator 	2R.I 
	rate constant = 

(Rate of formation of R-I = I = 2fki[Initiatox]) 

MR- + 	
1 	rate constant = kpI 

Propagation: 

1• + M 

R• 2  + M 

R-r + M 

Transfer: 

r• + M 	P + M• r. 
• + M 	R.2 

Termination by combination: 

R- + 	P r+q 

lermination by disproportionation: 

R•r  +R'q Pr + Pq 

In order to derive kinetic equations from the reaction scheme above 

one has to make sane assumptions. These are as follows: 

(i) The reactivities of chain radicals are independent of their 

chain length. In this case kpl=kp2=.  

k q  are independent of r and q. The tr 
been tested experimentally by various 

...=k
Pr 

 =k
P 
 and also kfr' ktrq  and 

validity of this assumption has 

researchers(8,9'10)• 

(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 

- d[M]/ dt = 	kp[R.-11][M] 	(1.2.3) 

(iii) 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 

R. 2 
R• 3 
R- r+1 

11 

It 

It 

It 

11 

kpl 

p

• 

2 

p

• 

r 

kfr 

OM 

k trq 



smaller than the rate of change of monomer concentration 

d[11] 	d[M]  

dt <-< dt 

On the assumption that 

(1.2.4) 

14 

d [R•1  
= 0 

dt 

or more specifically 

dIR•
1 
 i/dt = 0 , d[R•  1/dt = 0 r  

dp
I
1/dt = 0 , 	

r
/dt = 0 

Then the full expressions for the stationary state condition are given 

as 

[R-11 
- I k

pI
[R• [M] = 0 	 (1. 2 . 6)11 

a [R., 
 1
] 

= k rR.J 	(k +k,) FR.,' IM1 - (k. +k!,) FR•E rR.  1 = 0 _ 1 	p J- 	 CI 	J--L-  11 
n 

=0 

(1.2.5) 

di fY 2I 
dt 	

- k
p 
 ER. 11  [VI] + kPM 	

[14] - (k
p
+k
f
)[R.

2
][Nd - 

- (k
t 
 +1c.t ) [R•  

a [R- .1 
r  - kp r

-1 
[R.  r-11 [ dt 	

m] - (p +k 	r 
+k ) [R.  1 [M] - (kt  +kt) [R• 

d [kil-i 	1 	sir 	1 

dt 
	 = k

f
[Nlj 	Lit-

n
j - kipm[14.] [IA] = 0 

n 
When these equations are summed they yield 

= 0 

(1.2.7) 

where 

I = (k
t 
 +kt ) [Re] 2  

• [R.] = 	[R. 

n1 

(1.2.8) 

     

n 
When added the only term which does not cancel but is omitted is 

k
p 
 [12' 

r
[M] . This is because when r is too large [R•r1 becomes too 

small. The reaction rate becomes 

[M]   	 T  )1/2 
= 	k [R•  1[N] = k 	- 

dt 	pn 	p 	k +k' 

n 

(1.2.9) 

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



DR.] at 

T = M/1 = {I(keq)}-1/2  

= V 

molecules consumed for each chain initiation, is 

1 d[M] 
v 	I dt - kp  [M] 1I(kt  +k1 )1 1/2  (1.2.10) 
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and the average chain length or degree of polymerization (DP), i.e., 

the average number of molecules consumed for each inactive polymer 

molecule, is 

k 	DA] 
5P - 

	

	 
kf [R-] [M] + (kt/2+q) [R] 2  

k
P
[M] 

1 1/2 kf[Mi] + (kt/2+k) {I/(kt+q)f 
(1.2.11) 

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

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

T A[M1 

In general it is adequate to treat the polymerization processes 

by means of these assumptions but the equations were developed without 

simplifying assumptionsiby Gee and Melville, and others(11). 

If equation (1.2.11) is put in the form 

1 	k 	ac /2+k') 1I/(k +k') f ,tt 	ttl 
1/2 

DP 	kp 	k [m] 
(1.2.14) 

and by assuming that the termination is exclusively by disproportionation 

one gets 

1MO)1/2 • kf 	t  + 
DP 	k 	k [14] 

P 	P 

(1.2.15) 

Substituting I=2kif[In], where lc/  is the initiation rate constant, f is 

the efficiency and [In] is the concentration of the initiator 



Ef > Ep > 	 2 

Et  +E. 

1 	kf 	(2)<If[Inikt)1/2  
= 

DP 	k 	k [M] 
(1.2.16) 
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The rate constant for the reactions can be axpressed in an Arrhenius 

form 

k = A exp(-E/RT) 

Therefore 

1 
f+E;,) 	(Et/2-Ei/ 2+E;) 

= a exp 	+ b exp 	 
Pn 	RT 

(1.2.17) 

a = Af/A1:)  , b = (2f[In]AiAt)1/2/(DA1Ap) 

By differentiating this with respect to temperature one obtains 

d(1/1T) -a(-Ef+Ep) 	(E
fP 	

b(-Et  /2-E./2+E ) 	(-Et/2-Ei/2+Ei) 

2 	exp 	exp 
Am 

	

RT / 	Pm2 

(1.2.18) 

at d(1/DP)/dT=0 where DP is a maximum 

where 

TM  

 

Ef  -Et  /2 -E./2 

 

(1.2.19) 

R In 

 

a (Ef-Ep) 

 

     

b(Ep  -Et  /2-E./2) 

and since Tm>0 equation (1.2.19) yields 

(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 (12,13) 

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 according to two theories developed by two groups of re-

searchers. Schulz and Huseman(70) approached the phenomenon of initi-

ator decomposition reaction as one that goes through an activated complex 

and this complex is in equilibrium with the monomer and the initiator 

[c] 
K 
I  [M] ( [In] -[C]) 

(1.2.21) 

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

monomer and the initiator respectively. Then 

[C] = KI[In][M]/(1+KI[M]) 	(1.2.22) 

and from equation (1.2.9) 

a rml 	/k_K., ani \ 1/2 	, 	, 
— 	_ 	 Lmj3/2  (1+KI  LMI1)--144  (1.2.23) dt 	

ktt +k' i) 

so tne order of the reaction will be between unity and 3/2 depending 

on the magnitude of [M]. 

The other theory is the "cage effect" developed by Matheson(71)  . 

According to this theory the free radicals rejoin after decomposition 

unless they can escape a'hypothetical cage surrounding the initiator. 

So, if ki[in] is the rate of initiator decompoSition 

rki  [in] [M] 

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) 

d[M] 	4.k1  [in]  1/2 

3/2  bv11 (l+r[M])-1/2  (1.2.25) 
dt 
	 - k

P k ' t +kt 

- 
11-TIN] 

(1.2.24) 
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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(14) for linear chain reactions and applied to polymerization 

by Schulz(15) (see also Gee and Melville(11) and Herington and Robertson 
(16)). If T shows an average time each propagation step takes and 

Tf, Tfs  and Tt  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 

= -+-+-+- 
	(1.2.26) 

	

T 
	

Tp Tf Tfs Tt 

Here it will be generalised that •there is transfer to monomer and sol-

vent and termination can be by both coMbination and disproportionation. 

It can easily be seen thaLI2ne pioLabiliLy of any radical undergoing 
a propagation reaction instead of any other reaction is 

1 1 1 /1 1 1 
— 	(1.2.27) 

	

T
P  T 
	

TP \TP Tf- 
 T 

Substituting for the 'L IS from 

1/Tp  = kpM 	1/Tf  = kfM ,1/Tt = ktR-  = fI(kt+q)1 

one obtains 

= k
p
M / (kpM + kfsS + kiM + II(kt t  +10)1/21) 	(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 

R 	+ S 	> Pr + S• 	kfs 	(1.2.29)

•  and I denotes rate of formation for R1 . Therefore 

dt 
dB'.  

=1- pMR'+(kfst 	tkS+k_M)R- 	M_- 	st rS+kfM)Ri. - (kt+k')R -11-= 0 1  
(1.2.30) 



•
Rt = 	Rr-1 - 	 

t 

I 1/2 

(1-  
r-1 , 

(1.2.38) 
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dRt
•

= kMRr-1 - k MR • - 	S+k_M)R - - (k +k' ) R -R-= 0 p dt 	p r 	fs 	r 	t t r 
(1.2.31) 

The square brackets are omitted for simplicity. On the other hand, 

for long chains, 

dM = - I + k MR- + kiMR. = k MR-dt (1.2.32) 

In  the above equation R• denotes the total radical concentration as 

) Kid in the previous section, which is 

= I/ (kt+q) 11/2  

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

I \1/2 	kfsa+kfM+fI(kt+q)11/2 
R1  • -  	 (1.2.33) 
 (kt+q 	kpM+kfsS+kfM+tI (kt+q)11/2  

IA 
R 	R • = 	• 	  , r>2 (1.2.34) r 	r-1  p k M+kfs f S+k Mi4I(ktt  +k')111̀  

dm 
= 	II/(kt+q)1 1/2 dt  (1.2.35) 

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

dPr 	
4■ 	1  r-1  

dt = (‹ S+k M)R • + f r 	2 t 	 Rn-Rr_n• + 	R.R.r 	(1.2.36) 
n=1 

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

become 

(1.2.37) 

where t is already defined and (1- r-1 is the probability of for-

mation of a chain with length r. After proper mathematical manipulations 

equation (1.2.36) becomes 
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1/2 
_
dt 

dPr 
(1- 	Lkfs 

r-1 r 	I \1/2//(r-l)k (k s+k,m+fi(k +k' )1-  ) t fs 	t 
ti1/2)  

•-■-q 

(t+k-L/ 	2k M 

(1.2.39) 

For a conversion AM monomers at time t where 

dPr p 
dt 

 -c. 
r  AM = dt t = kPMt (k 	+kl t t 

dM 

Equations (1.2.39) gives the general distribution function 

I 	1/2  (r-1) k. (k_ S+k_m+II(k +k1 )11/2) 
t ts t- 	t t  

 " 
.,..
t  1 -I

1 
+k' 	2k M 

(1.2.40) 

• For special cases where termination is exclusively (i) by dis-

proportionation, (ii) by combination equation (1.2.40) gives 
(4) p _ 	 1(3 _ ;)2 	 (7./.1) rm 	 4  

AM S+kp(Ikt)1/2  
= (ii) P — (1- 0 1.71[kfsS+kfM+(r-1)(Ikt)1/2 fs  

k M 	 2k M 

(1.2.42) 

Here 	in each case is one having the apprOpriate termination constants 

zero. 

In order to calculate the various molecular weights it is necessary 

to calculate the appropriate moments from the above equations and this 

is done by the long chain assumption as 

AM 	I N1/2  k , 
Pr=  — {kfsS kfM 	-t" Act)  r=1 	k (}( t t 	2  

	 rP = AM 
r=1 

(1.2.43) 

  

2k M AM 
	 r2P r  - r 	P 	•  

r=1 	LkfsS+kfM+II(kt+q) 

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

AM .  

P = 	(1- 	 rk fs t S+k,..M+ 
k m 



>  rPr r=1 r - 

r=1 

	  
r=1 

P 
 

>  r2P 
- r=1 

w 	 
/1  rPr 

(1.2.46) 

(1.2.47) 
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where r is the number average degree of polymerization and rN, is the 

weight average degree of polymerization. Likewise for corresponding 

molecular weights 

e  	r 

> Pr 

M2P 
R - 	 r 	(1.2.49) 

7,7MPr 

The ratio iw/i is an indication of polydispersity of the polymer. In 

the general case it can be seen that 

T/i = 3/2 	(1.2.50) 

but if the termination is solely by disproportionation 

= 2 	(1.2.51) 

and this ratio also gives an indication of the type of termination that 

accompanies the particular polymerization. 

A simlified form of equation (1.2.40) is found in the case where 

so Cr-1 = C
r 

and C = 1, 

4 AM 	-2r/i P - r 	re - 3 (1.2.52) 

Studies of copolymers were carried out by Simha and Bronson(17), 

Stockmayer(18) and Melville, Noble and Watson(19). The method of calcul-

ation is the same and the distribution equation derived is 

-r/i 	1/2 , 

	 e-ry`/2nomolc (1.2.53) 111 	
re  

1-,y 	- 2 	n  r 	711 M K 
0 0 

(1.2.48) 
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Here y is the deviation in composition as non or mom where n and m 

denote the mole fractions of A and B in the copolymer respectively.. 

K is given by 

K 
rAA2+2rArBAB+rBB2 

rAA
2+2AB+rBB

2 (1.2.54) 

For individual distributions of length and composition 

Wr = E. 2 e-r/ 
	

(1.2.55) 

W = 3  
Y 

/2 	- 2 ) -5/2 

(2riM K1  (1+  2n 	m K 	(1.2.56) 
o o 	o o 

If a fraction f of the termination is assumed to be by combination 

(unlike the exclusive disproportionation discussed above) then 
,1 P7 

r,y- 	
2T 

fr)  re 	2n -r/r ( 

2 r 	2 Trn m K 

r 	-ry / 	K 2 
W - (1-f+ o m  o 

o o (1.2.57) 

As for the distribution of sequences in a single copolymer chain 

one obtains the function 

An  

B = 

where a=rAfA/(1-fA) and 8=rB(1-fA)/fA  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 An  and Bn. 

1 	>NA = >  nA = 	(n+1) 	= 1-ha 	(1.2.60) n=1 n W-30 	 n=0 	a+1 

NB 	 \,> = 	nBn  - w+1  1)  / 	(n-1-70 = 1+5 0+1 n=1 	n=0 
(1.2.61) 

The derivation of the sequence distributions are from statistic conside-

rations and are delt with in more detail in section (4.2). 



ki2[M1] (1.3.1) 
k21  [M2 

k22 [N2.1 [M1] 
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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(20) 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 composition of the chain itself. Therefore the copolymerization 

process was defined in four reaction steps: 

Ml . 
 

Mi. + M2 ------- M2.  

rate: k11 [M1.] D4:11 

where M1  and M2  are the two monomers and M1. and My 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 

qA  = (aa + f3bA)A 

qB  = (aaB  + Pb)B 

where a and P were the probabilities of finding units A and B in the 

copolymer, A and B are the concentrations of monomers A and B in the 

feed and a=kaa, aB=kab, bA=kba  and b=kbb. Having 

one arrives at 

with 

a  : S  = ciA qB 

aaB  + 	B  

a aa + PbA A  

(1.3.4) 

(1.3.5) 

a + 0 = 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(21) in 1939. These data were still not precise enough 

to test the theory for its assumptions. The best development on the 

calculation of the composition came from Wall(22) in 1941 who first 

claim that the composition of the copolymer depended on the relative 

reactivities of the two monomers towards the two radicals and so he 

put forward the concept of reactivity ratios 

kll/k12= rl k22/k21= r2 
	(1.3.7) 

He went further to make an additional assumption that 

r/  = 1/r2 	(1.3.8) 

to produce the simple copolymer composition equation 

X = Tx 	(1.3.9) 

where X and x were the ratio of the two monomers 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 only consider the reactivity of the monomer, 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 

 

d[A] 
- dt 

- kaa [A.]  [A] + kba  [13 -] [A] 	(1.3.10) 

and for B 

d[B] 

dt - kbb  [B-1 [B] + kab[A-] [B] 	(1.3.11) 
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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 

d[A] 	kaa[A-] [A] + kbaf.B.] [A] 

d[B] 	kab LA.] [B] 	11)0[B.] [B] 

By assuming the steady-state condition where 

1( 10  [B] 
[B.] = 

'cba [A] 
and defining r 	and r 1 =kaa/kab 	2=kbb/kba one gets  

d[A] _ [A ri[A] + [B] 

d[B] 	[B] r2[B] + [A] 

(1.3.13) 

(1.3.14) 

J. u L...0 Ca 	L. AL.LA AA. V 	LA.1:2 V uav Ll.4 l-112 VA. L./ 12... 1L ,n as-u. 	WLL L.O 

in the copolymer chain. Therefore, using small letters to show the 

concentrations of the monomer 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 

A 	r1  a + b _  
B  `bi r2b + a 

(1.3.15) 

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 copolymeriiation process due to the inequality of the feed 

and copolymer compositions, the differential form is the instantaneous 

copolymer composition. The equation, when plotted as a/(a+b) vs. A/(A+B) 

gives a family of curves which are analogous to the curves of solution 

vs. vapour compositions in binary distillation. In fact the copoly-

merization process may even show an 'azeotrope' if the curve cuts the 

A=a diagonal. 

(1.3.12) 
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1.3.2 The Relation between Monomer Structure and Reactivity 

The structure of the monomer can be considered to affect the 

reactivity of free radicals in three ways; 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(25) 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 monomer 

to be described by characteristis constants. This would simplify the 

experimental task of estimating the reactivity ratios of various nm-

ncmer pairs. Instead of estimating the reactivity ratios for all the 

pair'coMbinations possible for all monomers it would have been enough 

to estimate the reactivity ratios of one monomer with a few others in 

order to calculate the characteristic. constants, then to use these 

constants to calculate the reactivity ratios of the particular monomer 

with the rest of the monomers. The usefulness of such a concept becomes 

even more obVious when one considers multi-component copolymerization." 

The Q-e scheme combines 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 
4■ 

conjugation of the double 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 chain 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 governing factors are the potential energies 

of attacked monomer and the product radical, in the four possible 

reactions: 

A. + A 	A• 	(1) 

A• + B 	B• 	(2) 
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B. + A 	AL- 	(3) 

B- + B 	B. 	(4) 
	

(1.3.16) 

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

to treat the competition 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 monomer and curve 

II 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.(1)). In the case of reactions (1) and 

(2) one has two kinds of monomers being attacked and two kinds of radicals 

being produced. Supposing the radical B• has a resonance stabilization 

its curve IIb (fig.(1)) will be lower than that of A-, IIa. Similarly 

the same substituent on the monomer B will produce, although much less, 

some resonance stabilization and place the curve Ib accordingly. Then 

V1 can write 

AH= AH 	+ x ab  an 	
ILL 	r (1.3.17) 

where x = m EpA -EpB 	r and x =EpA- -EpB. . With a good approximation one can 

also write(26,27) 

Eaa - Eab 	a(xr  - xrd 0 <a<1 	(1.3.18) 

By assuming that the pre-exponential factors are approximately equal 

kab exp(-Eab  ART) 

which is proposed to be equal to Q (27)  in the Q-e scheme. 

In the case of reactions (1) and (3) (fig.(2)) there will be 

only curve II with Ia and lb. Therefore 

Eba Eaa = xr xt = Yxr  0 <y<1 (1.3.20) 

kaa/kba  = exp (yxr/PT) 
	

(1.3.21) 

kaa exP(-EaaM)  = exp(-a(xr  - xm)/RT (1.3.19) 

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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Fig.1 Potential energy diagram for reactions (1) and (2) 
vi equation (1.3.16). 
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Fig.2 Potential energy diagram for reactions (1) and (3) 
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k.. 
ii = Qi/Qj  exp(-ei(ei-e.)) 

k.. 
(1.3.24) 

k
aan eN f 

= 'ai'bP'- a( a- eeb
)1 

 
kba 

(1.3.25) 
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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 gained by a substituent 

group which is electron-donating. A free radical with a positive 

Character will show a tendency to react with a monomer with a negative 

group. 

With these generalizations one can write the rate constant of 

any radical i adding the monomer j as 

k..= P.Q. exp(-e.e.) 	(1.3.22) 

where P. is the characteristic of radical i, Q. is the mean reactivity 

ofmonamerjande.ande.are the corresponding polarities. When 

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

radicals present, where in the binary case it is only j and its own 

monomer i, one has 

k. = P.Q. exp(-et) 
	

(1.3.23) 

and as P. cancels out, for reactivity ratio 

or for monomers A and B4 

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

applicable. There are mainly two kinds of steric hindrance in vinyl 

polymerization, namely of 1,2-DisUbstituted ethylenes and 1,1-DisUbs-

tituted ethylenes. In the former, due to the bulky substituents on 

the end carbon atom of the attacking radical and on the carbon atom 

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 atom has 
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(a) 

X 	X 

C C as 
(f2)/ 	® 
C C 
142 	Nz (b) 

4® 0 

Fig.3 Configurational formulation of radical addition 
reaction for (a) 1,2 and (b) 1,2 disubstituted 
ethylenes. 
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to comply with the tetrahedral arrangements of carbon-carbon a 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 polymerizationi;high enough the Q-e scheme mpy still be appli-

cable as in the case of methyl methacrylate; but with monomers having 

rather low ceiling temperatures, like a-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 monomer M, and, say, a-methyl styrene would 

be to use the scheme in the calculation of r1  only but not r2. 

1.3.3 Effect of Temperature on Reactivity 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 = 

or in terms of transiti6n state theory 

	

k = (KT/h)e AS /1R7 AH /PT 	(1.3.26) 

where AS is the entropy and 	is the heat of activation. For 

the reactivity ratio 

	

- 	/RT) (1.3.27) 1 = 11 exp(( A41- AS12) /-- ( all AH12)  
12 

One can assume that AS is very nearly the same for both reactions, 

then 

-( AH - AH74  )/RT r = e 	11 	12 1 (1.3.28) 

This shows that a plot of log r1  vs. 1/2 would give a straight line 

with slope ( AH12- AH11)/2.303R and zero intercept. Since the heat 
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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 

the copolymer composition equation were Godfinger and Kane(28). Since 

the copolymerization reaction is a competitive 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 

Po + A -aa 	PA- 

kab A• + B 	 AB • (1.3.29) 

the rates of reactions being 

d[A] 

- 	

dt - k aa[A.] [A] (1.3.30) 

d[B] 
(1.3.31) 

- 	

dt - k [A.] [B] ab 

For the probability of A adding A one gets 

kaa[A.] [A] Paa- 	 (1.3.32) 
kaa[A-] 	kabM [13] 

or by dividing by kab[A-] [B] 

rAx 
Paa= 	 

re + 1 

where rA kaa /kab and x=[AXB]. Similarly 

(1.3.33) 



(1.3.41) 

and 

1 
Pte= 	 = 1 Paa rA  x + 1 

(1.3.34) 
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For the case of B as terminal active unit where B adds either B or A 

1 
P - 	- 1 - ba 	Pbb 

1 + rB/x 
(1.3.35) 

where r B=kbb/kba' 
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 

N = Pn-1  P n aa ab (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 r,ar.h G fence 

W = 	+ 2P P + -.- io  n 
a Pab 	aa ab 	aa

1p 
 ab 

W Pah > npn 
a P n=1 aa 

aa 

which, since P = 1-P , is an equation of the form ab aa4,  
1-x Sn= x 

 

nx (1.3.39) 
n= 

  

and corresponds to the series 

   

Sn' 1 + x + x2  + x3 + 	+x =  (1.3.40) 

which is the summation 

   

    

1-XI  Sri 1-x 	n 

Sri 13-x 	for x 
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From this we get 

Similarly 

- 1 	1 W a 1-Paa P. ab 
(1.3.44) 

1 
Wb= Pba 

(1.3.45) 

The composition of the copolymer chain would be 

SO 

A Wa Pba = - 
W P b ab 

From equations (1.3.20) and (1.3.21) 

1 + rAx 
X - 

1 + rB/X 

(1.3.46) 

(1.3.47) 

The copolymerization composition equation derived in this section 

considered 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 N. 

1.3.5 Composition Distribution Equation 

The instantaneous composition of the copolymer, apart from the 

azeotrope point, is in general not equal to that of the comonomer feed. 

Thus the comonomer mixture is bound to change during the course of the 

reaction, with a consequent change in the composition of the instanta-

neous copolymer being formed. The composition 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. 

dmiM1 + 	
(1.3.48) 

drr 	M2r2M2 + Mi 

Here m1  and mt2  are nole fractions of the monomers in the copolymer 

and Ml  and M2  in the feed. The subscripts show the first and the second 

monomer and r=k22/k21 (the norenclature used here is slightly different, 

in order to correspond better with the references). Equation (1.3.46) 

ray be combined with Rayleigh's distillation equation 

dM 	dM1 	
(1.3.49) 

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) 

dM 	[Y4 (r1+r2-2) -2MI (r2-1) -Fr2] 

Mdmi 	[4(r1-2r1r27Fr2)+2M1(rf-1)r2-1-r2](r2-1)-(r14Tf2)MjM1(1-MI) 

4k • 	 (1.3.50) 

where PM.I1+M2. 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 

NJP r2 	ri  IP 1-r1 	r2  2 	P-rl-r2M+r1-1  log — = 	log — + 	log 	log 
M 2  M1  1-r1  M2  (1-r1)(1-r2) 	[2-r1r2]Mi+r1-1 

(1.3.51) 

where M is the remaining nonorer Roles after certain conversion. From 

the above equation it is possible to obtain the degree of conversion 

if the nononer composition is known by analysis. Combining equations 

(1.3.50) and (1.3.51) one obtains 
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1-r1r2  

(1-r1)(1-r2) r2 	r2-1 

o r1(r1 1) dM 	Mir2-1)(1-M1) 	r1+r2-2 

r1+r2 Ml/  

Mil 1 	1HM1 	r2-1 

Ml 

EM21(ri+r2  -2M1(r2  -1)+r2r 
rm21 (r1 1 	r +r2)+21111(r1-1)r2+r2Dr2-1)+(r1+r2-2)MJM1(1-M1) 

(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)) 

w R  

M 	L11 dM i  
M1 	ml  M 1 Mi  	1 

(1.3.53) 

For the graphical integration 1/(111-M1) is to be plotted against . 

differential conversion, c=dM/M. The values obtained by graphical 

integration are plotted against conversion, c7M/M.0, i.e., c vs. ml. 
41/4 

The curve gives the instantaneous copolymer compositions at every 

degree of conversion. The average composition of the copolymer can 

be obtained by the integral average of the curve from 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 composition 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. 

Therefore, apart from the four propagation reactions, there is one 

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

Initiator 	2R• 

and three termination reactions (assuming  only combination), 

taa 2 ^"A• 
k 
	^^A-A^" 

kt  "."\A- + "B. ""A-B,"" 

2 "".13. 
ktbb  
	> rNB-B"" 

In the steady state, since the rate of radical production will be 

equal to that of radical disappearance, 

1 	r 1 2k1 [In]= 2(ktaa[A-.1 
2  + ktab[A-] CB •] + ktbb 03..1

2  )(1.3.54) 

where Rig is the initiator concentration, and the square brackets 

show the corresponding  radical concentrations. It is assumed that 

during  propagation 

kat  [A [ B] = i%a[B -] [A] 
	

(1.3.55) 

so 

	

[B.] = (kab/kba)([B]/[A])[A-] = 0 [A] 	(1.3.56) 

= (kab/kba)([B]/N) 

from equations (1.3.54) and (1.3.56) 

kI [In] = [A.] 
2 
 (ktaa+kt 	

2 
a +ktbba ) 	(1.3.57) 

[A.] = (ki[In]/(ktaa+ktab0 +ktbbf3 2) )1/2 
	

(1.3.58) 

[B-] = (ki  [In] f3 2/(ktaa+ktaba +ktbba ))1/2(1'3'59)  

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

of consumption of individual monomers are found directly 

— dA 	 2111/2 (1.3.60) d = 0.',Ia[A]+kbaa [A] ) O il]:[1:11] / (k +k 	+ktb  a taa tab 	b " 
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= (kab[33]1-kbb5 [13])CkI[In]/(ktaal-kta0 4ktbb13 2))
1
/2 
	(1.3.61) 

FOr overall rate of consumption of monomers 

d(AJB)  R = dt 	(kaa[A]+kbaR [A]+kab[B]4k30138 [B]) 

(kI[ n]/(ktaa+kt +ktbO ) (1.3.62) 

Since the degree of polymerization for radical polymerization is 

k[R.] [M] rate 	of propagation 	 DP - 	
p 

 rate of initiation k
I
[In] 	

(1.3.63) 

in the steady state 

k [R-] [M] 
DP - 	 

kt  [R] 2  

and ion Ulu polymerization 

kaa [A]+cbal3  [A]+kab [13] +kbb13  [B] 
DP 

(1.3.64) 

(1.3.65) 

[x]  )1/2 (ktaa-1-ktab8 +ktbb0 
2
)1/2  

r  

From the equations for overall rate and degree of polymerization 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 concentrations 

. Roc DAHIn11/2 	(1.3.66) 

DP oc [M][1n]-1/2 	(1.3.67) 

From these two proportionalities it is possible to obtain a third one 

DP co 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 12 r 	1 	r 12 	1/2 6  
(rALAj +2LAJLEj+rBLBJ )(I / R - (1.3.69) 

rLAT-F2p rArB[A][B] 6B/ 6ABLEJ2  6/ 6A)2 1 r i 	r 

kaa ra- 

ab 

kbb rB= 

kba 

2 ktaa 
6A7 2 

as 

2_ ktbb 6B=  
'bb 

2 kth 
 

kta ktiob 
I = ki  [In] 

The 6 's are ratios of termination and propagation 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 stu(9ies of the copolymer. The determi-

nation of 4), 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 collision number, Z, 

or the frequency factor, A. On the other hand it has proved possible 

to explain and predict the pressure effect on the rate by means of 

the transition state theory, (both qualitatively and semi-auantitatively). 

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 



T 	DP 
(  Bin k)  	le) 

(1.4.7) 
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by the transition state theory using the partition function concept, 

hence 

P  = (civiclr)3 
	

(1.4.1) 

where qv  and qr  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  

A + B + • • • 	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(3) 

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

where K 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 universal frequency of KT/h, which 

depends only on temperature. A reaction rate can be expressed as 

Rate of reaction = k[A][B]... 

and hence from (1.4.3) and (1.4.4) 

K T 	 KT k = 	• 	- 	 K h 	r ir 
BY" 

h 

AIL 	- 
where K is the equilibrium constant for 

(1.4.4) 

(1.4.5) 

A + B + 	 X' 	(1.4.6) 

The system is assumed 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 

and if mole fraction on molality is used as concentration unit 
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(  Dln
DP 

 k) 	(  as I.0 	( 3 AA -RT 	- RT 	. 	N" DP 	DP
C 	= A 	(1.4.8)  T 	/T 	jT 

AG is the standard change of free energy during the formation of the 

complex and AV, the corresponding molar volume change, is called the 

'activation volume'. 

If the actual reaction is a reversible reaction 

A + B + 	M + N + 	(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, AV°  

(  PT  DIn K) = -AV°  
DP 

(1. 4 .10) 

The eouation of the theory of absolute reaction rates can be 
used to express the temperature dependence of the rate constant. 

Since 

therefore 

-FOP In K = AG 

AG = SLT ASS  

A6P A4PT K = e 	e 

(1.4.11) 

(1.4.12) 

(1.4.13) 

where AS and AHD are the differences in entropy and enthalpy between 

the complex and the reactants. Then 

AS /R e 	1R-AH /T k = ( KT/h) e 	(1.4.14) 

Since, (from eq.(1.4.8)), AV is the property of a reaction that 

determines the behaviour of reaction rate with pressure it is important 

to define its sign, maanitude and behaviour. If AV is neaative, 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 AV aives a decrease in rate with increasing 
pressure. The magnitude of AV determines the amount of increase of 
k per unit of AP. 

For relatively law pressures AV can be assumed to be constant 
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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 AA 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 

In k = a + bP + cP2 
	

(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 

meaningful equation. On this respect Benson and Berson(34)  made an 

attempt by assuming that the Tait equation is applicable to the transi-

tion state as well as the reaction medium. 

p = V1 	-  [1 - Olog 1003/41 Mal] 	(1.4.16) 

Although this theory of Benson and Berson seems logical, lack 

of accurate kinetic data for non-polar reactions makes the application 

of an adequate test impossible thus the attempt to fit a 'Tait-like 

Curve' to the experimental points of k vs. P has been strongly criti-

cised by Hamann(35). 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 pclymerization mechanism given in section (1.2.2). 

But nevertheless the effect of pressure on propagation usually predo-

minates in the overall 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 coliplex is an inter-

mediate between reactants and products so the activation volume AV 

is negative and so the reaction rate increases with increased pressure. 
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In obtaining an expression for the overall effect of pressure one must 

consider the activation volumes of the various individual reactions 

which contribute to the overall rate, thus for an overall activation 

volume one gets (from eqs. (1.2,24) and (1.4.8)) 

AVol = AV I- \7 /2 -A/4/2  Pot 

and the overall change in reaction rate can be shown as 

(ln k) _ poi  
ap 

T PT 

(1.5.1) 

(1.5.2) 

In equation (1.5.1) &VI and AV.74t  are the activation volumes of initiator 

decomposition and termination. AV714  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. Fbr ANet  one 

expects a negative value since the transition state is more compact 

and an increase in pressure should increase the termination reaction. 

But it is found(40) that as the pressure increases kt for styrene de-

creases. The reason is that the viscosity of the reaction 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 ki  and kt  and an increase 

in k all favour the growth of the chain, the effect of 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 l  which is in turn dictated by the relative po 
magnitudes of the individual activation volumes with different signs. 

Generally AV 1  is negative and in the case of styrene (AV .= -13.5 

cm3/hole(43)"1'1d  AV= 11 cm3/Mole = 2AV ) it appears to 	around 

-16 cm3/mole. 

It is possible to calculate the degree of polymerization, app-

roximately, for high pressure polymerization from eauation (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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+hat. on 
is very close toA  kp  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 decompo-

sitions(37) 

k1 

	

(PhCOO)2 	2PhC00- 

k2 

	

2PhC00- 	CO2  + PhODOPh (1.5.3) 

k3 PhC00- + (PhC00)2 	PhC000h + CO2  + PhCCO. 

Nicholson and Norrish(41)  derive the consumption rate from the above 
merhanicm ac  

— d0 /dt = k1  + k3  (k2k2)1/2  03/2 
	

(1.5.4) 

where 0 is the concentration of Bz2 02' k1, being the rate constant 

of a unimplecular reaction of which activation volune is positive, 

is expected to decrease with increasing pressure. On the other hand 

k2 and k3 should increase with increasing pressure since
(38) the ac-

tivated conplex of a bimolecular reaction has a smaller molar volune 

than the reactants. Nicholson and Norrish found kl' the honolytic 

decomposition rate constant, to be increasing with pressure and k3(k//k2), 

the induced rate constant combination, as a whole to decrease with 

pressure -showing the effect of k3  to be more pronounced than (ki/k2)1/2  

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, uni-

molecular. Ewald(39)  striated the effect of pressure on this rate cons-

tant and, as shown in fig.(4), found it to decrease with increased 

pressure. Sone 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. Ferrett 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 exponentially 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 

1/2 

R = k (-L" I 
P kt  

(1.5.5) 

But in the limiting case of kt= 0 termination is mainly by reaction 

with initiator and the reaction is to the zeroth order of initiator 

concentration 

R = k — 
P kti 

(1.5.6) 

Their results show that this might be true since the order of the 

reaction drops from 0.5 to 0.4 until MOO 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 

DP - 	 
k +k C+k C fm ti fi 

(1.5.7) 

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

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



46 

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 In (st /kto)  to the depen- 

dence of this constant to the viscosity of the medium, since they 

showed that kt is inversely proportional to the viscosity of the me- 

dium under pressure. 

For the various rate constants of transfer reactions stu9ies 

were made on solution polymerizations. Walling and Pellon (43)  , 

Saldhuddin(44) and Maulik(45) showed that Csfs/kd  was practically 

insensitive to pressure, indicating that rate constant of transfer 

reaction to solvent was affected by pressure in the same order as k . 

But .0s results of Toohey and Weale
(118) 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.74t  with accuracy from their results 

for k and kt but they seem to be of similar maanitude and sign. 

Walling and Pellon who used a different technique obtained the value 

of -11.5 cal /Mole for AV. The calculation of AV by Kbbeko(46) from 

his high pressure polymerization data of styrene shows a decrease in 

this parameter indicating that AV 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 equilibrium 

polymerization, is discussed in section (2.4). 
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Fig.4 Pressure dependence of the dissociation rate 
constants of AZBN. 
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Fig.5 Pressure dependence of the individual rate 
constants of styrene polynerization. 



48 

o- 
0 	0 
0 

0 

3x106  

-2x106  

/ x106  

/.0 

O. 5 

/000 	2000 	3000 	,f4000 	5000 

to ks /cm2  

Fig.6 Pressure dependence of overall rate of polymerization 
and molecular weight of styrene polymerization. 
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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 component 

reactions which are somewhat greater in number than those in homopo- 

lymerization reactions. Leith and Neale(47) have studied the copoly-

merization of three systems under pressures up to 4000 bars. These 

systems were: 

styrene - methyl methacrylate 

styrene - diethyl fumarate 

methyl methacrylate maleic anhydride 

The pressure copolymerizations showed rate and molecular weight increases 

similar to those observed in horopolymerizations (Tables (II) to (IV)). 

The rate increase with pressure was exponential and the molecular weight 

innrna'qpri 11r to 30Cr) m-m 1,71- 

change in monomer reactivity ratios and this was attributed to the 

equal effect of pressure on individual propagation steps. The AN? 

was in the range of -18 to -25 cm3/Mole. The termination factor rwas 

also calculated and this exhibited, in the case of styrene-methyl meth-

acrylate, a higher positive change initially, especially for high styrene 
feeds, followed by a leveling off (Table (V)). 

Ogo and Imoto(48)4 studied the effect of pressure on son e less 

ideal systems, i.e., systems that are not explicable by the terminal 

unit model of copolyrrerization. They stvOied styrene-maleic anhydride 

with a penultimate model and showed that there is a tendency towards 

the terminal unit model under pressure (Table (VT), fig. (7) and (8)). 

They calculated 	for this system, and also reactivity ratios and 

AV74's for the styrene-fumaronitrile system according to a penpenultimate 

unit model (Table (VII), fig.(9)). The other systems they studied 

under pressure include: fumaronitrile with 1,1 - diphenyl ethylene, 

methyl acrylate, vinylphenyl ether, a-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. 
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Table II 

Polymerization of styrene and of methyl methacrylate at high pressures 

Styrene 

t=60°C, I =0.1 

P,atm 	Rate,%/h 	YW*106 

MMA 

t=40°C, I =0.1 

P,atm 	Rate,%/h 	n CHC13 

MA 

t=45°C, I =0.04 

P,atm 	Rate,%/h 

1 1.55 0.22 1 0.55 6.85 1 0.69 
1000 2.88 0.47 1000 0.99 12.2 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=60PC; I =0.1 

in systems A and B, and 0.05 in C; in toluene; P=atm; Rate=%/h; FA=A in pol.) 
0., 	. o 	1k A% Am . 	Et 	. 	,,,...., 

Rate 	FA 	fl 

-Initial %A = 19.0 

D. 	SL + DEF 

P 	Rate 	FA 	n 

Initial %A = 26.2 

C. lyEA-Hyial.An.in 50%mjle 
P 	Rate 	. ri sp benzene 

Initial %A = 15.0 

1 2.66 1.11 1 1.14 49.8 0.57 1 4.34 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 4.014 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 Initial %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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Table II (cont'd) 

P Rate FA 	P Rate FA  n• P Rate n sp 
Initial %A = 78.6 Initial %A. = 84.7 Initial %A = 34.6 

1 1.37 - 1.01 1 1.79 72.4 0.71 1 3.75 1.15 
1070 2.89 - 1.78 1000 4.24 - 1.14 1000 10.1 2.69 
1500 3.64 - 2.01 1500 6.13 72.1 1.49 1500 20.9 3.54 
2000 5.00 73.2 2.43 2000 9.71 - 1.62 2000 33.7 4.35 
2500 6.48 72.7 2.72 2500 16.3 70.1 1.81 2500 55.8 4.89 
3000 9.01 73.4 2.82 3000 24.1 - 2.06 3000 107.0 5.37 
3500 12.6 73.7 2.87 3500 42.3 70.0 2.14 3500 166.0 5.60 
4000 20.0 - 2.90 4000 71.1 - 2.13 4000 106.0 - 

Table IV 

Nbnomer reactivity ratios at high pressures 

131 ,m4-711 C4- I 71) -TART I •■•■ 	%/1. .111 

ra 	rb 

/T 1  

ra 

ra7rr, 
1-AWL' \LI/ 

rb ra 

(E) 

rb 

1 - - 0.35 0.03 2.10 0.00 
1000 0.53 0.47 - - - 

1500 0.50 0.48 0.26 0.01 - 
2000 0.53 0.45 - - 2.40 0.00 
2500 0.53 49.48 Yy 0.27 0.02 

3000 0.57 0.54 - - 

3500 0.59 0.50 0.30 0.02 

Table V 

Nbnomer reactivity ratios calculated from 

penultimate unit model. Styrene(1)-Mal_Anhyd.(2) 

P,atm 

1 1000 1500 2000 2500 3000 

St.mole% 	(1) 

100 105 112 

41 	42 	40 

13 	15 	16 

79 46 80 106 

48 29 39 48 

19 14 12 15 
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Table VI 

Monomer reactivity ratios calcu-

lated from penultimate unit =del 

Styrene(1)-Mal.Anhyd.(2) 

p(kg/C2) r1 	ri 	ri/ri  

1 0.023 0.065 
2000 0.022 0.055 
4000 0.023 0.042 

ri = k111/k112  

ri = k111/k212 

Table VII 

Monomer reactivity ratios rl, ri, 
ri and the effect of pressure. 

Styrene(1)-Ftm.Nit.(2) 

P(kg/c2) r1 	r1 	r" 

1 0.06 1.0 2.0 
2000 0.057 0.94 1.7 
3000 0.053 0.87 1.3 
4000 ' 0.05 0.8 1.0 

r k 1 111 1112 

ri= k211211 k211212 

ril=k21211/k21212 

2.8 

2.5 

1.7 
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Fig.7 Pressure dependence of the formation of 
triad fraction in St.-Mal.Anhyd. system. 
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1.7 Aims of the Present Study 

The general aim of the present sudy was to investigate the effect 

of. pressure on a copolymerization system which does not abide by the 

rules of classical copolyrerization 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 copolyrer, hence 

the choice of correct copolymerization mechanism. 

(3) Pressure dependence of rate of copolymerization. 

(4) Pressure dependence of molecular weight. 
It is also of considerable interest to investigate whether the 

theoretical treatments developed for such systems at ordinary pressure 

can be extended to give a satisfactory description of the pressure 

effects; and to relate these to existing data on the high pressure 

homopolynerization 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 general picture of this phenomenon. In the present case 

to study a copolymerization system which does not fit to the special 

classical theory would reveal more information about the general mecha-

nism of copolynerizatioA reaction. 
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II. RELEVANT ASPECTS OF THE EXPERIMENTAL SYSTEM 

2.1 Reason for Choice of the MvV - aNS System 

Fbr this research the system aMS - MMA was chosen because one 

of the monomers shows depropaaation in its honopolymerization at rela-

tively low temperatures and the system does not fit the simple 'ter-. 

urinal-unit' 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 no-

nomers and in horopolynerization; there am also data on the polymer -

monomer equilibrium for aNS at high pressureS. The system also exhibits 

a convenient rate of reaction and solution properties which are useful 

during the reaction and separation of polyrrers. Finally the aYS - MMA 

copolymers are very suitable for composition and microstructure analysis 

by MIL 

2.2 Relevant Data on the Polymerization of MMA 

Baysal and Tbbolsky(49) give the polymerization data on initiator 

concentration, Ppf  [n], and Pn for various initiators as shown in Table r 1 (VIII). From the same data R
P 
 vs. LInj12  is shown for the four ini- 

tiators in fig.(10). The experimental straight lines give 

Rp = a + BI[In] = BI  [In] (2.2.1)  

a is a constant and is the rate of thermal polymerization. In the range 

of initiator concentrations used a is negligible 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. B1  

values for the initiators used are given in Table (IX). 

Fbr the nonoradical initiated bulk polymerization with no chain 

transfer one has(49) 
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(similar to section (1.2.3)) which means in this case one should have 

a straight line for 1/Pn vs. R which is called the nonoradical line. 

The initiators which exihibit chain transfer should approach the mono-

radical line asymptotically at low concentrations of the initiator. 

From the sare data of Baysal and TObolsky 1/Pn vs. R is shown for 

the four initiators in fig.(11). AZBN and Bz202  give straight lines 

which show that they are ronoradicals. The slope of this line gives 

A = 0.826 (R in poles lt 1 sec 1) and the intercept gives Cm = 1*10
1-5 

In fig.(12) the data from Table (VIII) are plotted as 1/Pn  vs. 

[In]o and [Da]o vs. conversion hour -1  for AZBN. 

Arnett(50) shows by the constancy of R/c1/2  for the polymerization 

of DM at 50°C with AZBN concentrations ranging from 0.47*10 2 to 

21.06*1072  nole/lt that the initial rate of polyrerization is propor-

tional to the square root of initiator concentration. That would indi-

cate that the termination reaction is second order with respect to 

growing chains and the initiation is first order with respect to the 

initiator concentration. 

O'Brien and coworkers(51) determined R from polymerizations 

carried out at 60°C with AZBN at various concentrations -from 4.28*10
.4 

to 61.5*10 nole/lt as given in Table (X). They used the equation 

R = 2.49*1075 (da/dt) 	(2.2.3) 

to evaluate R in lt71 sec-1 and da/dt is the aravinetric rate conversion 

of %conv./hour. 

A plot of 
B 
 vs. (AZBN)1/2  gave a straight line passing through 

the origin. The slope of this line was 3.04*10 3 corresponding to 

Rp  = 3.04*10 3 (AZBN)1/2 	(2.2.4) 

The data of Baysal which gave the relation 

Rio  = 2.93*103  (AZBN)1/2 	(2.2.5) 

and of Bonsai_ et al.(52)  which gave the relation 

Rp  = 3.11*10-3 (AZBN)1/2 	(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 averacc degree of polymeri-

zation of poly-I samples using the eauation 

1/0.76 Pn = 222*10 

	

	(2.2.7) 3[ 1 C6H6 

of Schuele, Kinsinaer and Fox(53). Although this equation crave some-

what lower Tn values than those of Baysal and Tdbolsy 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. 

(A2BN)1/2 with a positive intercept 

1/pn= 2.97*10 3  (A2BN)1/2+ 0.7*1075 	(2.2.8) 

This is in good agreement with Baysal and Tbbolsky's relationship. 

Bonsall and coworkers' relationship 

1/Pn= 1.77*10 3 (AZBN)1/2+ 5.5*1075 	(2.2.9)  

may be due to limited investigation and insufficient results. But 

Arnett used Baxendale and coworkers' equation 

P = 2.81*103  [t1] 1.32 (20°C) 	(2.2.10) 
6 6 

to evaluate his data and obtained the eauation 

1/pn= 0.854*1073 (Aun4)1/2  + 3.8*10 5 . 	(2.2.11) 

2.3 Equilibrium Polymerization  

Like all chemical reactions polymerization-reactions 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 1,1-disUbstituted ethylenes the depolynerization 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 
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Table VIII 

Polymerization of MMA at 60 C 

Initia- 	In 	yield 	time 	R *105 
	

1/Pn  
for 	mole/lt 	wt% 	min mole/lt sec 	*105  

Bz202 	0.16 

0.09 
0.04 

0.0083 
0.002 

0.0004 
AZBN 	0.1427 

0.057 

0.0285 

0.0114 
0.0057 

0.00114 
Photo 

t-BHP 	0.0955 

0.0764 

0.0573 

0.0382 

0.0191 
CHP 	0.1395 

0.0558 

0.0279 
0.0112 
0.0056 

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 

3099 

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  

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 

8.29 
5.95 

5.25 

5.79 
5.04 

4.20 

3.13 
15.36 
11.31 

11.36 
6.55 

3.64 

0.874 
1.10 

1.47 
3.04 
5.02 

7.20 
0.651 

0.95 

1.28 

1.86 
7_c(1 

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 

6.49 

4.86 

3.38 
1.36 

0.72 

0.46 
9.39 

5.85 

3.99 

2.51 
1.7/ 

0.89 

1.04 

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 

Pate of polymerization of MNA. with AZBN at 60°C 

AZBN *1C 

mole lt-1 
da/dt 

%/hr 

R *105  

mole/lt sec 

R / AZBN 

*10

31/2  

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 

12-7 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 B for the bulk polymerization 

of /14A at 60°C 

Catalyst BI  

Bz202 4.00*10 6  

AZBN 8.59*10-6 

CHP 2.49*10 8 

t-BHP 4.06*10-9 



60 

Cup 

.1-81-1P 

0 0.I 0.2 0.3 04 0.5 

fro] v2  (mou-P 
Fig.1O Dependence of polymerization rate on 

various initiators' concentrations. 

x10 

10 

0 20 40 60 80 IGO 

Rp m:4 Z--̀5"9 x  106  

Fig.11 Dependence of molecular weight on rate 
of polymerizations obtained by various 
initiators. 



/ 	2 
x104̀  

3 

2 

61 

10 	 20 
(/, caw. 

Fig.12 Dependence of molecular weight and conversion on the initial 
A2BN concentrations. 



62 

the sane the change in AH gives rise to the activation energy of 

depropagation as seen from the equation 

Ep - Ed = AH10 	(2.3.1) 

for long chains. AH is usually negative and Ed  is much larger than 

E so although kd (rate constant for reverse reaction) is much smaller 

than kp,  when the temperature is increased kd  will increase faster 

than k and eventually reach the same value. At the point where kdp 
there is no polymer formation since it is decomposed as soon as it is 

formed. At all conditions the rononer 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 polyners formed below their ceiling 

temperatures can exit even above their ceiling terrperatures 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. In practice this 

is the case for at least one nononer, namely sulphur, which does not 

form its eightner 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 energy. The effect of this 

change on the reaction can be summarized like below(82) : 

K 	AGPAI role 1  

10 -23000 

10 	-5700 

1 	0 

16-1 	5700 

1074 23000  

Inference 

reaction almost complete 

'favourable' 

'central' 

'just feasible' 
II 	very 'unfavourable' 

Exactly the sane generalization can be made for the polymerization 

reaction. 



The Gibbs free energy of a system is defined by 

G = H -TS 

and hence its change can be given as- 

AG = iH - TAS 
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where AH and AS are the differences in enthalpy and entropy between 

the polymer and monomer as 

OH = Polymer monomer (2.3.4) 

The ceiling temperature has. already been defined as an equilibrium 

temperature so 

T= AHp  /ASp 	(2.3.5) c  

The enthalpy and entropy changes considered here are of each monomer 

unit and if the degree of polymerization is large enough they are 

identical with the heat and entropy changes of the polyRerization re-

action. As is shown later in this section, at equilibrium 

AS -p- R. In(Ap/Ad)+ R ln[Nd = AS°+ R In[14] 	(2.3.6) 

where ASo is the entropy change of the reaction at standard state, 

i.e., when concentration (activity) is unity. Therefore 

OH 

	

T-  	 (2.3.7) 
AS°p+ R ln[M]e 

From the above concept the generalization made in the beginning of 

the section can be understood rrore clearly and a better picture can 

be formed of the thermodynamic possibility of polymerization. If 

polymerization can be thought 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 T.  In the case of sulphur 

eH is positive but since in its monomeric state sulphur is crystalline, 

i.e., rrore ordered, polymerization is accompanied by a positive AS and 

the concept is reversed giving rise to a floor temperature instead of 

a ceiling temperature. 



KT4i2  
[Mj= LM]e 

(1 - K[M]e)2  
(2.3.10) 
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From statistical considerations the number average degree of 

polymerization for any equilibrium polymerization is given by(56,57,58) . 

1 
DP =  	(2.3.8) 

1 - K[M]e 

where K is the equilibrium constant and DAL is the equilibrium monomer 

concentration. In the case of D13>>1 the above equation gives 

K = 1/He 	(2.3.9) 

The relation between initial and equilibrium monomer concentration is 

given by 

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 concentration (also DP>>1) is given by 

Cmol 2 	
1/2 

DP= 	K - - 
K' 	K' 

If K' is assumed to be equal to K then 

DP = ([Nio]K)
1/2 

(2.3.11) 

(2.3.12) 

Equilibrium in vinyl polymerization has been treated by various 

researchers successfully with or without the above assumption. In the 

case of polymerization of methyl methacrylate Dainton and Ivin(56) and 

Bywater(57) treated the problem with the above assumption whereas 

Tobolsky(58) treated the problem as a two-constant case and from the 

measured DP of polymethyl methacrylate and equation (2.3.11) derived 

K'= 3*10 5 and K -=--" 3. 

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

tuting K = exp(AS°/R)exp-AHo/PT) and then setting dDP/dT = 0 one can 

obtain a maximum for DP(61), as long as K>:›K'. A maximum for the po-

lymerization of a-methyl styrene can be seen from the results of Kilroe(59) 

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(61) that 
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if AH°'>=>AH°  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 reverse reactions to be equal in rate 

at the equilibrium, 

kd[R.] [M] = kd[R-] 	(2.3.13) 

or in the Arrhenius form, 

Aloexp(-Ep/PV[II] = Ad  exp(-Ed/PTc) 	(2.3.14) 

and then solving for Tc  

Tc -  P  d 	(2.3.15) 
R In(Ap[M]/Ad) R In(Ap[M]/Ad) 

E - E 	AH 

A = (.72-01) exp( ST1)- 
	

(2.3.16) 

AS°  = A?L-. d  AS = -R In(Ad/Ap) 
	

(2.3.17) p 

Tc = 	
AH
P 	(2.3.18) 

AS°  + R In [M] 

Fbr the molecular weight distribution of polymers formed in equi-

librium polymerization Eisenberg and TObolsky(62) and Schulz and Flory(63) 

obtained similar results 

Nx/N = nx  = (K[M]e) 	(1-K[M]e) 
	

(2.3.19) 

where nx is the ratio of number of polymer molecules with x units to 

total  number of polymer molecules. Also 

. 110n  = 1/(1K[M]e) 	(2.3.20) 

DPw  = (1+ K [M] e) / (1-K [M]e) 
	

(2.3.21) 

and the polydispersity 

DPII/DPn  = 1+ K[M]e  = 2 - 1 
	

2 	(2.3.22) 

since 

Therefore 
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2.4 Previous Studies on the Polyrrerization of aNS at Normal and 

High Pressures  

a-methyl styrene has been investigated 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 

pressure with various initiators and by a variety of mechanisms. 

MCCormick(64) and 1,7orsfold and Bywater(65) studied the system of a-methyl 

styrene — poly-a-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 Tbbolsky, ReMbaum 

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 OH and AS from 

the experimental results of various researchers are given below 

-AHss 
(kcal/mole) 

-ASss 
(eu) 

Ref. 

6.96 24.8 (64)  

8.02 28.75 (65)  

7.47 26.5 (76) 

8.50 i!,, 30.6 (83) 

From the experimental data McCormick established the ceiling temperature 

for a-rrethyl styrene to be 61°C. 

Other researchers to study the polymerization ofa-methyl styrene 

at normal pressures were Okamura et al.(119)  using the borontrifluoride 

— diethyl ether complex at -78oC; Brown and Mathieson(86) using tri-

chloroacetic acid in ethylene dichloride at 20oC; and Lowry(87), 

the first researcher to claim the homopolymerization of a-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)

, 
(a)) Kilroe and Weale(59), Elroy and Neale(85), Mitani et al. 	, and Stein 
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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 passing a maximu, it is less favoured by pressure compared 

with propaclation reaction, thus leading to an increase in the ceiling 

temperature. They found a linear increase in the ceiling temperature 

with pressure having a zero pressure intercept of 60°C. By the app-

lication of the Clausius-Clapeyron equation 

dT c T cAV  

dP 	AH 

and using the value ofilH = -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 

ln K 	AV 

was found to be 

V = - 14.7 cm13/mole 

These researchers also show that although the conversion to solid 

polymer is decreased after the observed maximum there is a considerable 
and increasing amount of dinar formed even after the maximum. The 

formation of this dimerwith uncertain structure was explained to be 

via an allyl transfer between two monomers. This did not cast doubt 

on the retardation effect of the depropagation reaction or on the 

ceiling temperature concept. Kilroe and Weale found that the depen-

dence of this reaction rate on the initiator concentration is similar 

to styrene polymerization(59) 

Nitani and his coworkers, in their high pressure polymerization 

studies of a.-methyl styrene in THE at temperatures of 509, 60°, 709  
and 80°C, 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/cm2) AH(kcal/kole) 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 () 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 

temperature. Although Mitani and coworkers' results cover a range 

of initial monomer concentrations the present research is concerned 

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 better view of the decrease of DP on temperature 

can be obtained (fig.(13)). Although these values do not produce a 

maximum like the one obtained by Kilroe and Weale at 4860 atm. for 

bulk polymerization, the pattern of curves may suggest the possibility 

of a maximum somewhere at a lower pressure. 
. Tbbolsky and Eisenberg(62) applied equation(2.3.8) and an equation 

for the change of degree of polymerization with temperature 

dP 	AH°//qT2  

dT K [In] (2 - 	[In] ) 1/21 
	(2.4.1) 

to a-methyl styrene polymerization. In their study they used the data 

of Worsfold and Bywater(65) 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 equation (2.4.1) does not apply to 
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radical initiated polymerization of Kilroe and Weale (Bz202) an 

Mitani et al. (AZBN). 

Stein and his coworkers extended the study of equilibrium 

nomer concentration from 1 atm. to 5000 atu measuring it at 500 atm. 

intervals. Using AH and AS values of McCormick as well they deter-

mined ceiling temperatures for polymerizations at 0 to 5000. atu, with 

initial concentrations varying from 0.01 to 7 mole/lt. Their results 

are given in fig. (14). 

2.5 Copolymerization of aMS with Acrylic YDnomers  

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

Q = 0.98 , e = -1.27 

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

values of methyl rrethacryiate in equation (1.3.24) give (1=NMA, 2=oNS) 

r1  = 0.41 

r2 = 0.16 

Walling and coworkers aive values of r/  and r2  for a-rrethyl styrene 

and methyl methacrylate copolymerization at 60C (for the terminal 

unit model) as: 

rl  =0.50 ± 0.03 

r2  = 0.14 ± 0.01 

By the same researchers the relative reactivity of a-methyl styrene 

with methacrylate radical compared with styrene was given as 0.97 ± 0.06. 

The monomer reactivity ratio product is 

r1r2 = 0.07 ± 0.007 

Ham(  ) studied the copolymerization of a -nethyl styrene and 

applied his expanded copolymerization theory and equation (see section 

(4.1)) to find a set of reactivity ratios which take account of the 

penultimate effect. This was suggested by the fact that a -nethyl 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 sequence. The reacti-

vity ratios of a-nethyl styrene and acrylonitrile obtained by Ham from 

the classical terminal unit model are (1=aNS) 

r1  = 0.1 ±0.02 

r2 = 0.06 F0.02 

but from the penultimate unit model he obtained 

r1 = 0.0 

r1' = 0.04 

r1" = 0.13 

These show the considerable difference between the values r1' and ri" 

the mean of which should give r1  of the terminal model. 

Wittmer(98) obtained classical reactivity ratio values for a-methyl 

styrene and methyl rrethacrylate copolymerization as (1=aMS) 

r1  = 0.30 

r2 - 0.55 

at 60°C. From more complex models of copolymerization at 60°C Wittrrer 

obtains 

model (1) r1  = 0.60 

r2 = 0.55 

model (2) r1  = 0.35 

2 = 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 MYA-aYS obtained values of the reactivity 

ratios as (2=aI'S) 

r1 = 0.45 0.08 

r2  =0.16 $0.05 

Finally O'Driscoll(81)  obtained the values of (2=0S) 

r = 0.40 

r2 = 0.15 

for the MMA-aRS copolymerization at 60°C, by the Finemann-Ross plot 

(terminal unit model). 
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The complete set of previous data for a-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 

a-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 114o and 147o-  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 high pressure 

copolymerization of aNS is by Asai(36) . He produced three sets of 

reactivity ratios for the system YNA7aNS at different pressures and 

60°C, which are given below (2=aMS). 

11(kg/Crri)  ri 	r  

1 0.50 0.14 

100 0.57 0.16 

1000 0.73 0.20 
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III. EXPERIVENTAL 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 as 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 line was not, and also had a vent of its 

own. The two openings of this section were one B19 socket and one 

B19 cone. The main section had three openings of B10 socket and one 

opening of B19 cone. The B10 sockets were mainly to attach the B10 

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 gauge which allowed accurate pressure 
-5 

	rea- 
dings down to 10 Corr 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), asi■ eparate 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 B10 sockets and individual taps attached in a circular arrange-

ment on to a glass chamber with a B19 cone on top. Fbr a batch of 

not more than three ampoules the B10 socket on the larger 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 turn would mean more space and 

less efficiency of molecular distillation. 

The taps in the vacuum line were entirely of Quickfit PTFE taps 

which needed no greasing. 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 pump was an Edward ES-50 single stage pump 

and the mercury pump was an Edward EM1 water cooled, electrically 

heated mercury diffusion pump. The rotary pump would evacuate the 

line down to 10 2 torrs by itself, and then the mercury diffusion pump, 

working with the rotary pump would decrease the pressure down to 1075 

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 class 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 B10 cones were used. At the joint of the ampoule to its 

shank no constriction arks 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 =ON®  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 pressure and normal pressure ampoules was that 

the high pressure ampoules contained a 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 placedin 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 compound-cylinder high pressure vessel made from Vibrac steele. 

Its dimensions were: 

overall length: 400 ran 

external diameter: 153 mm 

bore: 31 mm 

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 0 reaction space was available. 
The vessel formed the upper part of a differential-piston inten-

sifier. Paraffin was pumped 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 ran diameter, obturated with a hard rubber Poulter packing, which 

moved in the lower part of the pressure vessel. This arrangement gave 
sik a pressure intensification 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 0-ring. The screw plug and the piston 

were greased with 

The pressure vessel was surrounded by a heater element block 

which was controlled by a Gallenkarrp 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 minimum tenperatur 
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fluctuations and overshoots. The heat input was therefore controlled 

by a power controller and the optimtm 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 20 mul thick jute heat 

insulator wherever possible. When the temperature outside the vessel, 

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 temr 

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 enough paraffin in the paraffin container. 

Then, after closing the valves 01 and (K) paraffin was pumped by a 

manual pump into the high pressure section through a 9 mm o. d., 3 mm 

i.d. stainless steel tube, as a pre-pressurization. Since it was po-

ssible to pump easily up4,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 equalize the thrust, the two pistons would move upward. 

It was important to ensure that the pistons were initially slightly 

above their lowest position, to avoid a jerky movement which Could-

strain the gauge. Once the pressures in the two sections were equal 

valve (J) was closed and by .further pumping the reaction vessel was 

brought up to the desired pressure level. 
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Fig.20 Pressure calibration curve for the low and high pressure sides of the high pressure vessel. 
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3.2 Purification of Materials 

a) AZBN : Azo-bis-isobutyronitrile was obtained from Kodak 

Chemicals ltd. and purified(89) 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 funnel and washed with petroleum ether. Puri-

fied AZBN was dried at room temperature 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 qutniline as polymerization inhibitor. The monomer was freed 

from its inhibitor by fractionation through a 50 cnOligreaux column 

at slightly reduced pressure. The boiling point of NMA is 100°C (NP). 
The middle 70% fraction boiling at 78°C at reduced pressure was taken 

as pure monomer. Since water has the sane boiling point as that of 

MM it cannot be removed by distillation, so the monomer, before dis-

tillation, was left overnight over CaR2. Distilled MBA was kept over 

diphenylpicryihydrazyl (DPPH) at -30°C in the dark until needed. Further 

purification of NIYA was obtained by molecular distillation into the 

ampoules. 

c) arS : a-methyl styrene, obtained from Kodak Chemicals Ltd. 

contained 100 ppm quinoline as polymerization inhibitor. Owing to 

its high boiling point of 16eC it was necessary to use reduced-pressure 

fractionation. Dor the fractionation a 50 cm Vigreaux column was used 

with asbestos rope wound around the still and the column for thermal 

insulation. The middle 70% fraction boiling at 94°C under 60 mmHg 

pressure was taken as pure monomer. Prior to distillation the monomer 

was kept over CaH2  overnight to remove water. The distilled monomer 

was kept at -30°C, in the dark. The monomer was used shortly after 

distillation, or otherwise redistilled, since it tends to oxidise 

slowly to acetophenone and formaldehyde even at low temperatures. 

For both distillations, to prevent contamination, PTFE sleeves 

were used for the glass joints, instead of crease. 
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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 anp-

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 

pump 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 aNS were placed into the ampoules by a pipette prior to 

the vacuum manipulation because the high boiling point of aMS did not 

allow molecular distillation. 

Fbr the rolecular distillation of NF 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 B10 cone and a quickfit P1TE tap to its 

mouth-piece (fig.(17b))i'!, 

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 (i) freezing in liquid 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 NSA to crack 

the glass unless fast and horogeneouS warming was ensured. 

MFAwas transfered into the measuring cylinder and then into the 

ampoules in the same manner, but without any need for pre-degassing of 

MMA. The AZBN-aMS 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 Copolyrer Isolation  

Copolymers for this research were prepared by bulk polyrerization 

initiated with MEN. 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 peroxide 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 tine in the conditions 

employed. Assuming that the introduction of «MS as a coronomer into 

the AZT8N-MMA 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 A= would give a 

satisfactory rate of polymerization and molecular weight. Since it 

was best, for the comparison of the copolymers, to use the sane 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 composition ranges. For example, 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 % aMS in the 

feed, may not give a satisfactory rate and molecular weight at the 

other, i.e., at 5000 bar pressure and with 10 male % aNS 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 enough for various 

analytical prucedures and also 5% conversion is considered to be the 

optimum conversion for copolymerization (due to composition drift), 

5 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 ampoules (fig.(17)) and it reduced the time and the manual 

work on the high pressure by a factor of three. 

At the selected concentration and volume 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 aMS. The AZBN-aNS solution was prepared just before the va-

cuum manipulations with freshly distilled aNS at a concentration of 

0.2 mg/it 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 ampoules were first weighed, then 0.5 ml of the initiator 

solution was inserted into each (apart awl the cases where less «MS 

was needed and more concentrated solution was prepared). Then enough 

MS was added into each ampoule to bring the total aNS content to the 

desired approximate aMS mole fraction. The ampoules were then weighed 

again to obtain the exact weight of aMS and attached to the vacuum line 

for the following NM distillatiOn, degassing and sealing-off. The 

sealed ampoules were again weighed with their parts to obtain the exact 

amount of IW introduced. 

The ampoules were kept in the deep freeze at -30°C until 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 AWN (as mentioned in section (1.2.1)) at -30°C is negligible 

and at 20°C is very small. Fbr the copolymerization the break seals 

of the ampoules were broken in mercury under a nitrocen 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 ampoules 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 volume of 100 ml with the solvent mixture and added 

dropnise into 400 ml of petroleum ether for precipitation. The preci 

pitate was filtered on a constant weight sintered glass filter (grade 4) 

and dried overnight in vacuo. When necessary i-he pl-ecipitates were 

redissolved in chloroform and reprecipitated in petroleum ether for 

higher purity. 

3.5 Analysis of Copolymers 

3.5.1 Nuclear Magnetic Resonance 

Isotopes of certain nuclei, apart 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-

netic moment, p. This kind of nucleus, especiallyAits size is small 

(e.g. a proton), can be likened to a very small magnet. The only diff-

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 

Lanor precession is vo  and given by 



hvo = 
pHo 

(3.5.1) 
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where H0 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 magnetic field. But if another magnetic field, perpendi-

cular to Ho, is applied and rotated with the same frequency v0, the 

spin axis can be made to flip over. This second magnetic field, Hi, 

though not indicated in fig.(21a), can be much smaller than H. 

If H1 is rotated at exactly the same frequency as the precession 

of p, then vo, the magnetic moment, will experience large oscillations 

between its previous angle with Ho  and the direction of Ho  in a reso-

nating fashion. 

In practice the equipment used to detect and measure the fre- 
mvn ...an. 14. W. J.•.• 	 ...... VA. ...I. • 	 vats-. 

0 

a large magnet of 10 to 50 kilogauss of strength, 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 Lanncr 

precession frequencies for protons of 60, 100 and 200 Mc/sec ; as can be 

found from equation (3.5.1). 

The radio-frequency transmitter develops an oscillating magnetic 

field (through the coil '(a) of fig.(22)) perpendicular to the field Ho  

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 opposite in direction. When one of 

the components serves as Hi  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 vo  constant. When, c.f. equation (3.5.1), Ho  comes to the re- 

sonance value p flips over onto H0  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 vo there is 

an energy absorption by resonance which again is detected as a peak. 

Although all nuclei of the sarre 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 particular 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 order to achieve resonance with post 

-screen local magnetic field, 

H1oc = Ho (1  - a) 
	

(3.5.2) 

where a is the screening constant: the thickness of the electron cloud 

which screens the proton. Then equation (3.5.1) becomes 

hvo = pH.0 (1 - a)/ I 	(3.5.3) 

The analysis of the electron cloud around the proton is the basis 

of the MR method. This,shielding is not much, only about 800 cps. va-
riation of vo in a 14,100 Gauss field, but is enough to give valuable 

information to the analytical chemist. The variations in local electLun 

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 structure may show shielding and others de-shiel-

ding. An example 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 notions of the valence bonds 

and thus a splitting of the peaks of the protons in question 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 minim' relative change in Ho  or less commonly in vo. 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 10.00 T is assigned. 

The rest of the peaks are expressed in i units. Sometimes a 6 scale 

may be used which simply is 6=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). 

3.5.2 Copolymer Composition from NMR Spectra 

The spectra of methyl methacrylate and a-methyl styrene monomers 

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 protons 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 T. When polymerized the ethylene protons become methyne 

protons 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 MMA give their peak at 8.1 1). 

The spectra of copolyners of aNS and MMA with varying composition 

are shown in figures (25a) to (251). The basic difference of these 

spectra from a hypothetical spectra of mixtures of honopolyners would 

be (on a 60 MHz spectoneter) 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 con-position of a copolymer sample 

with its NMR spectrum given, one only needs to compare the various 

peaks of individual hcnopolymers. Tb 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 number of protons in ques-

tion, derived from the amount of that particular proton in the monomer. 

FOr the copolymer of aMS-NMA the ratio of 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 aNS in the copolymer, 

3(benzene peak area)  F - 
aNS 3(benzene peak area)+5(nethoxy peak area) 

since phenyl group contains five protons whereas methoxy group contains 

three. 

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 mfr of a solution of the copolymer in CHC13. This was emp-

loyed by Izu and 01Driscoll(81) 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 the individual peaks. The crudest method 
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involves guesswork, which is far from being reliable. The most recent 

developnent in the resolution of such groups of curves is the 'Dupont 

Peak Resolver'. This equipment takes various statistical distributions 

and adds up a certain number 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 adjusted 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 

cumulatively. 

To achieve a true resolution the exact number of peaks in a peak 

cluster and their 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 using the Carlo-Erba 'Elemental Ana-

lyser Mbd.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 analyses 0 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 Rain diffe- 

rence between the various copolymers. 	The elemental 

two monomer units were, 

methyl methacrylate 	element 

composition of the 

weight% mole% 

H 	CH 
I 	3  C 33.33 60.00 

— C — C — 
I 	I H 53.33 8.00  
H 	C = 0 0 13.33 32.00 

0 — CH 3 
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a-methyl styrene 

H 	
I
CH3  

—C—C- 
I 	0 

element 

C 

H 

0 

mole% 

47.37 

52.63 

0.00 

weight% 

91.53 

8.47 

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 0 content 

is always larger makes it more accurate. 

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

wo =W w 	+W w 	(3.5.4) Ws o,s 	m o,m 
where 	 m w ,s 	o and w are the oxygen contents in weight fraction in aMS o  
and MMA units respectively and Ws  and Wm  are the weight fractions of 

the monomer units in the copolymer sample. Since 

W = 1 - W m 	s 
then 

w = 	o w  ,s  + (1-Ws  w „m  ) 	= (1 Ws) wo, m. 	(3.5.5) o o  

Hence Ws can be calculated from the oxygen analysis data. For the mole 

fraction of aMS in the polymer sample 

Fs = 1 	 (3.5.6) 

til 

	X/(100Fs+ 118(1-Fs)) 

Xwo/32 

where X is the weight of the sample and 100 and 118 are the molecular 

weights of FAA and aMS respectively. Pearrenging equation (3.5.6) 

1.18 wb 

32 + 0.18 wb 

wb can be obtained directly from the peak height and the weight of each 

sample. 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: 

	

w/w % 	w/w % 

C 
	

51.79 	N 	20.14 

H 
	

5.07 	0 	23.00 

Fs = 1 (3.5.7) 



then for wo Ko(peak height of sample) 
wo  - 

X 
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From the oxygen peak height of the standard a factor is calcu- . 

lated. 

K - 23.0(weight of standard)  
o 	(standard peak height) 

The elemental analyser Mbd.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). Samr 

ples (including standards) are weighed into silver-foil containers usu-

ally approximately in one milligram lots on a minor-balance accurate 

to the microgram. 

The sample to be analysed is dropped from the sample disk auto-

ratically 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 CH4  and H2  

which are carried away by a constant stream of He. The gases are then 

sent to a chromatographic column where CO and N2  are separated. Each 

component is detected by thermal conductivity at its corresponding re-

tention time below 

component 	retention tine 

• H2 	2 min 15 sec 

N2 	3 min 

CO 	6 min 

Tb 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 samples as Ko  

no. of standard K no. of standard Ko 
1 0.1404 4 0.1446 

2 0.1374 5 0.1393 

3 0.1460 6 0.1381 
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which gave a= 0.3358*1072. 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 a= 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- 
---. 	 -1 r 	-.4- 4 i t:,a.u.vLLICLvyLCAj U 	LA. L. uac .L k..1-1-1,  5=1 	 INA 	 .1-.7 Li 	al \A-4 a W.. C..-  

laboratories of the Rubber and Plastic Research Association of Great 

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

Column:  

Set B: 	4 columns 

(i) 700 - 2000 A 

(ii) 1.5*104 - 5*104 A 

(iii) 7*105 - 5*104 A 

(iv) 5*106 - 107 A 

Flow rate: 	1 ml/Min. 

Solvent: 	Tetrahydrofuran plus 0.1% 2-6,di-tert-butyl-p-cresol as 

inhibitor. 

Temperature: Ambient. 

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 chromatogram of one copolymer is shown in fig.(23). 

Fbr 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 runs to approximately 1% or better. 

For comparison of nonduplicate samples accuracy is usually quoted to 

be 8-10% for 17, 3-5% for M and 5-30% for M
z'" 
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Fig.23 A typical GPC chromatogram of a MMA-aMS 
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IV. FURTHER ASPECTS OF COPOLYMERIZATION 

4.1 Expansion of Copolymerization Theory 

For the derivation of the original copolymerization eotation of 

Mayo and Lewis only four possible propagation steps were taken into 

account, with the implicit assumption that only the terminal.unit of 

an active radical and the monomer itself decide the course of the re-

action. Later Nerz, Alfrey and Goldfinger(90) 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 account,i.e., 

-AA• 	+ 	A 
± 	7 

-AA• 	+ 	B 
-BA• 	+ 	B 
-AB• 	+ 	A 

-BB• 	+ 	A 
-AB• 	+ 	B 
-BB• 	+ 	B 

and yielded the equation 

A 
1 + 

-AAA- 
.-1:171,71• 

-AAB-
-BAB. 
-ABA• 
-BBA• 

-ABB• 

-BBB- 

(4.1.1) 

(4.1.2) 

--). 

(a1B+A 

a 	a1B a2B+A) 

b. 	R1B 
1 + 

p2B+n 

113-F,A) 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 P. are the reactivity ratios given by individual propagation rate 

constants as 
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kadb kbab 
a
l 	a = P kaaa 	2 kbaa  

p 	 p 

kabb kbbb 
_ 
kaba 	2 kbba 
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 i8 

n - 
(or X) 

(1 + r1x 
1 + r'1x 	 

1 + rix  
(4.1.3) 

(1 + r2/x\ 
1 + (q/X) 	 

‘71. A- r7x4/  2 

where x=A/8 (of the previous equation), r1=1/61, ri=1/a2, r2=O1  and 

8 r12  =J 2' 
A detailed study of the styrene-fomaronitrile system by Ham and 

Fbrdyce(91) showed evidence of a repulsion between a styrene-ended 

chain radical with a high fumaronitrile content and the fumaronitrile 

monomer. 'lb this system
4k  
 the original Mayo-Lewis equation did not apply 

but instead it was possible for Barb(92) to interpret the data by the 

penultimate-unit equation. For this he used a simplified version of 

the equation in which, by assuming r2=r?0, 

(1 + tin 
n = 1 + r'x  	(4.1.4) 

1 + r x) 1 

Ham(93) studied thepublished 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 unit). 

The deviation of the composition data from the terminal unit model 

is similar in shape to the styrene-fumaronitrile system, but much less. 



n - 

1 + r1' x 
r 1  x 

(1 +rix 

1 + ' 
(4.1.5) 
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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/r1=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 pronounced. The ratio 
ri/ri  becomes ill-conditioned with systems of large r2  (in the terminal 
unit model) and the difference between r1  and ri cannot be justified 
in these systems. The values of r1  and ri calculated in this way were 
tested by applying them, plus published r2  values for the penultimate 
unit model, to a penultimate unit model equation of the type for which 
r =r" 2 2' 

1 + r2/x 

acid. The a-methyl styrene and acrylonitrile system was also sturlied 
and a ratio of r'1/r1=1.69 was obtained which is not much different 
from that for styrene and acrylonitrile (ri/r1=1.5). 

The 'penultimate unit effect' equation of Msrz et al. was derived 
from the kinetic treatment of copolymerization reactions. It is Ob-
vious from the fumaronitrile copolymerization that there is a possible 
need for the consideration of more remote monomer units in the chain. 
The derivation of equations,which take into account the penpenultimate 
or more remote units,from kinetic considerations is extremely coliulex. 
Tb achieve this formidable task researchers tackled the problem diffe-
rently. Two basic lines of approach were (1)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. 

The interpretation of the data by this equation were reported to be 
much better than the terminal unit model equation. 

The same treatment was applied by Ham(93) to check on the influ-
ence of possible steric hindrances but he failed to obtain a difference 
between r1 and r' The system stnriied was vinyl acetate and crotonic 

(80) 
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The first was pioneered by Ham(78), and by Coleman and FOx(96), where-

as the second was pioneered independently by Lamy (97) and by Wittmer(98) 

using kinetic considerations. The most recent development in this ge-

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

equation 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 = n-2 P n PbaaP  aaa adb 	for n>1 

= Pbaa P
n
aaa 
-2 (1-Paaa) 

 

(4.1.6) 

N = 1-P 	= P 1-Ph 	bab for n=1 

 

where again Pbaa  is the probability of a sequence of 'ba' adding 'a'. 

For a number average sequence length of 'a' 

W  = P 	-I- 2PbaaPaab 	P 	(4.1.7) a MD 	3Pbaa aaaPaab 

which gives 

Plopaa PbaaP aab  W = 1 	>  nPn  a 	 aaa 2 n 1 Paaa Paaa 

and for 'b' sequences 

(4.1.8) 

Wb = , 
	ebb + 

p
abbbaa 

bbb 	Pblob 

   

 

nPbbb (4.1.9) 

  

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

Wa = 1 (Pbaa/Paab)  

Wb = 1 	(Pabb/Pbba) 

	(4.1.10) 

SO 

W 	a 1 + 	/P ) a 	baa aab  

Wb  b 1 + (Pabb/Pbba) 

(4.1.11) 



Phbaa 
Pbaa - Pbbaa + Pabab  

(4.1.14) 
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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., 

k.baa  [BA.] [A] 

	

= ri1x / (r'1x + 1) 	(4.1.12a) 

	

Paaa = rlx / (rix + 1) 	(4.1.12b) 

abb = (q/x) / (ryx + 1) 	(4.1.12c) 

P bba = 1 / (r2/x + 1) 	(4.1.12d) 

When these probabilities are substituted into equation (4.1.11), equr 

ation (4.1.3) for the penultimate unit effect is obtained. From 

equations (1.3.46) and (4.1.11) it can be deduced that 

Pbaa kbaa[BA] [A] + 	[BA-] [B] 

'aab  

Paab + Pbaa 

ba 

as 

Phha  
P + P bba abb 

Pbaa 

P + Pbaa baa 

Pabb  Pbb  
P + P hba abb 

(4.1.13) 

which is called the 'Progression of Probabilities'; and likewise it 

is possible to determine the higher probabilities 

etc. 

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

r1 	1 = r' (r11 x + 1) / (r'x + 1) 
	

(4.1.15a) 

r2 = r' 2 (r2/x + 1) / (rVx + 1) (4.1.15b) 

The equation for the model which takes account of the influence 

of the7enultimate unit is derived by the use of equations (4.1.6) 

and (4.1.14) which yield 

P  	P 	
n-2 	

P N - ) ( 1 
 

	

bbaa 	( 	baaa 	baaa  
n P 	+ P 	1:3 	P 	+ P bbaa abab baaa + Paaab 	baaa 	aaab 

(4.1.16) 
abab 

Pbbaa + abab 

for 'a' sequences and a similar relationship for 'b' sequences. Fi-

nally the equation is obtained as 

(1 + rlx 
1 + r'1x 	 

1 + rix  

1 	rI
2

I (1 rilx )1 
[1 + 

r1'x 	x 1 + r"'xil  1  1 + 
r2' t.'" + x  r1 

Ill (1 	ri' 	1 

x r" + x r" r" 1 + r'" 2 	2 	1 	1 	(4.1.17) 

1 + 

1 + 
(r2  x\ 

x2 + 

1 + 

1 	1 + /Tx 	rill 	X 
r"'x + 	

2 

r"x 1 + 
1 	

ri 	X  
1 

2 
II 	rIf 	x .1 

1 	(q" + xyl 
[r"' + 	 2 	

1 
I, r2" + 

Using this equation Ham(8°,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-fumaronitrile 

n - 
+ 
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follows 

[riTx (rix + 1) / (ri'x + 1)] (r1 	x + 1) n - 1 - 

	

	 (4.1.18) 
[ri'x (rix + 1) / (ri"x + 1)] + 1 

with r1  = 0.8, rl1= 0.3 and r1"= 4.0. The system a -rethyl styrene 
-acrylonitrile follows 

1 + [ri'x (2rix + 1) / (rit x + 1) (rix + 1)] 
n - 	 (4.1.19) 

1 + 0:2/4 

with ri= 0, ri= 0.04, ri'= 0.13 and r2= 0.06, and the system a-methyl 
styrene-fumaronitrile obeys 

n - 1 - 

(rix (rix + 1) 
[ri"x (ritx + 1) / (ri"x + 1)] 	 + 1 

r'1  + 1 

 

[ri"x (ri'x + 1) / (ri"x + 1)] +1 

(4,1,217) 

The same set of equations, i.e., composition equations which 

take into account the influence of the terminal unit, plus some finite 

number of units further back in the chain, was obtained by Price(100) 

with the use of transition probabilities of Markoffian statistics; 

and then by Yamashita et al.(101)  by treating the problem with the 

statistical proposition s made by Coleman and Fbx(96a).  Both means 
4v 

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): 

(i) P11{X1X2--.X11.} which is the probability of finding a parti-

cular copolymer sequence (a diastereosequence in case of a stereo ho-

mopolyner) of type X/X2.—Xt:1  among all sequences with length n, where 

X.1  can either be monomer A or monomer B. 

(ii) P 
xi X2 	xn 'c

n+1 which is the conditional probability 
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of a particular monomer Xma  adding to a given chain of a particular 
sequence X1X2---Xii  

Using these definitions one can intuitively say that, 

or 
	P {A} + P1{13} = 1 

P2  {AB} + P2{AP} = P {A} 

P{BA) + P2{BB} = P1  {B} 

combining these equations 

P{AA} + P{AB} + P{BA} + P{BB} = 1 

In general 

(4.1.21) 

(4.1.22a) 

(4.1.22b) 

(4.1.23) 

Pn+1{X1X2—XnA} pn+1{X1X2—X0}  

= PnIX1X2—X111  

= Pn+1{AX1X2 	+ Pn4.1{BX1X2---Xil} (4.1.24) 

or mare generally 

Pr I q{  Xq+1Xq+2 • Xn I XiX2  • • Xci}*Pci{X,X2  • - • q
}  

= PnIX1X2—Yh/ 	q + r = n (4.1.25) 

which means the probability of finding a particular sequence XIX2---Xa  
is the conditional probability of finding a sequence Xci+1X014.2--- n  
given a presequence X1X2---Xci  times the probability of finding the 
sequence X1X2---Xci. TAmagnitude of q defines the kind of distribu-

tion of probability. If cl-N, where N is a finite number, the proba-

bility distribution is Markoffian and 

- Pn I N{Xf+N+1Xf+N+2 • Xfi,N+n I X 	- • fXf+1 Xf+N}  

= PnIN+mIXEIN+1Xf+N+2 ...Xf+N+niXf-mf-m+1—XfXf+1.—Xf+N)  

f>m 	(4.1.26) 

If N=1 the probability is simple Markoffian and in copolymerization 

terms it means the only influence on the next addition comes from ter-

minal unit. If N=0 then the probability distribution is Bernouillian 
and 

P 1 {X X —X 	X X2---Xm} nim 	m+2 min 1 

= P {X X .--X n m+1 m+2 	min}  
(4.1.27) 
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It is also assumed that 

and for n=1 

Pil teRal = Pn+1{BAM. n 

P1  {AB} = P1  {BA} 

(4.1.28) 

(4.1.29) 

(by equation (4.1.22a) and also P2{6A} + P2{Pl} = 	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 Pil l-NIX}). 

n * PqfX1X2—Xq/  xlx2—xelq+1.—  

= Pn{X1X2...X4A+1...c 	(4.1.30) 

and only single additions are considered 

Pn41{X1X2 ...XhX11+1}  = Pn{X1X2."X 
}
P n 

Px1x2 —xnxn+1 = Pni1{X1X2—  Xnri+11/PrifX1X2—X
..nl} 

(4.1.31) Palo  = P2  

Equation (4.1.30) can be put in a more general form 

P3{MB} = P{AA}P = P1  {A}P aa  P ab 	ab 

Equations (4.1.29) and .4,.1.31) yield 

Pl{A}Pab = P1{B}ipha 

and hence 

Al Pba Pl{  

P 1131 	P ab 
Since 

Pab = 1 / (1 + rAx) 

Pba = 1 / (1 + r /X) 

(4.1.32) 

(4.1.33) 

(4.1.34) 

(1.3.34) 

(1.3.35) 

the Mayo-Lewis 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 equations (4.1.30) and (4.1.33) 

P1  {A}P aa Paab = P2{BA}Pbaa = P2{AB}Pbaa = P1fAjPagbaa 

Since Paa =1-Pab 
	 (4.1.35) 

(1  - Pab)Paab = PabPbaa 
	(4.1.36) 

SO 

Pab Paab/(Paab Pbaa) 
	

(4.1.37) 

and likewise the higher probabilities. 

The first reliable treatment of copolymerization processes which 

took depropagation into account was made by Lowry(97). In his treat-

ment Lowry considered three different cases of copolymerization, as 

outlined below. He assumed a-methyl styrene to fit the most complex 

third case but recently O'Criscoll(Gasparro(103) have claimed that 

case ii corresponds closely to the copolymerization of this monomer. 

The characteristics for the three cases can be given as follows: 
(i) k Anna nod- Anrolymnriv.n: 

B may depolymerize only if added to one or more B units. 

(ii) A does not depolymerize; 

B may depolymerize only if added to two or more B units. 

(iii) A and B may depolymerize only if added to two or more B units. 

Lowry used kinetic analysis to derive his equations, apart from 

case (iii) where he combined kinetic analysis 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 Lcwry's paper, one can write down the two equations as 

case (i) 

n -  	(4.1.38) 
B[1/(1 - a)] 

rAA + B 

where 	
a = ([1 + KB + (K/rB)A] - {11 + KB + (K/rB)A] 

and 
	 - 4KB11/2  )/2 

	
(4.1.39) 

rA = kaa/kab ' rB = kbb/kba ► K  = kblikitob 
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case (ii) 
- 1 + [1/(1 - 8)]2  

(4.1.40) 

(4.1.41) 

n - 
[(rAA/B) 	1] [13Y 	D3/(1  - 

y = {KB + (K/rB)A - a} /f 

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 a-methyl styrene, acrylonitrile with a-methyl styrene, 

styrpnp with nrIthyl methacrylate. However these researchers. 

instead of fitting the equation for the estimation of rA  and rB, cal-

culated rA  by means of an equation derived from the Mayo-Lewis equa-

tion for small values of B 

n - 1 = x / r A 	(4.1.42) 

The same treatment is not possible for rB  because of the reluctance 

of B to homopolymerize 'ho an approximate value was obtained fram IND" 

lecular orbital theory'. Although K, for most of the monomers, is 

available from the literature, according to the sane 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, 

limx o  b = (2 - KB)/(3 - 2KB) 	(4.1.43) 

Ivin and Spensley(1 04) also studied the application 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 

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

for case (iii) due to its compexity. 

Later Wittmer(98) studied the influence of depropagation on co-

polymer composition. His treatment, although it does not lead to 
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exactly the sane equation on outlook, is derived by kinetic analysis 

using the stationary state assumption, as is Lowry's. Wittmer's treat-

ment was supported by his extensive experiments on the copolynerization 

of a-methyl styrene with methyl irethacrylate (the system studied in this 

thesis), and a-methyl styrene with acrylonitrile, at various tempera-

tures. From a comparison of the two treatments, although they are 

based on the same principle, Wittrrer's derivation seems to be more 

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 American literature; but this may be due 

to the language barrier or to its similarity to Lowry's equation, after 

rearrangement.. Wither treats three cases: 

(i) Possible depropagation of B when attached to a radical with 

one or more B units at the end. 

• 

 

(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 

A 1 + r A B 

Ak 
where (1-x1) can be thought of basically as the concentration of ra-

dical chains ending with B and (1-K(1-x1)/18) as a factor to give the 

fraction of the depropagation reaction. (1-x1) is defined as 

B. 
(1 - xl) 2 (4.1.45) 

 

1 

 

and given by 

1  rB  (B+K) + A 	
2 1  rB(B+K) + A 	B 

( 

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

to be estimated are the corresponding reactivity ratios and the 

0 

n - 
1 + rBA  — - rBA  (1 - x1  ) 

(4.1.44) 

a = 1 - x - 1 2 	4 rBK 	rBK 



A 	KA 1+ rA 	
r

• A

— a
A 

B KB 1 + rB - rB 	uB A 	A 

n - 

1 (r.A (A+KA)  + A 2A 
4 	(4.1.48) 

rAKA 	KA 

1 rA(A4KA) + B 

rAKA  aA -  2 

1 - qA 
 B A + qAyi  

B 
rB 	rB - (1-y1)  

1 + A  
xi  A + 

A 	KA  
rA  - - rA 	(1-Xi) 

1 + 	 yi  B + qBx1  

n - (4.1.50) 

120 

equilibrium constant defined as K 
=kbbd/kbbp'  Since the equilibrium 

constants of the monomers can often be calculated from homopolymeri-

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) 

(4.1.47) 

with aB=a (of equation (4.1.46)) and KB=K; and 

cas (iii) 

n= 
1 + r - A BA 

 

(4.1.49) 

 

rB  ) 
1 + r - (1 	 B  

A 	l+rB A  - 

With a as equation (4.1.46). 

Recently Wittmer.11Tblished a general equation which takes account 

of the reversibility of all four propagation reactions and can be used 

to derive the above equations as special cases(111). 

A B + qBx, 

• =k /11c, 	and q =k. /k 	• also where  KA7kaad/kaapf KB kbbd/kbbp' 	abd' nap' 	B bad abps 
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A (B + 1B)(1 - x1) - rAx1A 

gAxl (qB r0A)(1 xl) lie 

B (A  rBylA) (1  - y1) rBylB 

14BY1 (cIA rBKB) (1  y1) 

In all of the above cases q02=0. 

Wittmer suggests that since the reactivity ratios can be given 

in Arrhenius form 

(4.1.52) 
Aoh 	RT 

their logarithms should be inversely proportional to temperature. 

But when In r«MS.  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 sraight line. On the other hand 

similar plots obtained for a-methyl styrene-irethyl methacrylate and 

a-rrethyl 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 In r vs. 1/T relation. This is difficult to explain since al-

though a-methyl styrene copolymerization systems can be approximated 

by -BB- depolymerizations the more sensible nechanism must be -BBB-

depolymerizations probably with a much slower -BB- depolymerization. 

This can be shown by the substantial amount of diner formation above 

the ceiling temperature. But this cannot be a positive proof since 

the diner formation is still vague and other theories like transfer 

reactions and allyl formation exist. 

Sore special cases have been treated by other researchers in 

various ways. Hazen and Ivin(105) considered the depropagation of 

B regardless of the nature of the penultimate unit in the radical. 

This is not the case for 1,1-disubstituted ethylenes where the depro-

pagation arises because of steric hindrance, but may be the case for 

copolymerization systems like cyclopentane-isobutane-S02  where the 

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

yl 

xl  - 

(4.1.51a) 

(4.1.51b) 

asrA  = 	exp ( Eaa Eab) 
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is not caused by steric hindrance. Hazell and Ivin suggest that the 

system at law temperatures behaves ideally, i.e., 

B n = r - A • (4.1.53) 

but when the temperature is raised r deviates from a true reactivity 

ratio, following the relation 

l+rOx-r xa o c  rc - 1/ro  + x + yrax
2(1 - ac) 

(4.1.54) 

rc being the apparent, and r the true reactivity ratios, and also 

a2 - (2 + l/ro  x)ac  + 1 = 0 
	

(4.1.55) 

kabd 

kbbd 

when y=0 the relation corresponds to case (i) of Lowry. 
l nen 

More recently Yamashita and coworkers''''' derived an equation 

for. Hazell and Ivin's case by the Lowry method of treatment and obtained 

n= (1 - a){1 + r - + (1 - a) --=} A B  

	

A 	SrB  

pB 
	(4.1.56) 

where 	
a = 1-{4B+(i-r )A+1)- NB+ 	A+1) 2-4B]1/2 

	
(4.1.57) 

2 	rB  B 

p 	dap  , 6 	as 

kbbd 	kabd 	kbb 

They also investigated the case where the terminal unit depropagates 

if the penultimate unit is D. By the same method they obtained 

where 

n= (1 - a)(1 + rA ) 	 (4.1.58)  

a = 2"-{(1-(-)a13+(42--)A4V3) 2 	rB 	rB 

- [(1 -(5-13-)a8+(4-2-)A+03)2  -4011121 (4.1.59) 
rB 	rB 

 

r A 
A a = kbad (4.1.60) 

 

rA  +rr.B.5A+rB.513 kba  

 

5 
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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 equations 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 units 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 eperimantal 
data. Instead, in a later paper(81), describing their equation for 

the copolymerization system a-methyl styrene-methyl methacrylate, they 

use the literature values of reactivity ratios and adjust them for 

temperature according 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 group are a and b respectively and 

a = 1 - b 	(4.1.61) 

For diad groups 	

P(An+11An)t = = Paa 

P(131141IAht = 1-c = P ab 

P(Bn1IBn)t = 

Bn)  = 1-n 

Then similarly to 

.] dt = [A.]  k1[4]  [B.] k5N [BA.] k6 [AA k2  
(4.1.63) 

P(n) 
	 = ak1A + bk5A - a(1-0k6  - ack2 	(4.1.64) 

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

P(Bh) 

T 
	 - bk7B + ak3B - b(1-n)k4  + bnk8 	(4.1.65) 

(A) and (B) are the net addition of corresponding unit to the chain. 

For diad addition 

P(AhAn+1) 

T 

P(Ahpn+1)  
- ak3B - b(1-n)k4 

P(B'laAh+1)  

T 	
- bk5A - a(1-c)k6 

P(BBnI) 

T 
- bk.?: - bnk

8 
For triads 

k2 

(4.1.66) 

P(A +14n+2)  = ack1  A - aE2k2 	(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 terns 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 sane group anywhere in the chain, it is possible to use the 

above-defined transientprobabilities in the derivation of the compo-

sition equation. Since 

Therefore 

P(Ah)P(Ah4IIA)t = P(AAro.1) 

P(Bh)P(Bh411B)t = P(BnBn+1)  

P (Ah) 	P (AhAh4.1) t/P (Ah+1  Ah) 

(4.1.68) 

(4.1.69) 

(4.1.70) 

 

P(Bn) 	P(BnBn+1)t/P(Bn+1 BilL)  

an(klA - ck2) 

bc(k..p - nk8) 

This, plus the relationships of a, b etc. in terns of rate constants 

and feed concentrations, define the composition equation for a termi- 
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nal unit model. 

For a penultimate unit model four more transient probababilities 

are defined. 
KA IA A ) = n n-1 n-2 

P(Bn113n-1Bn-2) = 

P (AnI An-1Bn-2) = 

P (B I B A ) = 
n n-1 n-2 

(4.1.71) 

The composition equation (given here after the correction of an error 

in the original presentation) is derived as 

(A) acv4,(k1A-lik2)+11v(bnk13A-a(1-c ) 4,k14) 	
(4.1.72) 

(B) brITI4, (k15 B-vk16) -4-pv(bnkip-a(1-c)  *14) 

and used with the relationships of corresponding probabilities. 

O'Driscoll et al. have applied the diad equation to the system 

aMS-MMA and their results are given in section (6.1) with comment in 

section (6.3.3). 

Probably the ultimate in the prediction of copolymer composition 

is computer simulation of copolymerization reactions(109,110).  The 

method is to add or subtract units to or from a growing binary sequr 

ence which constitutes the copolymer chain. The transition can be 

to any degree of Plarkoffian distribution desired, bearing in mind the 

increasing size of the prograin. 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 simulation 

for the estimation of the rate constants. This point will be discussed 
in section (6.5). Also the applicability of various equations mentioned 

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 sturlies on the theory of diastereosequences 

3 
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were conducted by Coleman and Fbx(96)  and Bovey(114).  The analysis 

of diastereosequences by NMR was mainly done by Bovey who later carried 

this work into the study of copolynerizing 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 unit not as a monomer but 

as an attachnent bond. Therefore, if a monomer is attached to a grow-

ing radical in the sane stereo configuration as the radical end unit 

this is considered as an isotactic attachment and defined as an I 

unit. An opposite stereo configuration is a syndiotactic attachment 

and defined as an S unit. Each of these units were called placements 

and a couple of them at a tine were called pairs. Three kinds of pairs 

are defined. P.={II} isotactic pairs, P
s={SS} syndiotactic pairs and 

Ph-  (meaning either IS or SI) heterotactic pairs. The place-
ment and pair configurations in terms of molecular structure are shown 

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

are assumed to be head to tail) 

H CH H CH 

	

I 	i 3 1 	i 3  
CCCC 

	

I 	I 	I 	I 
H MOH MO 

	

k 	I 
H CH

3 
 H Mb° 

	

4 I 	1 	i 
— C—C—C—C-
iIiI 
H NO0 H CH3 

H I  
CH
3 
 H CH H CU 

	

I 	1 	3 	1 3  
— C—C—C—C—C—C- 
IIIIII 
H NOO H MO H MO 

H CH H Me0 H CH 

	

1 	1 3 1 	I 	 3  
— C—C—C—C—C—C- 
IIII11 
H MaO H CH3  H 

H 1
CH
3 
 H CH

3 
 H NO0 

	

1 	1 	1 

- 1 	I 	I 	I 	I 	I 
H NO0 H MOH CH3 

{I} 

{s} 

{n} 

{ss} 

{is} 

5 
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Using Bayesian statistics Coleman and Fbx derived the equations 

given in section (4.1). These equations are presented in the previous 

section using a copolymer nomenclature in which A replaces I and B rep-

laces S, since copolymerization is also a binary ac99ition process and 

the same equations may be applied. The only difference is that here 

for every unit two monomers are involved, whereas in copolymerization 

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 stereohoropolymerization one may obtain 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 a propagation of Bovey, as will be seen 
later in the section. In addition to the equations given in the pre- 

vious 

	

	section it will prove useful to state some more general 

equations given by Coleman and Fbx, and proved valid by Kac (112). 

The distribution of closed sequences can be given by 

fn 	
• = Pn41{SI

n-1 
 S}/P1{S} = Pn1{SI 	IS} 	(4.2.1) 

and by theorem 
	f = 1 
n=1 n  

Then the mean recurrence.time for S can be defined as 

(4.2.2) 

X{S} = (4.2.3) 

which yields 

X{S} 1-q  

where q = limP {In} and in the case of polymerization reactions n 	n 
it can be taken as being equal to zero, therefore 

X{S} -  1   P1{ 
S}  S} 

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

>_,51f

-f1 

n+1 
TIM 

 1 
- 	 (4.2.6) 

(4.2.4) 
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where when f1=1 there are no closed sequences of I. In terns of units 

- 
P1{I} - q 	PI{I} 

(4.2.7) 
P1  {S} - P2{SS} P1  {S} - P2{S2} 

 

Another definition is the persistence ratio which is the ratio of the 

rean 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 (4=0 does not apply to Bernoullian distribution). 

Thus, 	p = p{I}P1fS1 = p{S}P1{I} 	(4.2.8) 

p-1 is a measure of departure from Bernoullian statistics or in other 

words the depth of Markoffian statistics, because in Bernoullian sta-

tistics ital=lyS1-1. 

The above definitions can be put into various forms by the use 

of the general equations in the previous section, such as 

"Irl 
P1  (I} 	2P1  {I} 

= 	=1 

P2{IS} P2{ISvSI} 
A 0 ON 

One equality derived from this new form is 

P 
Pl{i} 	,{S}  p{I}P1  (S1 = 	 P IS1 = 	P {I} = p{S}P1{I} 
P2{IS} 1 	P2ISI1 1  

(4.2.10) 
which gives 

p{I) 	P1  {I} 
	

(4.2.11) 
p{S} P

1{S} 

Other equations in terms of treasurable parameters and, from the 

equalities of previous section, would be 

P2{ISvSI} = 2(P1  {I} - P2{I
2}) 	(4.2.12) 

Pl{I)  = 1/2[1 P2{12}  - 132{2}] 	(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 sone primary information 

on the copolymer chain (ignoring any stereoregularity). Therefore, 
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it is possible to use the following definitions, 

F = Role fraction of X = P
1  {X} 	(X = A or B) 	(4.2.14) 

1a = no. average length of A sequences 

= P{A} = PlfAl/P2{ABAIO} 	(4.2.15) 
lb  = no. average length of B sequences 

p{B} = 1,/{13}/P2{Anym} 	(4.2.16) 

R = run no., i.e., fraction of all A-B (and B-A) bonds 

= 2P2{AB} 	(4.2.17) 

In a similar way the persistence ratio is 

p= WW1° 1{B} -  1  
PfAlo {B} 

P2{AB} 
	(4.2.18) 

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

tistics and 

random = 2P1  IAJP1  {B} 

FA  = copolymer composition = P1{A} = 1 - P {175} 1 
FAA = bond or diad fraction = P2LAAJ 

(4.2.19) 

(4.2.20) 

(4.2.21) 

These parameters are in terms of experimentally (1410 obtainable 

values. To colluexe 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 statisti6e1 derivation of the copolynor composition 

equation. Fbr this, the above parameters must first be defined in 

terms of conditional probabilities. 	Thus (101) 

R = 2P11PiJPab = 2Pagba/(Pab + Pba) = 2/ (1/Pha+(1/Pab) 

(4.2.22) 

= P2IABl/P1{A}Pl{B} = Pab/Pl{B} = Pab  + Pba 	(4.2.23) 

lA  = P1tAl/P2{AB) = 1/P 	 (4.2.24) ab 

FA  = P1  1A1 = Pba /(Pab + Pba  ) 	(4.2.25) 

FAA = P2 {AA} = Pba 	P 	)/(P 	P 	(4.2.26) ab 	ba 

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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unit model Pao  (or Pba) can be given in terms of rate constants and 

feed compositions, for the penultimate unit model it is necessary first 

to define Pab  (or Pba  ) in terms of progressed probabilities. 

Since the copolymerization proOess involves monomers rather than 

bonds as statistical units it is possible to get information for triple 

units of triads. The triad concentration in the chain is given (igno-

ring the stereoconfiguration) by P3{XXX}. Then from general equations, 

P3fAAP.j + P3{BAA} + P3{AAB) + P3{BAB} = P1{A} 	(4.2.27) 

and similarly for monomer B. Then for convenience in using NMR data, 

triad fractions are given by 

FAA = P3 fAAA1/P1{A} 	 (4.2.28a) 

FBAB = P3 {BAB}/P
1
fAJ 	(4.2.28b) 

FAA  = F 	= P3  fAAB1/10
1
{A} 	(4.2.28c) AAB  

FAAA 	BAB 	BAA 	AAB + F 	+ F 	+ F 	= 1 	.(4.2.29) 

For comparison with models in terms of conditional probabilities 

F 	= P aa  P  aaa = (1 - Pab  )(1 - Paab  ) 	(4.2.30a) AAA  

FBAB = P1{B}PbaPbab/P11A1 = Pab(1  - Pbaa) 	(4.2.30b) 

FAAB = PaaPaab = (1  - Pabaab )P 	(4.2.30c) 

To study the copolymer microstructure in terms of stereoconfi-

guration as well as monomer unit sequences one needs to employ the a 

propagation suggested by Bovey and Tiers(113).  In stereoconfigurati-

anal homopolymerization a is the probability of the growing.  radical 

adding a monomer unit in the stereoconfiguration, or the 'isotacticity 

factor'. The problem here is that it is assumed that this addition 

is only affected by the terminal unit. If the penultimate unit is 

to be taken into consideration it is necessary to allocate two a 

values. in simple Markoffian (terminal unit model) stereoconfigura-

tional copolymerization one needs four a factors for the four types 

of bonds formed during copolymerization. 

If stereoregularity is included there are sixteen possible triad 

formations in four original groups, thus, d and 1 denoting right and 

left configurations, 
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AAA 	AdAdAd  , AdAdA, 
,A1AIAd,  AlAdAl 

and similarly for the other triads. Then defining 6 the isotactic 

enchainment between two particular monomers for AAA triad. 

FAd 	= 	(1 - Pab)2 
	(4.2.31a) 

FA= 2caa (1 - aaa)(1 - P )
2 	

(42.31b) dAdA -FAA  lldAd 	ab 

= (1 - aaa)
2(1 - Pab)2 	(4.2.31c) AlAdAl  

(4.2.32) FAAA = AdAdAd + FAIAdAd r ) + F  

Similarly for BAA. or AAB triads 

EBdAdAd  pAdAdBd = 2aaa (aka cab) Pab (1  - Pab ) (4.2.33) 

etc. 

and also for BAB triads. 

These eallations apply only to simple Markoffian couolvmerization. 

The complexity of considering a more general case can be imagined. 

But if ais 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 a-methyl styrene and methyl meth- 

acrylate are given in figures (24a) and (24b). a-methyl styrene ex- 

hibits three groups of peaks namely, for the resonance of phenyl pro- 

tons at 2.8 T,a-methyl protons at 8.0 T and methyne protons at 4.7 

and 5.06 T. 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 T, a-methyl protons at 8.1 T and nethyne 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 aI 

as opposed to the methoxy protons in DNA. This difference is used, 

as explained in section (3.5.1), for the determination of copolymer 
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composition. Although the rrethoxy peak in poly rethyl rethacrylate.  

presents itself as one single peak when in a copolyner with ci-rethyl 

styrene it is shifted up-field (higher 13:0) due to the shielding effect 

of benzene ring as explained in section (3.5.1). The most pronounced 

effect of shielding cones from the nearest benzene groups to the par-

ticular nethoxy group. Since the nearest benzene groups to the nethoxy 

group would be on the two neighbouring positions and since any two 

neighbouring placements can take few configurations due to the collo-

noner and stereoconfigurational freedoms the shifting will be variable. 

In fact, depending on the amount of each placement the nethoxy peak 

will experience a split. The benzene rings placed further away than 

the neighbouring positions have practically no effect or at least no 

splitting effect. They do have some effect in the sense that the total  
group of nethoxy groups shift up-field as the amount of a-nethyl styrene 

is increased in the polymer. This effect is shown by Bovey(114) and 

in this research (see section (6.7)), Th 11770,F.rctana fhc, 

effect of neighbouring benzene rings it is important to examine the 
possible configuration and composition of methoxy centered triads can 

take. The sixteen possible configurations, where M and S denote ne- 
thoxy and phenyl groups in positions given as below and above a ho-

rizontal line to show tacticity, are(114,115) 

It should be obvious that the most pronounced shifting effect 

coming from a single neighbouring aMS will be from the one placed iso-

tactically next to the centre NT unit. This placement is called(114) 

coisotactic placement and in the structural model is shown as 
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A less pronounced effect will come from a cosyndiotactic placement, 

O 0-CH3 / 
H C H CH 

	

i 	1 3  
- C - C - C - 

1 	I 	I 
H CH3 H 

Of course, no shifting effect will cone from any NW group placed in 

any configuration in the neighbouring position. If one can safely 

assure that the shifting effect of coisotactic placement is much.,more 

pronounced than syndiotactic placement one finds that the determining 

factor of shifting is the amount of coisotactic placement. There are 

three possible quanta of coisotactic placerrents (around one N unit), 

narrely zero, one and two, and the general practice is to find three 

main splits in the rethoxy proton resonance peaks. of methyl nethacrylate 

and 'styrene type' copolymers(114,115,116,88). The NNR spectra of 

cfrethyl styrene-methyl rethacrylate copolymers exhibitthree::waks 

in the region of 6.1 T to 7.4 T which are attributed to the rrethoxy 

proton resonance. These peaks individually are placed at apprOximately 

6.5, 6.9 and 7.2 T and attributed to configurations -With.zero, one-

and two coisotactic placements respectively. 

The less pronounced effect of syndiotactic placements would be 

to split the individual peaks even further according to their possible 

quanta in every group of triads. Thus first group would be split into 

three, second group into two and third group would not be split at all. 

The peak groupings can be shown as below 

Nethoxy resonance 	Tacticity 	Position for 

region 	 50:50 polymer 

1st peak 
	

1st sub-peak 	NIMBI 	3.52 6 

2nd sub-peak 
	

IN 	. .44 

3rd sub-peak 	SMS 	
3.36 
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2nd peak 	1st sub-peak 	NNS 	3.10 

	

2nd sub-peak SMg 	2.98 

3rd peak 	 SYS 	2.78 

This second stage of splitting, too, can be seen in the NMR spectra 

of aNS-MMA copolymers.. 

Since it is mainly the coisotactic placement that defines the 

splitting it may be possible to find the amount of each nonconfiguratio-

nal triad in every peak by suitably defining a coisotacticity factor, a 

, and hence obtain inforMation on the tacticity of the copolymer as well 

as compositional microstructure. This a is nothing more than a.05= aba 
of the previous section. From the above generalizations it follows that 

peak(I) 	F = F 	+ 2(1 - a)FENS  + (1 - a)
2FSNS  (4.3.1a) x MMM  

peak(II) 	F = 2aFYNS + 2 (1 - a)FSMS 	(4.3.Ib) 

peak(III) 	Fz = a
2
FSMS 	 (4.3.1c) 

where (1 - a) 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 made, by the method given below, 

Since for every peak the area is given by 

and so 
P nESMS ±nFSIsl (4PMMM 

Fes) 
	
= m + n(Fsppl/Fsms) 

P /F = 	nr(FsmNys) y SMS 

Pz/FSMS = m" n" (FSMNI/FS1vS)  

(4.3.2) 

(4.3.3) 

these last equations, when plotted as L.H.S. vs. F ism/Vas  should give 

straight lines. Tb 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 assumptions or for the model used. 

By combining this section with the previous section much infor-

mation can be obtained about the microstructure 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: 	
F =- (1 - aPab )2 
	

(4.3.4a) 

F = 2aPab (1 - °Palo) 	(4.3.4b) 

Fz = (aPab) 2 	(4.3.4c) 

Then by the relation 

Pab = 1/(1 + rA/x) , x = [B] /[A] 
	

(4.3.5) 

for the terminal model, produced the linear relation 

1/(1 - Fr) = 1/a + (rh/a)(1/4 
	

(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 

a and rA. This approach is debatable since the linearization is not 

a correct treatment due' to the resulting nonlinearization of the ex-

perimental errors. The results of this approach will be discussed in 

the last chapter. 

It must be noted t 	(6 9) that Yamashita et al. 	found from their 

experiments that there is no appreciable drift in triad fractions,  

due to conversion, up to a conversion of 5 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 flow 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 prodess. 



136 

V. 	MATHEMATICAL TREATMENT OF COPOLYMERIZATION 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 
'441 

(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 irk feed and copolymer, i.e., 

rB = a/A 
	

(5.1.1) 

where a and A are the mole fractions of Imo/loner 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 rA  and rB. This procedure 

gives a rough but reasonable approximation to the reactivity ratios 

and its sensitivity can be increased by the method of Alfrey et al.(73)  

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 rA  and rB vs. A will give minima= at the best-fitting 
rA  and rB  set. Also the iso-h contours of A . plotted in the rA  vs. rB  

domain will give an ellipse which is a inaasure 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 one 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 
r - 	 + r --- A 	B 2 x 	x 

(5.1.2) 

This, in the rA  vs. rB  domain, will give a sraight line for each set 

of feed and copolymer composition data. Theoretically these lines 

rust intersect at one single point provided all the experimental points 

fall on a curve described by the Mayo-Lewis equation. In practice 

the sraight lines will give (n2-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 very acute angles of intersection. These pairs of 
At. 

lines are of experimental 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 rove 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 nean 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 Foss rearranged the Mayo-Lewis equation to give 

x(1 - X) 	x2 

X 	rB - XrA 	(5.1.3) 

which is linear in the x(1-X)/X vs. -x /X domain. A plot of experimental 
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points according to this is a straight line with slope rA  and intercept 
rB. The linear least squares method can be used to obtain the best 

fit of this line on the experimental points. One difficulty here is 

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. An 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. Another 

difficulty of this method is that, although 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 otherwise. Besides, in the Fineman-Pass 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 unsatisfactory, 

can only be applied to the Mayo-Lewis equation (simple Markoffian). 

If the equation used, i.e., the mathematical mcdel, 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 

Least squares estimation of the parameters of the function 

rl = 	 '1; 	(5.1.4) 

are the values of Q that minimizes 

N 

(I)  = 	 (Yk - f(z,,Q)) 
2 

 k-1 
(5.1.5) 
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where yk are the actual function values at kth experiment with no error 

and 4)  is the square of the residuals. The error e is assumed to be 

normally distributed with an expected value of zero and a variance a2. 

= Y 	 (5.1.6) 

The least squares estimates of e can be obtained by the solution of 
equation 	

xTx e XTy 	(5.1.7) 

and were shown to be the best unbiased estimates for the above system 

by Gauss. When the system is nonlinear, as is the case for copolymer 

composition 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 function 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, 

cA Tr,  
f(x;e) = f(x;GP) 	> 	(e. - e?) (5.1.8) 

i=1 	8ei 	e = eo 

then for the residuals 

Df(x.0€)
- Yk 	f( -5k;Q)  = (9. - G?) 	(5.1.9) i.1 Bei e ep 

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

likewise to obtain the best estimates of the unknowns 

	

hi  = (G. - e?) 	(5.1.10) i 

This inturn is used to improve the initial guess for e 

e! = e.0  

	

 + :h. 	(5.1.11) 

and then used as e in equation (5.1.9); when the minimum for 4)  is 
reached er  is taken as Q, the best estimate for G. 

The method of nonlinear least square estimation has found app-

lication in many problems since the development of high speed computers, 

and has recently been used for the estimation of copolymer reactivity 

422), and Behnken(123). The many ratios by Tidwell and Mortimer(121  

algorithms written for this estimation can be found in the literature(124- 127) 
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In this research the algorithm used by the Author was one based on 

Parquard's(124) method and kept updated and in binary form in the 

NAG library(128) as Subroutine EO4FBF, which is substantially the 

Harwell(129) subroutine VA05A. The convergence of this algorithm was 
found adequate but does not assure convergence. According  to Box(130,122) 

a simple modification of this method will assure convergence. The 

modification is as follows:find 

for 
	sk = T(Yk - c70 2 

	
(5.1.12) 

ei 	+ [(K - 1)/2]hi 	(5.1.13) 

where K=1,2,3 and subscript j denotes the iteration nunber. Let 

V = 1/2 + (Si  - S3)/[4(S1  - 2S2  + S3)] 	(5.1.14) 

ConpLthe S4  for ei  = el + Vhi;  if S4  < Si  repeat the process using  

el+1  = ej + Vb. 	(5.1.15) 

insteadof&otherwisereevaluatevafterfirathahring h.,s. The 

method, although not used in this research, was proved succesful by 

Tidwell and Nbrtiner, 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), with zero expected value and a2 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 

a + e 
a ±e 	b- e X - b ±e 	a- e (5.1.16) 

 

b+ c  

 

Eventually the error becomes c/(b f e) = e/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 +c 

the molar ratio X is 
a/Ma  X - 	 (5.1.17) 

(1-a) /Mb  

where Ma  and Mb  are the corresponding molecular weights. This yields 

a variance for the independent variable of 

V(Xid = (1 + —Mb )
4

1:5
2 

Ma 

(5.1.18) 

where E 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 
+ c  

ak = 	ek 
	 + e

k 
(5.1.19) 

(rAtx.k) (110/Ma)Nk(14Tek)  

In this research, although some of the composition values were 

determined by NMR analysis, for the majority of the copolymer compo-

sition values elemental analysis was used. These two analytical pro-

cedures do not present the composition values in the sane units: 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 aNS and MM7 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 sane as equation (5.1.19) apart from the use of mole fractions, 

was used in the terminal unit model treatment of all data. 

1 + r tx 
a = a + c 7 	 

2 + rAx + rB/x 
(5.1.20) 
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Here a is in mole fraction and x=A/B. For higher copolymerization 

models similar equations were used. 

If the conversion is high enough to give a drift in the copoly-

mer 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 aNS, and highest conversions) 

was not more than 2%. Therefore a correction oh the feed compositions 

was applied instead (73)  

= 0.5[Ao 	o + 	- a)/(1 - c)] 
	

(5.1.21) 

where c is the conversion. 

c) Confidence limits 

The confidence limits for the estimated parameters (i.e., reac-

tivity ratios in the case of copolymerization) have often been presen-

ted quite erroneously in the copolymerization literature. Some have 

been 747cong in the sense of tzeating the ezror in the ways aescribed 

earlier in this section, and a few have given a +/- standard deviation 

as a measure of the error which needs to be treated further to be mea-

ningful 

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-S) confidence interval on e is 

given by 

gi  - V' var Oi t(S/2,k-p) 	1 < e. < gi  + V var gi t(S/2,k-p) ' i = 1,2,..,p 

(5.1.22) 

where eli 

	

	 i is the true solution, with a best estimate of g, and t(S/2,k-p) 
is the 100S/2 percentage point of the t-distribution with k-p degrees 

of freedom. In equation (5.1.23) 

var e. = 	H. . k-p (5.1.23) 

where S is the sum of squares and Hii  is the (i,i)th element of the 

Hessian matrix, defined by the Jacobian matrix as 

H = (2JTJ)-1 	(5.1.24) 



143 

A better way of describing the error, especially if there is a 

correlation of the estimates, is by the confidence region which is 

bounded by the ellipse, 

(e - T[ jirj] (e - 64)  = „s2F  (5.1.25) f3(p,k-p) 
where s2=s/(k-p), and 

F(IDrk-P) 
 is the 0 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 

(e. r. A.) vs. role fraction in feed to show whether there is a sys. 

tematic deviation.fram (e.1  - g.) = O. 

d) Design of experiments (2,123,73,130) 

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 

optimum 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, 

which minimize the confidence region, are the ones(122) which maxi-

rize the absolute determinant value of the Jacobian matrix. The pa-

rameters used here are the crude estimates determined by sane other 

method. The two optimum concentrations as given by Tidwell and Mor-

timer(122) for the system of rA  = 0.40; rB  = 0.15 are 

1)011= 16.785 	; 	1102= 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 stud many models 

with varying numbers of parameters. 

The complete program listing for NLR is given in fig.(40a); 

example in subroutine SUMSQ is for Wittmer case(i) equation. 
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_0001 
-00112 
_0003 
-0004 
_0005 
_0006 
_0u07 
_n008 
_0009 
_0010 
_0011 
_0012 
_0013 
-0014 
_0015 
_0016 
-0017 
:0018 
_0019 
_0n20 
_0021 
_0022 
_0u23 
_0024 
_0025 
_0026 

_n028 
_0029 
-0030 
_0031 
_0032 

_

- 

0034 
_0035 
_0036 
_0037 
_0038 
_0039 
_0040 
_0041 
-0042 
_0043 
_0044 
_0045 
_0046 
_0047 
_0048 
_0049 
-0050 
_0051 
_0052 
_0053 
_0054 
_0055 
_0056 
_0057 
_0058 
_0059 
_0060 
_0061 
_0062 
_0063 
_0064 
_0065 
_0066 
_0067 
_0068 

PlinGRAv pA0PO(INPUTIOUTPUT.TAPE5=INPUT,TAPE6=OHTPUT) 
DIq1NSI(IN N(30).y(30)./(30).T1[ETA110).,4(5001.4PIWI, 21.TWHI 2.30). 

IGHAF(2.2).G(2.2),HE(2.2)0(30),U(1).A1(10).vARX(10).COHF(10). 
2AZ(30).H1(30) 
CUIAmON Y.ZICK.BLIAZ 
EXTERNAL SNmS0,0oNIT 

11 FOpeInT(16F5.2) 
40 FORPAT(I2) 
45 FORMAT(12) 

911 FORrAT(1X116F5.2) 
940 FOvv,AT(1X112) 
945 FOlwAT(1X1/) 

1(UD(5.11)(1(1),I=1.27) 
1(EAD(5.40) KIS 
READ(5.45) N 
wRITE(6.911)(1(I),I=1.27) 
/MITI:16040) KK 
MiITE(6.945) N 
DO 999 K1=1.KK 
4EAD(5.50) M 

50 FOR 4,AT(I21 
NR(IL(G.950) M 

950 FOKAAT(1X112) 
READ(5.61) ITEmP 

61 FOAT(1)(.1.5) 
oRITC(6.61) ITCMP 
READ(5160) PRESS 

60 FoimAT(1X1F6.1) 
N1(ITE(6.611) PRESS 
READ(5.219) REVOL 

219 FOR,.AT(1)(1Fb.3) 
WRITE(61219) REVOL 
TEP=ITEnP 
ATP=TEi4P+273. 
TK=(57.1*AT,W-1.1075*(PVESS-1.)-16026.)/(4.574*ATMP) 
CK=ExP(TK) 
Ci<=1./CK 
4RITE(6.166) CK 

166 FOR,,AT(1x1F10.5) 
DTv= 1 .944/(0.0015*(TEMP-20.)+1.) 
DTA=C.911/(J.00114*(TEP-20.)+1.) 
1w=2,0P*N+241 1 4N+24,m+5*N' 
00 10 I=1.m 
I(EAD(5.100) 4A.YA1CONV 

100 FOR.AT(0x.F6.4,4x.F6.4.5X.F6.3) 
ZAA=0.5*(LA+(LA-YA*CIONV/100.)/(1.-CONV/100.11 
awT=ZAA*110.10 
AwT=(1.-ZAA)*100.12 
OvOL=EWT/DIA 
AVOL=AWT/DTM 
TvOL=AVOL+100L 
CVOL=TVOL*REVOL 
A1(1)=1000. 4,(1.-ZAA)/CVOL' 
LiZ(I)=1000.*LAA/CVOL 
Y(I)=YA 
Z(I)=ZAA 

951 FOR ,,,AT(5X14F8.4) 
10 CONTINUE 

0(1)=1 
IFA1L=1 
THETA(1)=0.5 
THETA(2)=0.15 
DMAX=10. 
H=1.0E-4 
ACC=1.0E-8 
MAx=100 
CALL E04FOF( M.N.111ETA.R,SSOIACCIH.DMAX.W.IW.SUMSO.MONIT. 

1 0.MAXIIFAIL) 

Fig.40a Listing of the (SLR program. 
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1=0 
DO 101 1I=10 
Du 101 JJ=11N 
I=14-1 
WV(I1.JJ)=oilI) 

101 CONTINUE 	 _0074 
wR1TE(6.301) 	 _0075 

301 FoW4 AT(1X /*. THE JAC0BIAN * /) 	 _0076  
oRITF(6.609)((oNIIII.JJ11JJ=11N),I1=1,M) 	 _0077 

_0078 609 FoRIV,1(1X.10F10.5) 
DO 104 II=1.M 	 -0019 
DO 104 JJ=11N 	 _0080  
TwvAJJ,II)=4M(II.JJ) 	 _0081 

104 cONlinuE 	 _0082 
wRITE(6.3021 	 _0083 

302 FOR ,41T(1X /* THE IkANSPOSED JACOBIAN * /) 	 _0084 
_0085 drolEt6,610)(tTrp,1%11...w).JJ=1,v),I1=1,N) 

610 FoRmATlix,iuF10.5) 	 _0086 
DO 12 II=1.N 	 _0087 
DO 12 JJ=1.N 	 _0088 

(0)TO 
GHAF(II.JJ)=0.0 ,  
00 13 IJ=1.m 
GHAF(II.JJ)=GHAF(II'JJ)+TwM(1I.IJ)*WM(IJ.JJ) 	 _0091 

_0u92 13 CONTINUE 
5lII,JJ1=2.0*GHAFIII.JJ1 	 _0093 

12 CONTINUE 
CALL FOlAAF(G.N.I1.NE,IJ.AI.1) 	 -0095 
4k1fE(6.3031 	 _0096  

_0097 303 FORmAT(lx /*(JACoBTANITIJACORIAN)* /) 
.4RITF(6.F111((GNAF(11.JJ1.II=1.N).jj=104) 	 _0098 

611 FORrA1l1X110F10.51 	 _0099 
WRITE(61304) 

:01001 
_0102 

304 FOou.AT(lx /* THE HESSIAN * /1 

_0103 

:n10045 

4RITF(6.612)4(HE(II.JJ).JJ=1.N1.II=11N) 
612 FOkHAT(1x110Flu.51 

WRITE(6,300) 
DD 102 I=1.N 
VANx(I)=SSu*1IE(I,I)/(m-N) 	 _0106 
CO ir(I)=IVAhx(r)**rj.5)*Tv-ol 	 _0107 
4RITE(6.103) 1HETAII1.CONF(I) 	 _0108 

103 FOIWAT(10X.L14.6.2X,*+/-*.E12.6/) 	 _0109  
102 conTuRic 	 -0110 • 

mitTE(6,500) SSW 	 _0111 
wRirc16.4001 IFAIL 	 _012 

300 FURAT1,44HOFINAL LEAST SQUARES ESTI.4ATES OF THETA ARE:./) 
400 F0R ,AATI91I IFAIL = 	 -0114 
500 FUlumT(17H SUM OF SQUARES =9E14.6) 	 _0115  
999 CONTINUE 	 _0116 

-0117 STOP  
END 	 _0118 
SU:MOO-TINE SUMsO(m.11.TNETA.R1 	 _0119 
DIrdENSION THE1A(N).R(M).Y(301.Z(30),AZI30).B2(301 	 _0120 
cfriMON Y,ZICK.BL.AZ 	 _0121 
DO 10 I=11M 	 _0122  

0123 XS=A7(I1/HZ(I) _ 
AA=C1.+CK*Bc(I)+CCy/THETA(2)1*AL(I)) 	 _0124 
AL=(AA-(AA*AA-4.*CR*3I(I))**0.5)/2. 	 _0125 
KC=(BLIT)*(1./(1.-AL111/(T)lETA(1)*AZ(I)*B2(I)) 	 _0126 

10 R(1)=XC/11.+XC1-Y11) 	 _0127  
RETURN 	 _0128  
END _0129 
SWIROUTINE MONIT(M.NO6RESID.S.ICALLS) 	 _0130 
01,1ErSiuN vtul.REsID(M) 	 _0131 

 IUM 100 FORmAT(11H. CALLS '12) 
200 FOR1•AT(16H SUM OF St:UIIHES ,E14.6) 	

:01g 0 300 FONMAT(21H VALUES OF THETA ARE 13E14.6) 
WRITE(6.100) ICALLS 	 _0135  

_0136 .ARITE(6.200/ S 	
0 WRITE(6.300/ (V(I),I=1.14) 	 :0  

RETURN 	 _n138 
END 	 _0139 

Fig.40a Cont'd. 
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VI. RESULTS AND DISCUSSIONS 

6.1 Data of Previous Research Work 

a) Copolymer composition 

Previous results for the system a-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 only the calculated reactivity ratios. These are given 

in section (2.5) with the exception of values obtained by Doak, Deahl 
and Christmas (terminal unit model) at 99°C, which are 

r2 = 0.0 

ri  = 0.89 

(d S=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(98,111),  and 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 (XI). 

Wittrrer calculated the reactivity ratios for 20° to 100°C from 
the terminal unit model and from two simpler 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 noilorter-polymer equilibrium constant for a`-methyl 

styrene as kd  /kp  ) used in his calculations. 

He also calculated reactivity ratios for 100° to 150PC from more 
complicated 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 constants q1  and 

q2  for the reactions of different monomers are trial values used by 

Wittner for the trial and error curve fitting on experimental data. 

The system has also been studied by Izu and O'Driscoll and their 

coworkers. Izu and O'Driscoll(81) present monomer-copolymer corrpo- 
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sition data for 60P, 114°  and 147°  in graph form (data not tabulated). 

They report that approximate values of the reactivity ratios (termi-

nal unit model) at 60°C are 

r2  =0.15 

r = 0.40 

(aMS=2) and that the terminal unit model yields negative values of 

r at the two higher temperatures. 

Izu, O'Driscoll et al.(95)  tabulate monomer-copolymer composi-

tion data at the same three temperatures (presumably the same data, 

but fewer 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 an the microstructure of the a-methyl styrene 
- yr.+-hyi rE-.÷}-1= r•-rc 71 ate mrcl Trio -I.- are 	ri 1 y from T•711, 	Driscoll an ra  

their coworkers,(131)) which are presented besides their composition 

data. Their microstructure data, as mentioned above, are included in 

Tables (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 basit of the terminal unit model, was 

made by Ito et al.(68) to calculate the microstructure parameters 

from microstructure data, but the individual analysis values are not 

reported. The approximate 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 a for comparison. The value of a at 100pC 

in the second column was evaluated by using Ito and coworkers' data; 

but the value of a at 114°C in the last column was evaluated by using 

Izu and coworkers' data. 

The microstructure data presented by various researdhers so far 

include only the peak fractions (see section(4.3)) Fx y  , F and Fz  and 

there exists no available data on the fractions of individual triads 

in the copolymer. 

• 
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Table XI 

Copolymerization of aYS and MMA according to Wittmer 

aNS mole % aNS mole % in polymer 
in feed 20°C 50 °C 60°C 80°C Dec 110°C 120°C 130°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 7.01 
50 45.87 45.95 44.68 42.78 37.00 31.94 28.39 23.16 7.01 
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 
90 68.41 40.03 32.52 15.24 
95 81.37 

Table XIIa 

Reactivity ratios for aMS-MMA system as calculated 
by a) equation

4 
 (4.1.44) and b) equation (4.1.49) 

(a
).,  
) 	(b) 

T (°C) rWS rMMA 
K (mDle/h) rams  r MA 

20 0.3 0.5 1.7 0.3 0.5 
50 0.4 0.55 5.1 0.51 0.55 
60 0.35 0.55 7.1 0.6 0.55 
80 0.2 0.6 12.9 0.81 0.65 

100 0.05 0.65 22.9 1.0 0.7 
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Table Xilb 

Reactivity ratios for aMS-NMA system as calculated by a) equation 
(4.1.47) and b) equation (4.1.50), 

o T(C) raNS 

(a) 

rMMA KaNS ICYM% gA gB raNS 

(b) 

r 
100 1.0 0.7 22.9 0.119 0.0 1 1.0 0.7 
110 1.17 0.72 27.9 0.178 0.0 4 1.17 0.72 
120 1.28 0.74 35 0.262 0.0 7 1.28 0.74 
130 1.43 0.76 43 0.377 0.0 11 1.43 0.76 
150 1.75 0.8 67 0.744 0.0 90 1.75 0.8 

Table XIII 

Microstructure parameters for aMS-NM copolymers 
by Ito et al., prepared at 60PC. 

s"--1^ -"t„-- 

1 

Fx 

0.59 

F  
Y 

0.44 

F 
 

2 0.65 0.30 0.06 
3 0.60 0.35 0.05 
4 0.68 0.28 0.04 
5 0.73 0.24 0.03 
6 4k 0.80 0.18 0.02 
7 0.89 0.11 0.00 

Table XIV 

Microstructure parameters for aMS-NMA copolymers by Izu et al., 
prepared at 60°C (s=cd/S). 

Sample fs  Fs Fx F 
Y 

P Pab 
1 0.656 0.502 0.649 0.271 0.749 
2 0.550 0.471 0.691 0.285 0.673 
3 0.449 0.406 0.712 0.240 0.591 
4 0.352 0.362 0.775 0.222 0.500 
5 0.259 0.287 0.774 0.176 0.399 
6 0.169 0.215 0.860 0.114 0.274 
7 0.083 0.112 0.896 0.081 0.152 
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Table XV 

Microstructure parameters for aNS-NMA copolymers by Izu et al., 
prepared at 114°C. 

Sample fs Fs Fx F 
Y 

P ab 
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 aMS-MMA copolymers by Izu et al., 
prepared at 147°C. 

Sample fs Fs Fx F 
Y 

1 0.656 0.096 0.918 0.082 
2 0.352 0.089 0.921 0.079 
3 0.169 0.080 0.935 0.065 

Table XVII 

Comparison of coisotacticity parameter (a). 

T°C 

0 

Izu et al. 

- 

Ito et al. 

0.21 t 0.03 
60 0.26 ± 0.03 0.27 ± 0.03 

* 
100 0.31 0.25 ± 0.03 

* 
114 0.40 ± 0.04 0.20 
* See text. 



O 

151 

6.2 Analytical Results of This Research 

Results on the copolymer-monomer composition relationship and 

microstructure and kinetic data obtained in this research at 60PC 
and at pressures from normal to 5000 bar gauge are given in Tables 

(XVIIIa) 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 an the molecular weight analysis 

for some copolyirers prepared in this research are given in Table (XIY). 

The nomenclature for the following tables are: 

fs 	: mole fraction of aMS in feed mixture 

Fs 	: mole fraction of aMS in copolymer, (C1-11) by elemen- 

tal analysis or (NMR) by NMR 

In 	: initiator concentration 

cony. : conversion, R : rate of reaction 

MN 	: number average molecular weight 

MW 	: weight average molecular weight 

MZ 	: z average molecular weight 

MV 	: viscosity average molecular weight 

Code 

No. 

P 

bar g 

t 

0C 

In 

mg/lt 
*1C0 

Table XVIIIa 
4k 

fs 	FL(CHN) 

m.fr. 	m.fr. 

Fs  (NM 

m.fr. 

cony. 

% w/w conv./h 

1 0 60 2 0.0 6.722 4.4815 

2 0 60 2 0.1933 0.2290 0.2339 3.860 0.1845 

3 0 60 2 0.3921 0.3630 0.3784 2.625 0.1105 

4 0 60 2 0.4858 0.4296 0.4107 1.841 0.0767 

5  0 60 2 0.5837 1.247 0.0620 

11 0 60 2 0.0188 5.635 1.1270 

12 0 60 2 0.0509 0.0497 2.573 0.5147 

13 0 60 2 0.0879 0.2468 0.1437 5.998 0.3076 

20 0 60 2 0.1972 4.994 0.1685 
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Code 

No. 

P 

bar g 

t 
o
C 

In 

mg/lt 
*1C0 

Table XVIIIa 

f
s 	F;(CHN) 

m. fr. 	m. fr. 

(cont'd) 

Fs(NVE) 

m.fr. 

COW. 

w/TAT conv./h 

21 0 60 2 0.3971 4.268 0.0885 

Cl 0 60 2 0.2906 5.615 0.0981 

C2 0 60 2 0.2948 4.751 0.1114 

C3 0 60 2 0.2934 0.2963 5.740 0.1003 

C4 0 60 2 0.2765 4.717 0.1106 

C5 0 60 2 0.2997 3.031 0.1166 

C6 0 60 2 0.2927 3.130 0.1204 

C7 0 60 2 0.0211 6.204 1.1314 

C8 0 60 2 0.0529 3.241 0.5910 

Dl 0 60 2 0.2093 6.809 0.1586 

D2 0 60 2 0.4149 5.094 0.0696 

Al 0 60 2 0.0214 0.0032 1.646 1.2348 

A2 0 60 2 0.0203 3.084 1.0065 

A3 0 60 2 0.0211 2.034 0.5084 

A4 0 60 2 0.0494 2.054 0.5135 

AS 0 60 2 0.0613 0.850 0.6375 

A6 0 60 2 0.0531 1.310 0.4271 

A7 0 60 2 0.2072 3.356 0.1891 

A8 0 60 2 0.1023 5.497 0.3202 

A9 0 60 2 0.1046 8.482 0.3122 

A10 0 60 2 0.1936 5.059 0.1862 

A11 0 60 2 0.2029 7.005 0.1661 

Al2 0 60 2 0.2996 2.499 0.1408 

A13 0 60 2 0.2945 3.644 0.1341 

A14 0 60 2 0.2979 0.3055 0.3060 5.176 0.1228 

B1 0 60 2 0.0981 1.669.  0.3338 

B2 0 60 2 0.0979 3.247 0.3068 

B3 0 60 2 0.0958 5.944 0.2957 

B4 0 60 2 0.5956 1.346 0.0561 

B5 0 60 2 0.6045 2.524 0.0522 

B6 0 60 2 0.5839 3.454 0.0480 
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Code 
No. 

P 
bar g 

t 
°C 

In 
mg/lt 

Table XVIIIa 

fs 	F' (GIN) 
m.fr. 	m.fr. 

(cont'd) 

Fs (NDO 
m.fr. 

cony. 
% w/w 

RP  

conv./h 
*100 

15 0 60 4 0.3915 2.839 0.1175 
16 0 60 4 0.4843 3.538 0.1464 
NP1 0 60 4 0.1889 5.393 0.2227 
NP2 0 60 4 0.2691 0.2855 8.435 0.1771 
NP3 .  0 60 4 0.2169 6.560 0.2066 
17 0 60 6 0.1966 5.736 0.3120 
18 0 60 6 0.3889 3.685 0.2005 
NP4 0 60 .6 0.3974 0.3663 4.445 0.1553 
C9 0 50 2 0.2005 1.885 0.0713 
C10 0 50 2 0.3955 0.985 0.0372 
C11 0 50 2 0.2383 3.220 0.0634 
C12 0 50 2 0.4157 0.3837 1.728 0.0340 
D6 0 70 2 0.1900 0.2126 6.812 0.3161 
7 0 70 2 0.3842 5.081 0.2022 
NP7 0 70 2 0.1957 6.815 0.3501 
NP8 0 70 2 0.4015 3.718 0.1910 
NP9 0 70 2 0.2010 7.991 0.2668 
NP10 0 70 2 0.3961 0.3455 4.555 0.1521 
2G 500 60 2 4" 0.1009 0.1691 0.1696 8.091 0.4624 
3G 500 60 2 0.1997 0.2775 0.2759 4.987 0.2850 
4G 500 60 2 0.1995 0.2506 6.545 0.2570 
5G 500 60 2 0.1996 0.2353 8.634 0.2204 
6G 500 60 2 0.2950 0.3384 0.3836 4.957 0.1946 
7G 500 60 2 0.3732 0.4008 0.4394 4.847 0.1238 
8C 500 60 2 0.5180 0.4590 7.095 0.1001 
8G 500 60 2 0.4559 0.4326 0.4397 4.408 0.1125 
9C 500 60 2 0.5663 0.5316 5.321 0.0750 
9G 500 60 2 0.5948 0.5032 0.4732 5.966 0.0663 
10C 500 60 2 0.7155 0.5867 4.405 0.0621 
101K 500 60 2 0.7006 0.5172 0.5558 4.566 0.0507 
11P 500 60 2 0.7956 0.5857 0.7424 3.421 0.0380 
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Code 

No. 

P 

bar g 

t 
o
C 

In 

mg/lt 
*100 

Table =Ha 

f
s 	

F;(CEN) 

m.fr. 	m.fr. 

(cent' d) 

Fs(NY151) 

m.fr. 

cony. 

o w/w conv. /h 

2H 1000 60 2 0.1042 0.1711 6.960 0.6736 

2F 1000 60 2 0.0992 0.1666 0.1822 9.200 0.7131 

3Z 1000 60 2 0.2057 0.2692 2.521 0.4384 

3F 1000 60 2 0.2030 0.2595 5.585 0.4330 

5Z 1000 60 2 0.1990 0.2489 3.881 0.4281 

4H 1000 60 2 0.1997 0.1965 5.655 0.3941 

5H 1000 60 2 0.1982 0.2416 6.501 0.4632 

3H 1000 60 2 0.2001 0.2634 4.393 0.4252 

6Z 1000 60 2 0.2941 0.3404 2.935 0.3237 

6F 1000 60 2 0.2902 0.3263 4.000 0.3108 

6H 1000 60 2 0.2912 0.3403 4.916 0.3503 

7Z 1000 60 2 0.3907 0.3792 2.263 0.2496 

7F 1000 60 2 0.3989 0.3960 5.667 0.2227 

8H 1000 60 2 0.4998 0.3268 5.466 0.1761 

8S 1000 60 2 0.50004 0.4616 0.4654 6.059 0.1579 

9H 1000 60 2 0.5991 0.5348 4.195 0.1352 

9F 1000 60 2 0.5931 0.5059 3.652 0.1435 

9P 1000 60 2 0.6036 0.4529 0.5977 4.085 0.1393 

10Z 1000 60 2 0.7298 0.6130 2.562 0.1073 

11Z 1000 60 2 0.8206 0.6715 0.6786 1.718 0.0719 

2A 1500 60 2 0.1062 0.2399 7.776 1.1296 

23L 1500 60 2 0.0975 0.1656 0.1436 7.791 0.9739 

3A 1500 60 2 0.1995 0.2598 2.736 0.6620 

4A 1500 60 2 0.1991 0.3023 0.2305 8.319 0.6433 

51K 1500 60 2 0.2021 0.2973 0.2695 4.867 0.6084 

6A 1500 60 2 0.2925 0.3899 0.3504 5.981 0.4977 

7A 1500 60 2 0.3965 0.3940 0.4026 4.698 0.3910 

8A 1500 60 2 0.4835 0.4877 0.4322 3.892 0.3239 

9A 1500 60 2 0.5978 0.5186 0.4814 7.104 0.2279 

10A 1500 60 2 0.6965 0.5693 0.5637 5.474 0.1756 

11A 1500 60 2 0.7969 0.6391 0.6288 4.063 0.1304 
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Table XVIIIa (contid) 

Code P 	t 	In 	f
s 	

TCHNO Fs(NNR) cony. 

No. bar g 
o
C mg/lt 	m.fr. 	mfr. 	m.fr. % w/w conv./h 

24L 

31K 

4B 

52K 

4F 

6B 

7K 

8B 

9B 

10B 

11B 

2D 

210 

3L 

4D 

5D 

6D 

7D 

8D 

9D 

10D 

11D 

2E 

3E 

4E 

5E 

60 

7E 

8E 

9E 

102K 

*100 

2000 60 2 0.0993 0.1723 0.1522 6.609 1.3130 

2000 60 2 0.2081 0.2782 0.2495 4.183 0.8311 

2000 60 2 0.2034 0.3291 0.3107 5.242 0.8736 

2000 60 2 0.1958 0.2741 0.2553 6.529 0.8479 

2000 60 2 0.1959 0.2561 0.2670 7.444 0.8623 

2000 60 2 0.2987 0.3369 0.3552 7.972 0.6962 

2000 60 2 0.4009 0.4119 0.4015 5.725 0.4706 

2000 60 2 0.4952 0.4594 5.213 0.4553 

2000 60 2 0.5890 0.5139 7.476 0.3563 

2000 60 2 0.6861 0.6032 5.854 0.2790 

2000 60 2 0.7930 0.6389 0.6693 4.010 0.1911 

2500 60 2 0.1020 0.2143 8.070 2.1330 

2500 60 2 0.1010 0.0899 0.0539 5.700 1.8587 

2500 60 2 0.2010 0.2721 3.730 1.2162 

2500 60 2 0.2037 0.3145 8.081 1.2793 

2500 60 2 0.2022 0.2712 0.2530 5.261 1.3152 

2500 60 2 0.2903 0.3447 0.3505 4.081 1.0203 

2500 60 2 0.3980 0.3891 0.4246 4.583 0.7255 

2500 60 2 3  0.4967 0.4901 0.4855 4.037 0.6391 

2500 60 2 0.5805 0.5482 0.5091 8.868 0.4284 

2500 60 2 0.6949 0.6159 0.6109 

2500 60 2 0.8306 0.6701 0.6687 5.298 0.2560 

MOO 60 2 0.1011 0.1760 0.3000 8.723 2.5285 

3000 60 2 0.1963 0.2821 0.3248 5.346 1.5494 

3000 60 2 0.1974 0.2745 3.413 ].7063 

3000 60 2 0.1950 0.2500 8.968 1.4741 

3000 60 2 0.2835 0.2690 0.3718 7.968 1.1119 

3000 60 2 0.4058 0.5475 0.4843 5.509 0.9056 

3000 60 2 0.4918 0.4513 0.5010 4.632 0.7614 

3000 60 2 0.6064 0.5275 0.5685 7.028 0.5637 

3000 60 2 0.6744 0.5620 0.6314 3.709 0.5176 
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Code 

No. 

P 

bar g 

t 
o
C 

In 

mg/it 
*100 

Table XVIIIa 

f
s 	

FL(CHN) 

m.fr. 	m.fr. 

(cont'd) 

Fs(NNR) 

m.fr. 

corm. 

% w/w conv./h 

11E 3000 60 2 0.7893 0.6457 0.7796 4.588 0.3680 

220 3500 60 2 0.1028 0.1870 0.1630 6.235 3.1174 

3J 3500 60 2 0.2130 0.2230 3.961 1.9807 

4L 3500 60 2 0.1988 0.2736 0.2862 5.585 1.9370 

5M 3500 60 2 0.1937 0.2839 8.279 1.8399 

6J 3500 60 2 0.2920 0.3546 0.3545 4.355 1.5104 

720 3500 60 2 0.3899 0.3494 0.4025 5.104 1.1962 

8J 3500 60 2 0.4852 0.3998 0.5069 4.281 1.0033 

9J 3500 60 2 0.5872 0.5251 0.5366 7.611 0.7714 

10J 3500 60 2 0.7171 0.6216 0.6773 6.037 0.6119 

111T 3500 60 2 0.8056 0.6999 0.7909 7.277 0.4428 

11M 3500 60 2 0.7880 0.6601 4.842 0.4908 

2M 4000 60 2 0.0999 0.0888 0.2000 8.911 4.6093 

320 4000 60 2 0.2041 0.2069 5.369 2.7773 

4M 4000 60 2 0.2030 0.2912 7.808 2.6028 

5T 4000 60 2 0.1981 0.2749 10.976 2.1952 

6M 4000 60 2 0.2968 0.3434 0.3641 5.807 1.9358 

7H 4000 60 2 0.3883 0.4209 0.4706 6.195 1.5487 

8M 4000 60 2 4  0.4912 0.4734 0.5624 5.146 1.2864 

92S 4000 60 2 0.6100 0.4853 0.5334 7.777 0.6419 

9M 4000 60 2 0.6001 0.5346 7.165 0.9883 

10S 4000 60 2 0.6919 0.6393 6.500 0.5365 

1OF 4000 60 2 0.7302 0.6207 5.704 0.7868 

112S 4000 60 2 0.8163 0.6842 0.6677 4.796 0.3958 

230 5000 60 2 0.0964 0.1245 26.308 13.1540 

3T 5000 60 2 0.1982 0.2489 9.822 4.9109 

6S 5000 60 2 0.3022 0.3580 0.4040 13.599 3.3034 

7S 5000 60 2 0.3929 0.3725 10.988 2.6692 

8T 5000 60 2 0.4937 0.4474 0.5055 8.431 2.0480 

91S 5000 60 2 0.5845 0.4777 0.5261 11.625 1.6848 

10P 5000 60 2 0.6948 0.5408 0.6069 9.241 1.3392 

112T 5000 60 2 0.7921 0.6970 0.6673 7.121 1.0321 



Code F F  5 F
SMM  S 

Table 

F SMS 

XVIIIb 

F
Y SMM S 

ESNB 5 F 8 

2 0.8625 0.6250 3.54 0.2037 3.48 0.0388 3.41 0.1425 0.1130 3.10 0.0300 2.98 0.0010 2.79 

3 0.7570 0.3570 3.54 0.3286 3.45 0.0588 3.37 0.2210 0.1440 3.11 0.0800 2.99 0.0240 2.80 

4 0.7140 0.3240 3.52 0.3286 3.43 0.0586 3.31 0.2570 0.1750 3.09 0.0810 2.95 0.0386 2.73 

12 0.9720 0.9660 3.57 0.0060 3.46 0.00 - 0.0260 - 3.10 - 0.0120 2.90 

13 0.9250 0.7500 3.58 0.1750 3.50 0.00 3.42 0.0780 0.0850 - 0.00 - 0.00 - 

A14 0.7450 0.3088 3.54 0.3625 3.45 0.0700 3.35 0.2075 0.1590 3.11 0.0450 2.97 0.0387 2.75 

2G 0.8600 0.5900 3.57 0.1600 3.49 0.1120 3.41 0.1000 0.0770 3.07 0.0230 2.93 0.0350 2.79 

3G 0.7890 0.4330 3.52 0.2330 3.44 0.1267 3.35 0.1640 0.1230 3.05 0.0400 2.92 0.0410 2.50 

6G 0.6700 0.2840 3.55 0.2600 3.46 0.1180 3.37 0.2600 0.1670 3.11 0.0940 3.02 0.0700 2.79 

7G 0.5950 0.2060 3.53 0.2725 3.45 0.1190 3.33 0.2875 0.2240 3.10 0.1150 2.97 0.1125 2.75 

8G 0.5875 0.2460 3.50 0.2440 3.41 0.1000 3.30 0.2750 0.1590 3.09 0.1200 2.96 0.1375 2.72 

9G 0.5830 0.2267 3.50 0.2667 3.41 0.0917 3.30 0.3330 0.2330 3.08 0.1110 2.97 0.0880 2.73 

101K 0.6330 0.3330 3.49 0.1730 3.42 0.1267 3.32 0.2930 0.1830 3.07 0.1100 2.98 0.1000 2.74 

11P 0.6670 0.0470 3.45 0.4870 3.40 0.1530 3.31 0.2470 0.1330 3.07 0.0870 2.97 0.1130 2.73 

2F 0.8430 0.6330 3.56 0.1930 3.46 0.0330 3.34 0.0867 0.0770 3.10 0.0070 3.03 0.0667 2.84 

8S 0.6460 0.2790 3.50 0.2860 3.43 0.0680 3.32 0.2220 0.1430 3.08 0.0890 2.94 0.0870 2.91 

9P 0.7370 0.2330 3.49 0.4700 3.41 0.0430 3.29 0.2470 0.1500 3.07 0.0870 2.96 0.0160 2.68 

11Z 0.6360 0.2730 3.45 0.2270 3.38 0.1590 3.29 0.2726 0.1420 3.02 0.1410 2.93 0.1045 2.70 

23L 0.8500 0.6560 3.57 0.1750 3.45 0.0175 3.33 0.1190 0.0900 3.08 0.0280 2.99 0.0375 2.78 

4A 0.8200 0.5800 3.57 0.2150 3.47 0.0230 3.39 0.1_630 0.1420 3.11 0.0260 2.99 0.0100 2.77 

51K 0.8200 0.5800 3.53 0.2120 3.44 0.0380 3.34 0.1520 0.1180 3.09 0.0340 2.99 0.0300 2.71 01 

a 



Code Fx 8 F
P  SA 

6 

Table 

F 
	

5  sms 

XVIIIb (cont'd) 

F 
SMM 

8 
F SMS 5 F 6 

6A 0.7220 0.4500 3.54 0.2000 3.47 0.0840 3.38 0.2220 0.1500 3.11 0.0720 2.99 0.0550 2.77 

7A 0.7110 0.3170 3.54 0.3030 3.45 0.0856 3.36 0.2510 0.1470 3.13 0.0550 3.02 0.0330 2.79 

8A 0.7050 0.3666 3.52 0.2617 3.44 0.0867 3.36 0.2600 0.1950 3.10 0.0670 2.98 0.0280 2.78 

9A 0.7040 0.2800 3.53 0.3840 3.45 0.0400 3.33 0.3000 0.2340 3.10 0.0740 2.98 0.0140 2.76 

10A 0.6300 0.2060 3.49 0.3580 3.40 0.0800 3.29 0.3200 0.2600 3.05 0.0740 2.95 0.0440 2.72 

11A 0.6125 0.1625 3.47 0.3400 3:410 0.1125 3.30 0.3500 0.2750 3.04 0.0700 2.94 0.0325 2.73 

24L 0.8140 0.5610 3.55 0.2140 3.45 0.0430 3.32 0.1430 0.1140 3.10 0.0340 2.94 0.0470 2.80 

31K 0.7200 0.4800 3.54 0.2480 3.44 0.0450 3.31 0.1620 0.1130 3.07 0.0500 2.97 0.0510 2.77 

4B 0.8000 0.5280 3.55 0.2240 3.47 0.0480 3.37 0.1440 0.1080 3.10 0.0400 2.97 0.0600 2.83 

52K 0.7920 0.5955 3.58 0.1580 3.48 0.0420 3.39 0.1600 0.1250 3.08 0.0360 2.98 0.0355 2.84 

4F 0.8130 0.5167 3.56 0.2730 3.45 0.0430 3.35 0.1730. 0.1530 3.11 0.0330 2.99 0.0330 2.73 

6B 0.8050 0.5500 3.53 0.2650 3.45 0.0100 3.32 0.1950 0.1600 3.10 0.04002.97 0.0300 2.83 

7K 0.7290 0.3750 3.53 0.2810 3.43 0.0660 3.32 0.2190 0.1620 3.10 0.0660 2.97 0.0625 2.76 

11B 0.5500 0.1650 3.49 0.2750 3.41 0.1200 3.33 043300 0.2100 3.08 0.1200 3.00 0.1350 2.75 

210 0.82C0 0.2040 3.54 0.5300 3.50 0.0800 3.37 0.1300 0.1060 3.11 0.0350 2.93 0.0500 2.70 

5D 0.7717 0.5217 3.56 0.2167 3.46 0.0330 0.1830 0.1500 3.12 0.0380 2.97 0.0550 2.78 

6D 0.7300 0.4660 3.51 0.1760 3.43 0.0880 3.36 0.2200 0.1540 3.07 0.0600 2.94 0.0600 2.77 

7D 0.6925 0.4250 3.50 0.2375 3.41 0.0375 3.30 0.2500 0.1880 3.09 0.0600 2.95 0.0500 2.77 

8D 0.6540 0.3540 3.49 0.2275 3.40 0.0825 3.30 0,2875 0.2170 3.09 0.0730 2.95 0.05402.75 

9D 0.5900 0.3000 3.49 0.2160 3.41 0.0810 3.30 0.3010 0.2240 3.08 0.0800 2.98 0.1090 2.73 

10D 0.6075 0.2500 3.48 0.2650 3.40 0.1125 3.30 0,3075 0.2300 3.04 0.0900 2.94 0.0925 2.75 co 



Code F F1 
 

8 ESmm 6  

Table 

6 F SMS 

XVIIIb (=It'd) 

smm 6  FSMS 6  Fz  6 

11D 0.5375 0.1575 3.45 0.2500 3.39 0.1250 3.30 0.3600 0.1750 3.07 0.2050 2.96 0.1075 2.71 

2E 0.8900 0.2767 3.55 0.2400 3.46 0.0500 3.38 0.1167 0.0930 3.10 0.0300 2.96 0.1667 2.80 

3E 0.7500 0.4250 3.53 0.2417 3.45 0.0867 3.33 0.1880 0.1130 3.08 0.0750 2.94 0.0667 2.80 

60 0.8300 0.3575 3.53 0.3875 3.46 0.0575 3.34 0.1375 0.0950 3.11 0.0500 3.00 0.0500 2.78 

7E 0.6417 0.3250 3.50 0.2567 3.41 0.0617 3.30 0.2717 0.1930 3.09 0.0820 2.96 0.0817 2.74 

BE 0.6080 0.2717 3.49 0.2400 3.41 0.1000 3.30 0.3000 0.2130 3.08 0.0920 2.96 0.0900 2.71 

9E 0.6000 0.2675 3.47 0.2750 3.39 0.0600 3.28 0.3075 0.2270 3.06 0.0880 2.96 0.1050 2.74 

102K 0.6380 0.0692 3.46 0.4935 3.40 0.0753 3.31 0.3100 0.2500 3.04 0.0500 2.95 0.0520 2.81 

11E 0.5500 0.4000 3.45 0.1000 3.37 0.0650 3.30 0.3350 0.2450 3.06 0.1000 2.96 0.1100 2.71 

220 0.8400 0.6160 3.57 0.2240 3.48 0.0260 3.34 0.1040 0.0720 3.12 0.0260 3.01 0.0600 2.76 

4L 0.7540 0.5120 3.57 0.1900 3.47 0.0480 3.37 0.1980 0.1600 3.13 0.0380 3.00 0.0500 2.77 

6J 0.6825 0.3925 3.52 0.2325 3.42 0.0675 3.31 0.2000 0.1630 3.08 0.0500 2.95 0.1125 2.80 

720 0.7000 0.3500 3.50 0.3300 3.40 0.0340 3.26 0.2260 0.1940 3.07 0.0600 2.93 0.0680 2.72 

8J 0.6200 0.2550 3.49 0.2375 3.40 0.1250 3.30 0.2875 0.1850 3.07 0.1150 2.95 0.1000 2.76 

9J 0.5800 0.2340 3.48 0.2340 3.40 0.1140 3.30 0.3000 0.2040 3.05 0.1100 2.95 0.1140 2.72 

103 0.6000 0.2000 3.48 0.2550 3.40 0.1450 3.30 0.3500 0.2680 3.03 0.1000 2.91 0.0500 2.73 

111T 0.6300 -0.1450 3.47 0.4000 3.39 0.1100 3.29 0.3400 0.2500 3.03 0.1000 2.95 0.0300 2.73 

2M 0.8000 0.5000 3.57 0.1875 3.50 0.1200 3.42 0.1200 0.1230 3.09 0.1000 2.95 0.0825 2.85 

6M 0.6950 0.3500 3.53 0.2550 3.43 0.0875 3.33 0.2400 0.1680 3.10 0.0800 2.97 0.0750 2.76 

7H 0.6850 0.3625 3.50 0.2675 3.42 0.0675 3.31 0.2450 0.1530 3.09 0.1000 2.97 0.0700 2.77 
H 

8M 0.6800 0.3500 3.51 0.3250 3.42 0.0550 3.30 0.2350 0.1850 3.08 0.0600 2.93 0.0650 2.76 LT 1 



Code F
x 

F
MMM 

6 F
SMM  

5 

Table 

6 F
SYS 

XVIIb 	(cont'd) 

y 	SMM 
b F 

SMS b F 6 

92S 0.6C00 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 

105 0.8625 0.1625 3.48 0.5250 3.40 0.1750 3.32 0.1375 0.00 2.75 

112S 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 

1CP 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 

112T 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 
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Table 	XIX 

Fs(CHN) MN*10 5 
NE*10

75 
ME*10

75 
MV*10

5 
Mil/MN ME/MN 

Al 0 0.0214 0.0032 1.7465.  3.5537 7.0375 3.2247 2.03 4.03 

12 0 0.0509 0.0497 1.1460 2.0619 3.3848 1.9118 1.80 2.95 

13 0 0.0879 0.2468 1.0338 1.8385 2.8720 1.7138 1.78 2.78 

2 0 0.1933 0.2290 0.5393 0.9324 1.4176 0.8733 1.73 2.63 

C3 0 0.2934 0.2963 0.4454 0.8536 1.3470 0.7918 1.92 3.02 

A14 0 0.2979 0.3055 0.3405 0.6179 0.9205 0.5782 1.81 2.70 

3 0 0.3921 0.3630 0.3436 0.6075 0.9040 0.5691 1.77 2.63 

4 0 0.4858 0.4296 0.1922 0.3972 0.6200 0.3678 2.07 3.23 

B6 0 0.5839 0.3019 0.5812 0.9251 0.5384 1.93 3.06 

24L 2000 0.0993 0.1723 4.8223 10.475 21.959 9.3662 2.17 4.55 

52K 2000 0.1958 0.2741 2.5509 4.884 9.2372 4.4580 1.91 3.62 

4F 2000 0.1959 0.2561 3.0088 6.1364 12.886 5.5313 2.04 4.28 

6B 2000 0.2987 0.3369 2.2846 4.2722 7.5801 3.9209 1.87 3.32 

7K 2000 0.4009 0.4119 1.7099 3.2020 5.5253 2.9496 1.87 3.23 

8B 2000 0.4952 0.4594 1.5421 2.9231 5.1099 2.6924 1.90 3.31 

9B 2000 0.5890 0.5139 1.1632 2.1392 3.4870 1.9829 1.84 3.00 

10B 2000 0.6861 0.6032 1.1068 1.9629 3.1350 1.8253 1.77 2.83 

11B 2000 0.7930 0.6389 0.8575 1.5730 2.5804 1.4602 1.83 3.01 

4G 500 0.1995 0.2506 0.9573 1.6816 2.7130 1.5654 1.76 2.83 

5H 1000 0.1982 0.2416 1.4134 2.4875 4.1109 2.3069 1.76 2.91 

3A 1500 0.1995 0.2598 2.0575 3.8593 6.7971 3.5458 1.88 3.30 

3L 2500 0.2010 0.2721 3.4796 7.2653 14.629 6.5501 2.09 4.20 

3E 3000 0.1963 0.2821 4.6804 10.679 23.586 9.4912 2.28 5.04 

4L 3500 0.1988 0.2736 5.3840 14.462 31.778 12.725 2.69 5.90 

5T 4000 0.1981 0.2749 6.5195 17.707 41.810 15.451 2.72 6.41 

3T 5000 0.1982 0.2489 8 6656 24.594 60.640 21.275 2.84 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 temperature there seems 

to be a tendency of the formation of «XS 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 compare 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 aMS content of the copolymer up to 3000 bars. At pres-

sures above 3000 barS there is a less-pronounced reverse effect, and 

the cdvis content of the copolymer decreases with pressure (fig.(27b)). 

Table XX 

This research 
	

Wittmer 	Izu et al. 

Calctd. by A. given 	Calctd. by A. given 

	

0.297 
	

0.30 

	

0.512 	0.55 

	

0.192 	0.15 

	

0.564 	0.40 

0.148 

0.567 

• 6.4 Treatment of the Data by means of Various Copolymerization Models  

6.4.1 Copolymerization Models without any Depropagation Reaction 

a) Terminal unit model 

The composition data obtained by the two analytical methods, na-

mely CHN and NPR, were used to attempt 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 unit model, in which 

only the ultimate unit 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 wicily used nonlinear regression (NLR) 

in this research, two other methods were used (which apply only to the 

terminal unit model), for comparison. These were the Mayo-Lewis line 

intersection method and the Fineman-Ross linearization mathod. Obvi-

ously only the NLREethod can give true 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 ellipses 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 number 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 least7-squares. Again, the 

standard deviation given is only a measure of the residuals of linear 

least-squares. 

The fs  -Fs  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 (300. As seen in figures 

(30a-c) of the three methods the worst scatter along the pressure co-

ordinate was from the Fineman-Ross linearization method. The Mayo-

Lewis 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 the copolyre-

rization models examined in this research. The terminal unit model 

reactivity ratios from the data Obtained 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 unit model (apparent) reactivity ratios along the pressure 

coordinate. The change is an increase in rB  and a decrease in rA  with 
pressure. The rate of chance of rB with pressure levels off after 

3000 atm which becomes a slight maximum due to a subsequent decrease 
at higher pressures. The mode of change of rA  is similar since a plot 

of l/rA shows a very similar change to that of rB' in a larger scale. 

The effect of pressure on reactivity ratios is expressed as a 

combined effect on both the rate constants involved, therefore in terms 

of activation volumes 

and if 
< IAV,1 	(6.4.2) 

one expects an increase in rB with pressure. Although the increase 

in rB in fig.(30c) may show that equation (6.4.2) is true, the nature 

of equation (6.4.1) which predicts an exponential increase of rB  with 

pressure may throw doubt on the validity of the terminal unit model 

as applied to this system. An explanation of the maximum is conside-
red in a later section.4, 

A similar mode of change in the 'terminal unit model' r's, but 
with respect to temperature, can be seen fram analysis of the data of 

Wittmer and of Izu et al. In this case the change is in the direction 

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 rB  at the highest pressure may 

not be due entirely to experimental error. 

The data of Wither and Izu et al. also demonstrates the inva-

lidity of the terminal unit rrodel for this system, at normal pressure. 

This is shown by the negative reactivity ratios which are obtained 

from the terminal unit model at higher temperatures, and have no phy-

sical meaning. 

The usual way to check thagoodhess 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 unit model 

The penultimate unit 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 fit an equation of too 

many parameters to an insufficiently accurate set of data. Hence, 

another attempt was made using the simplifying assumption that kbbb= O. 
So, 

X - 

1 + rAx 1 + r'Ax 
1 + riAx 

(6.4.3) 

  

rB/x 
1 + 	 

1 + rs/x 

This was a necessary assumption 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 seems too smooth to be attributed simply to experi-

nental errors. Although the shoulder at 1000 atm in curves (ii) and 

(iii) may be due to experimental error the maxima in curves (ii) and 

(iv) (for 1/rk) are far too prominent. The locations of the maxima, 

too, are similar to those from the terminal unit 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 kaab  with pressure are 

of similar magnitude. 

3)kabb  is largely increased by pressure but the curve of 
rA=kabb/kaba  has an abnormality similar to r B=kbb/kba (terminal unit 

model) and gives a maximum at 3000 atm., 

4) Similar behaviour to that of kabb  is seen in kbab  (espe-

cially when r21,1  plotted as 1/52, possibly indicating that an A unit 

between two B units does not reduce their mutual repulsions. 

Fig.(32) (Table (XXIIb)) shows the penultimate unit model reac-

tivity ratios for the data of Wittmer. 
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c) The penpenultimate unit 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 monomer (see section (1.3.2)). To 

show this effect by means of an equation the penpenultimate unit equ-

ation was used with simplifying assumptions, which make it equivalent 

to equations (4.1.3) with kbbb= 0 and with kaaa  split into two compor-

nents, kn,aaa  and kaaaa. Both approaches yield the equation 

1 + rAx 1 + rA' x 1 + r'Ax 

1 + 1/ex • 
X = 	H 	(6.4.4) 

r 
1 + 	 

ri3  +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 (xxinia)) the scatter of points in the r vs. P domain is 

low enough to reveal some information. 

In another attempt the same equation was tried with rB  values 

as estimated fram. equation (6.4.3) thus reducing it to a three para-

meter equation. This did not improve the estimation much. 

The effect of pressure on the reactivity ratios, as obtained 

from equation (6.4.4), can be summarized as follow: 

1) Pate of change of 	and kaaab  are of similar magni- 

tude 

2) There is a sharp increase in kbaab  though it is difficult 

to discern a logarithmic decrease of 5i (=kbaaa/kbaab)* 

Fbr the rest of the rate constants the sane considerations app-

ly as for the equation (6.4.3). 

1 + 
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Table XXIa 

Reactivity ratios of aNS-MMA system at various 

pressures (this research) calculated by computer,- 
ized Mayo-Lewis line intersection. T = 60°C. 

P, bar g rM  or MMA 
r ms  ar aMS 

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 
snm n,coad (1:2(16R 0.3062 nr1713 

Table Mb 

Reactivity ratios of aNS-MMA system at various 

pressures (this research) calculated by Fineman- 

Ross method. 	T = 609C. 

P, bar g rmmA 	6r MMA aMS ar  aNS 

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 0.0159 

5000 0.5419 0.1214 0.3341 0.0359 
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Table XXId 

Reactivity ratios of a1 -N system at various 

temperatures ( a) Wittrer, b) Izu et al. ) calcu-

lated by Fineman-Ross Rethod. P = 1 atm. 

0  T, 	C r MMA ar MMA aNS 

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 arS-M1231 system at various pressures 

(this research) calculated by NLR, equation (1.3.15). 
T = 60°C. 

P = 0 bar g 

Reac. ratio 	value 	95% conf. limits Jacobian2 

r 0.5668,i■ 	±0.0443 MMA  0.4516 -0.2124 
'' raMA 	0.1475 	±0.0762 -0.2124 0.1529 

Sum of squares = 0.1236*1072  

P = 500 bar g 

rMMA 	0.4647 	±0.0377 1.0248 0.3834 

ram 	0.1905 	±0.0300 0.3834 0.6491 

Sum of squares = 0.3865*1072 

P = 1000 bar g 

r 	0.5003 	±0.0349 MMA 0.8753 -0.4135 

raMS 	0.2675 	±0.0341 -0.4135 0.9182 

Sum of squares = 0.7291*1072 
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Table 	XXIc 

P = 1000 bar g 
Peac. ratio 	value 	95% conf. limits 

r 	0.5003 	±0.0349 NMA 

ram 	0.2675 	±0.0341 

Sum of squares = 0.7291*10*-2 

P= 1500 bar g 

r 	0.4455 	±0.0327 MMA 

rank 	0.2228 	±0.0259 

Sum of squares = 0.3745*1072 

P = 2000 bar g 

r 	0.4739 	±0.0293 MMA 
rams 	0.2997 	±0.0358 

Sum of squares = 0.4385*1072  

(cont'd) 

Jacobian2 

	

0.8753 	-0.4135 

	

-0.4135 	0.9182 

	

0.6761 	-0.3363 

	

-0.3363 	1.0789 

	

0.9198 	-0.3546 

	

-0.3546 	0.6160 

	

0.8010 	-0.3744 

	

-0.3744 	0.8446 

	

0.6269 	-0.2651 

	

-0.2651 	0.4929 

	

0.5282 	-0.2351 

	

-0.2351 	0.5540 

	

0.5959 	-0.3569 

	

-0.3569 	0.8641 

P = 2500 bar g 

r 	0.4095 MMA 	±0.0463  

raNS 	0.2904 	±0.0451 

Sum of squares = 0.8317*10 2  
ik 

P = 3000 bar g 

	

0.4278 	±0.0900 NMA 
rams 	0.3828 	±0.1014 

- Sum of squares = 0.1782*10 1  

P = 3500 bar g 

r 	0.4317 	±0.0319 MMA 
rams 	0.3452 	±0.0311 

Sum of squares = 0.2200*1072 

P = 4000 bar g 

r 	0.4085 	±0.0450 vim 
raNS 	0.3112 	±0.0374 

Sum of squares = 0.4135*1072 



r... 	0.4324 	4-n_n423 MA 
rams  0.2221 ±0.0288 

Sum of squares = 0.1672*10 2  

T = 50°C 

rIV 	
0.5110 	±0.0510 A 

rams  0.3051 ±0.0426 

Sum of squares = 0.1335*1072 

T = 60°C 

	

0.5116 	±0.0406 MMA 
rays  0.2969 ±0.0316 

Sum of squares = 0.1071*102  

T = 80°C 

r 	0.5369 	±0.0406 IVA 
rams  0.1282 ±0.0161 

Sum of squares = 0.1071*1072 

-it 
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Table XXIc (cont'd) 

P = 5000 bar g 

Reac. ratio value 95% calf. limits 	Jacobian2  

r 
WA 

raNS 

0.4863 

0.3126 

±0.1057 

±0.0767 

0.3976 

-0.3082 

-0.3082 

0.7545 

Sum of squares = 0.1381*1072  

Table XXIe 

Reactivity ratios of aMS-NMA system at various temperatur 

res ( a) Wittmer, b) Izu et al. ) calculated by NLR, equ-
ation (1.3.15). P = 1 atm. 

a) T = 20PC 

Iliac. ratio value 95% conf. limits 	Jacobian2  

mgm -n./1e6 

-0.2106 0.7936 

0.2799 -0.1741 

-0.1741 0.4015 

0.3145 -0.2260 
-0.226 0.5210 

0.2498 -0.2279 

-0.2279 1.5891 
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Table 	XXle 

T = 100PC 

Reac. ratio 	value 	95% conf. limits 

(coast' d) 

Jacobian2 

rMmA 	0.6042 	±0.0658 0.1819 -0.2064 

rNS 	-0.0068 	±0.0349 a -0.2064 0.6477 

Sum of squares = 0.1005*1072 

' 0.2426 -0.1594 

b) T = 6CPC 

r 	0.5639 	±0.0513 MMA 

raNS 	0.1922 	±0.0514 -0.1594 0.2412 

Sum of squares = 0.5467*1073 

T = 114oC 

rivimA 	1.3030 	±0.1325 0.0362 -0.1835 
ravs 	-0.0368 	±0.0093 -0.1835 7.2920 

Sum of squares = 0.5743*1073 

Table XXIIa 

Reactivity ratios of aFB-I' system at various pressures 

(this research) calculated from equation (6.4.3). 
T = 60oC. 

P = 0 bar g 

Reac. ratio 

(A=MmA 

value 

B=47066). 

95% conf. limits Jacobian 2 

rA 0.4971 ±0.0968 0.2121 0.0300 -0.0603 

rA 1.3141 ±35.89 0.0300 0.0070 -0.0141 

rB 0.5532 ±17.54 -0.0603 -0.0141 0.0285 

Sum of squares = 0.8278*1073 

P = 500 bar g 

rA  0.4405 ±0.2427 0.2797 0.0560 -0.0573 

rA 0.9224 ±22.35 0.0560 0.0277 -0.0293 

rB 0.6945 ±20.70 -0.0573 -0.0293 0.0310 

Sum of squares = 0.3396*10 2  
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Table 	XXIIa 	(oant'd) 

P = 1000 bar g 
. Reac. ratio 	value 	95% conf. limits 	Jacoblan 

2  

rA 	0.5047 	±0.4648 0.3507 0.1021 -0.0719 

reA 	0.7922 	±40.19 0.1021 0.0558 -0.0401 

rB 	0.8332 	±54.87 -0.0719 -0.0401 0.0288 

Sum of squares = 0.1866*10 1  

P = 1500 bar g 

rA 	0.4298 	±0.2867 0.3004 0.0729 -0.0571 

reA 	0.8023 	±14.57 0.0729 0.0392 -0.0321 

rB 	0.7646 	±17.17 -0.0571 -0.0321 0.0263 

Sum of squares = 0.7556*1072 

P = 2000 bar g 

rA 	
0.5312 	±0.5618 0.3356 0.1246 -0.0573 

r' 	0.6645 	±87.59 0.1246 0.0711 -0.0329 

rB 	1.0356 	±187.2 -0.0573 -0.0329 0.0152 

Sum of squares = 0.1098*10 1  

P = 2500 bar g 

rA 	0.5077,k 	±1.089 0.2274 0.1135 -0.0394 

rA 	0.5863 	±725.3 0.1135 0.0925 -0.0321 

rB 	1.1980 	±2081 -0.0394 -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 	±81.57 0.1042 0.0926 -0.0229 

rB 	1.4369 	±338.2 -0.0261 -0.0229 0.0057 

Sum of squares = 0.3467*10-1 
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a) 

Table 	XXIIa 	(cont'd) 
P= 3500 bar g 

Reac. ratio 	value 	95% ccnf. limits 	Jacobian2 

rA 	0.5445 	±0.8573 	0.2065 	0.1083 
rA 	0.5417 	±63.37 	0.1083 	0.0925 
rB 	1.3556 	±234.5 	-0.0300 -0.0254 

-0.0300 
-0.0254 

0.0070 

Sum of squares = 0.1222*10 1  

P= 4000 bar g 

rA 	0.5070 	±0.8675 0.1564 0.0853 -0.0268 
r1
A 	0.5624 	±514.2 0.0853 0.0788 -0.0247 

rB 	1.2624 	±1642 -0.0268 -0.0247 0.0078 

Sum of squares = 0.1373*1071  

P = 5000 bar g 

(1.6134 	.1.1 	152 rA 
n.n055 n.n44c 

rA 	0.6286 	±40.09 0.0645' 0.0732 -0.0258 

rB 	1.2090 	±116.3 -0.0231 -0.0258 0.0091 

- Sum of squares = 0.2348*10 1  

Table XXIIb 

Reactivity ratios' of NS-MMA system at various temperatu- 
res ( a) Witter, b) Izu et al. ) calculated from equation 

(6.4.3). 

T = 20C 
Reac. ratio 

P = 1 atm. 

value 

(A=ND)04 B=ciNS). 

95% canf. limits Jacobian2  

rA 0.4973 ±1.050 0.1201 0.0423 -0.0221 

r1
A  0.6898 ±86.79 0.0423 0.0327 -0.0174 

rB 0.9605 ±160.7 -0.0221 -0.0174 0.0093 

Sum of squares = 0.2907*10 71 

T = 50°C 

rA 	0.6171 ±0.5821 0.0853 0.0414 -0.0177 

rt
A  0.6603 ±157.4 0.0414 0.0386 -0.0164 

rB 1.0841 ±371.7 -0.0177 -0.0164 0.0070 

Sum of squares = 0.3314*102 
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Table MIIb (cont'd) 

T = 60°C 
Reac. ratio value 95% conf. limits 	Jacobian2 

TA 0.5544 ±0.6541 
rA 0.7150 ±115.1 
rB 0.9605 ±211.6 

Sum of squares = 0.6147*1072 

T = 80°C 

TA 	0.5014 	±0.3162 
rA 	1.1278 	±16.60 
rB 	0.5135 	±9.079 

- Sum of squares = 0.5089*10 2  

T = 100PC 

TA 0.5591 ±0.1215 
rA 0.7537 ±0.4541 
rB 0.0153 ±0.0795 

Sum of squares = 0.9036*10 3 

b) T = 60PC 

A 0.67704,  ±0.1507 
rA 0.4077 ±0.1499 
rB  0.1928 ±0.113 

Sum of squares = 0.2206*1073 

T = 114°C, 

TA 
re  A 
rB 

0.9959 
0.2463 

-0.0211 

±0.1536 
±0.9153 
±0.0074 

Sum of squares = 0.1109*1073  

0.1013 0.0399 -0.0215 
0.0399 0.0345 -0.0187 

-0.0215 -0.0187 0.0102 

0.1156 0.0211 -0.0352 
0.0211 0.0107 -0.0188 

-0.0352 -0.0188 0.0334 

0.0839 0.0244 -0.0591 
0.0244 0.0192 -0.0778 

-0.0591 -0.0778 0.4384 

0.0612 0.0963 -0.0742 
0.0963 0.1869 -0.1566 

-0.0742 -0.1566 0.1518 

0.0218 0.0034 -0.0787 
0.0034 0.0012 -0.0742 

-0.0787 -0.0742 9.8911 
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Table XXIIIa 

Reactivity ratios of aMS-MMA system at various pressures (this 

research) calculated from equation (6.4.4). 

BANS) 

P, bar g 	rA 	r' 

	

A 	r" A 

T = 609C. 

r' B 

(A=MMA, 

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 

q = Fran of sqviargm 

Table XXIIIb 

Reactivity ratios of aYS-MMA system at various temperatures 

( a) Wither, b) Izu et al. ) calculated from equation (6.4,4). 
P 1 atm. (A=MMA, B=aNS). 

T, oC 	rA )" qi r 	r"A 	rB 	ss*103 

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 D3propagating Nbnomers 

Before discussing copolymerization ncdels 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(98) calculated the equilibrium conatant for aMS from the equi-

librium monomer concentration data of McCormick(64) which yield 

Table XXIV 

ToC K (mole/lt) 

20 1.7 

40 3.6 

50 5.1 

60 7.1. 

80 12.9 

100 22.9 

150. 67 

where K=kd/kp=[M]e unlike the usual equilibrium constant of K=kp/kd 
=1/[M]e. This set of data has been found (present work) to be expressed 

by the empirical equation (6.4.5). 

K
t 

= exp(3487/(273 + t) - 12.4309) 	(6.4.5) 

where K=kp/k 	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 aMS 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 Gasparro(103). The 1/He  

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/kd. 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 Witter r. 

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 whole pressure 

range. Then fram 

at 60°C one obtains 

(@ln K) = Avo° ap (1.4.10) 

K = exp(0.005312P + In K1 atin) 	(6.4.8) 

where P is in bar and AV°  is the value of Kilroe and Weale(59), and 

K=kp/kd. 

Stein, Wittner and troller  in their paper on the ceiling tempe-

ratures of aMS(66) (see section (2.4)), give an extensive set of re-

sults on the monomer-polymer equilibrium constant at various tempera-

tures and pressures. The complete set of results is given in Table(XXV). 

Again McCormick's values for AH and AS°  were used in the calculations. 

Table XXV 

4_ 
K (molole/lt ) 	(= M e=kd/kp) 

o P(atil) °C 40 50°C °C 60 °C 80oc 	100 

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 max 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) 

(@AH 
pp)

T 
= 	

T (UN) 

(a P 
@AS --51-57) = (DV

T
) 

T 	3 

combining into equation (6.4.11) 

0 = AH1  - TtS1  + AV(P 1) - RT In[M]e 

and treating the data of Table (XXV) , as 

In [M e - - 6960 + 24.8 T - 0.481 (P - 1)  
1.968 T 

(6.4.11) 

(6.4.12) 

The depropagation of methyl methacrylate at 60°C is almost neg-

liyiLle with an equilibrium constant of 

K = kp/kd = 93.46 It/mole 

Therefore it was assumed to be nandepropagating for all models except 

the Monte-Carlo simulation model in section (6.5). Fbr this model 

the equilibriummonomer concentration of Bywater(1Ce) was used to ob- 

tain the empirical equation 
st,, 	• 

Kt  = exp(6450/(273 + t) - 14.83) 	(6.4.13) 

where K=kp/kd' Since an increase in pressure will only increase K 

even more, the effect of pressure on K (MA) was ignored altogether. 

6.4.3 Copolymerization MOdel with Dspxopagating 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 unit reactions only one is reversible, i.e., 

N/"../NB. B .7,77%""BB• 
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To a close approximation (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 Lowry, which are derived from the same 

reaction scheme and give exactly the same results. 

Surprisingly it was found impossible to duplicate Wittker'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 using. 

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 (=a) 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 whereas Wittmer used trial-and-error visual curve 

fitting. (at 1 atm. eq.(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'fram the data of this research 

by the case (i) equation using both sets of K values do not show any 

anomalies 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 (i) 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-mathyl methacrylate at 132oC 
(ceiling temperature of IVA = 160°C). For some unknown reason only 

composition high in NMA were treated by the equation. 

The case (iii) equation of Wittmer (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 

With this equation, as seen in Tables (XXVIIa.) to (=Id) 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 thig 

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 (XXVIIa) and (XNNIIC) and shown in figures (35a) 

and (37a). Although the estimated reactivity ratios are fairly smooth 

them:minim in rB  at around 3000 bars is prominent; whereas rA follows 
a steady decrease. 

Wittner'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 seers there is not much difference. The argument put 

forward by Wittmer is that since 

k = A e FART 

Abb 	Ebb  Bba\ 
rbb = — exp 	 

Aba 	RT 

(6.4.14) 

(6.4.15) 

In r should be a linear function of 1/T and on this basis it seems 

that case (i) defines (according to Wittmer) the best model. 

Wittmer fits his higher temperature data on the aMF-M system 

(100°  - 150°C) to equation (4.1.50) but since the conditions of poly-

merization are different aunt those of this research they have not 

been treated by the Author. 
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Fig.34 Pressure and temperature dependence of the reactivity 
ratios for case(i) eq.(4.1.44) of Wittmer: a) data of 
this research with eq.(6.4.12), b) data of Wittmer with eq.(6.4.12). 
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this research with eg.(6.4.8), b) data of Wittmer with eq.(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 
this research with eq. (6.4.12) , b) data of Wit-trier with eq. (6.4.12). 
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Table XXVIa 

Reactivity ratios of aMS-1W system at various pressures 
(this research) calculated from equation (4.1.44) and 

equation (6.4.6). 	T = 60°C. 

P = 0 bar g 

Peac. ratio 	value 	95% conf. limits 

r 	0.5685 	±0.0491 NNA 

rNS 	0.2107 	±0.1643 a 

Sum of squares = 0.1285*1072 

Jacobian2  

	

0.4106 	-0.1010 

	

-0.1010 	0.0367 

	

0.6361 	-0.1621 

	

-0.1621 	0.1241 

	

0.7943 	-0.1826 

	

-0.1826 	0.1426 

	

0.6817 	-0.2316 

	

-0.2316 	0.3431 

	

0.9376 	-0.2516 

	

-0.2516 	0.2542 

	

0.7776 	-0.2775 

	

-0.2775 	0.4360 

P= 500 bar g 

r 	0.4831 	±0.0387 NMA 
ravs 	0.3611 	±0.0875 

Sum of squares = 0.3534*1072 

P = 1000 bar g 

r 	0.5251 	±0.0429 NMA 

raNS 	0.493 	±0.1013 

Sum of squares = 0.8977*1072 

P=1500 
4, 

rMWs. 	0.4560 '' 	±0.0362 

raNS 	0.3156 	±0.0510 

Sum of squares = 0.4204*1072 

P = 2000 bar g 

r 	0.4844 	±0.0302 LIMA 
raNs 	0.4076 	±0.0580 

Sum of squares = 0.4473*1072 

P = 2500 

r 	0.4189 	±0.0456 MMA 
raNS 	0.3647 	±0.0609 

Sum of squares = 0.7641*10 2  



0 

199 

Table 

P = 3000 bar g 

Reac. ratio 	value 	95% conf. limits 

r 	0.4341 	±0.0929 MMA 
rays 	0.459 	±0.1342 

Sum of squares = 0.1823*10 1  

XXVIa 	(cont'd) 

Jacobian2 

	

0.6081 	-0.2040 

	

-0.2040 	0.2912 

	

0.6509 	-0.2211 

	

-0.2211 	0.3908 

	

0.5777 	-0.2919 

	

-0.2919 	0.6003 

	

0.3955 	-0.2848 

	

-0.2848 	0.6424 

P = 3500 bar g 

r 	0.4367 	±0.0287 MA 

raMS 	0.3935 	±0.0370 

Sum of squares = 0.2183*1072 

P = 4000 bar g 

r 	0.4124 	±0.0454 MMA 

r«NS 	0.3423 	±0.0445 

Sum of squares = 0.4082*1072  

P= 5000 bar g 

r 	0.4891 	±0.1065 MMA 
r MS a 	0.3294 	±0.0835 

Sum of squares = 0.1387*1071 

4k 

Table XXVIb 

Reactivity ratios of aMS-MMA system at various temperatu-

res ( a) Wittmer, b) Izu et al. ) calculated from equations 

(4.1.44) and (6.4.6). P = 1 atm. 

a) T = 200C 

Reac. ratio value 95% conf. limits 	Jacobian2 

r 
MMA 
rays  

0.4431 

0.2648 

±0.0381 

±0.0283 

0.3929 

-0.2699 

-0.2699 

0.7115 

Sum of squares = 0.1267*1072 
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Table XXVIb 

T = 50°C 

Reac. ratio 	value 	95% conf. limits 

(cont'd) 

Jacobian2  

rMMA 	0.550e 	±0.0448 0.3330 -0.0660 

raMS 	0.7516 	±0.1528 -0.0660 0.0287 

Sum of squares = 0.9159*10 3 

T = 60°C 

rMMA 	0.5756 	±0.0850 0.2451 -0.0116 
rays 	1.7942 	±1.1972 -0.0116 0.0012 

Sum of squares = 0.2938*1072 

T = 80°C 

0.5913 	±0.2193 0.2204 0.0 
raMS 	513.2 	±0.9067*106 0.0 0.0 

- 1  Sum of squares = 0.1181*10 

T = 100C 

rMMA 	0.6165 	±0.1820 973*10 243*108 

rays 	0.00001 	±0.0728 8  243*10 608*108  

Sum of squares = 0.1028*10 

b) 	
Ak 

T = 60°C 

rMMA 	0.5870 	±0.0429 0.2842 -0.0499 

raNS 	0.4382 	±0.1788 -0.0499 0.0163 

Sum of squares =.0.3673*1073 

T = 114°C 

Equation ill-conditioned. 
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Table XXVIIa 

Reactivity ratios of aMS-MMA system at various pressures 

(this research) calculated from equations (4.1.49) and 
(6.4.8). 	T = 60°C. 

P = 0 bar g 
Reac. ratio 	value 	95% conf. limits 

r 	0.5667 	±0.0454 MMA 

raMS 	0.1504 	±0.0837 

Sum of squares = 0.1248*1072 

P= 500 bar g 

r 	0.4749 	±0.0387 MMA 
ravs 	0.2251 	±0.0424 

Sum of squares = 0.3540*10 2 

P = 1000 bar g 

r 	0.5173 	±0.0430 MMA 

raNS 	0.3288 	±0.0594 

Sum of squares = 0.8803*1072  

Jacobian 

	

0.4544 	-0.2019 

	

-0.2019 	0.1341 

	

0.6108 	-0.3085 

	

-0.3085 	0.5092 

	

0.8079 	-0.3308 

	

-0.3308 	0.4219 

	

0.6749 	-0.3076 

	

-0.3076 	0.6358 

	

0.9215 	-0.3246 

	

-0.3246 	0.3973 

	

0.7711 	-0.3281 

	

-0.3281 	0.5752 

P = 1500 bar g 

r 	0.452 ,i 	±0.0357 MMA 

r«NS 	0.2498 	±0.0368 

Sum of squares = 0.4104*1072 

P = 2000 bar g 

	

0.4831 	±0.0309 

	

0.3420 	±0.0470 rays  

Sum of squares = 0.4453*1072  

P = 2500 bar g 

r 	0.4196 	±0.0457 MMA 
r«NS 	0.3259 	±0.0530 

Sum of squares = 0.7467*1072 
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Table 

P = 3000 bar g 

Reac. ratio 	value 	95% conf. limits 

0.4343 	±0.0941 MMA 

raVS 	0.4165 	±0.1221 

Sum of squares = 0.1843*10 1  

=la 	(cont'd) 

Jacobian2  

	

0.6120 	-0.2369 

	

-0.2369 	0.3637 

	

0.6325 	-0.2276 

	

-0.2276 	0.4395 

	

0.6158 	-0.3607 

	

-0.3607 	0.7126 

	

0.3956 	-0.2963 

	

-0.2963 	0.6864 

P = 3500 bar g 

rMMA 	0.4371 	±0.0290 

rNS 	0.3686 	±0.0348 a 

Sum of squares = 0.2184*.1072 

P = 4000 bar g 

r 	0.4128 	±0.0453 NMA 
rays 	0.3266 	±0.0421 

Sum of squares = 0.4044*1072 

P = 5000 bar g 

	

0.4891 	±0.1069 MMA 

« 	0.3204 	±0.0811 NS 

Sum of squares = 0.1390*1071  
Ak 

Table XXVIIb 

Reactivity ratios of aMS-MMA system at various temperatu- 

res ( a) Wittmer, 	Izu et al. ) calculated from equations 

(4.1.49) and (6.4.6). P = 1 atm. 

a) T = 2CPC 

Reac. ratio value 95% conf. limits 	Jacobian2  

	

MNIA 
0.4427 ±0.0361 

	
0.3549 -0.1920 

	

rams 0.2479 ±0.0279 	-0.1920 0.5943 

Sum of squares = 0.1144*1072  
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Table 	XXVIIb 	(cont'd) 

T = 50PC 

Reac. ratio 	value 	95% conf. limits 	Jacobian2 

r
IVA 	

0.5438 	±0.0463 0.3331 -0.1619 

raNS 	0.4176 	±0.0687 -0.1619 0.1513 

Sum of squares = 0.8603*1073 

T = 60°C 

r 	0.5473 	±0.0713 MMA 0.2632 -0.1208 

rays 	0.4308 	±0.1047 -0.1208 0.1222 

Sum of squares = 0.2195*1072 

T = 80°C 

r 	0.5690 	±0.0863 MMA 0.2289 -0.1466 

raNS 	0.1960 	±0.0760 -0.1466 0.2945 

Sum of squares = 0.3478*1072  

T = 100°C 

r 	0.6066 	±0.0521 MMA 0.2358 -0.1295 

raNS 	-0.0198 	±0.0442 -0.1295 0.3288 

Sum of squares = 0.1004*1072 

0.2622 -0.1501 

b) T = 60PC 	
Ak 

 

rMMA 	0.5729 	±0.0496 

raNS 	0.2197 	±0.0630 -0.1501 0.1626 

Sum of squares = 0.4612*1073 

T = 114°C 

Equation ill-conditioned. 
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Table XXVIc 

Reactivity ratios of aNS-MMA system at various pressures 

(this research) calculated from equations (4.1.44) and 

(6.4.12). T = 60°C. 

P, bar g 	rMDR 	ram 	ss*102 

0 0.5675 ±0.0462 0.1844 ±0.1237 0.1268 
500 0.4792 ±0.0379 0.2682 ±0.0528 0.3611 

1000 0.5126 ±0.0388 0.3585 ±0.0564 0.7988 
1500 0.4503 ±0.0343 0.2613 ±0.0356 0.3931 
2000 0.4782 ±0.0295 0.3403 ±0.0437 0.4404 
2500 0.4139 ±0.0458 0.3157 ±0.0483 0.8041 
3000 0.4300 ±0.0908 0.4081 ±0.1117 1.7957 
3500 0.4335 ±0.0294 0.3601 ±0.0332 0.2191 
4000 0.4096 ±0.0451 0.3202 ±0.0393 0.4118 
5000 0.4870 ±0.1060 0.3167 ±0.0784 1.3822 

Table XXVId 

Reactivity ratios of aNS-MMA system at various temperatu-

res ( a) Wittmer, b) Izu et al. ) calculated from equations 

(4.1.44) and (6.4.5). P = 1 atm. 

T, 	rAA raNS 	ss*102  
a)  
20 0.4410 ±0.0389 	0.2554 ±0.0273 0.1332 
50 0.5357 ±0.0450 	0.5243 ±0.0867 0.0988 
60 0.5487 ±0.0604 	0.6868 ±0.1604 0.1835 
80 0.5984 ±0.1085 	0.5881 ±0.5227 

100 Equation ill-conditioned 

b)  

60 0.5784 ±01.0450 	0.3094 ±0.1038 0.0427 
114 Equation ill-conditioned 
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Table XXVIIc 

Reactivity ratios of aNS-MMA system at various pressures 

(this research) calculated from equations (4.1.49) and 
(6.4.12). T = 60P. 

P, bar g 	r MMA 	ravs 	ss*102 

0 0.5671 ±0.0471 0.1575 ±0.0962 0.1267 
500 0.4897 ±0.0426 0.2989 ±0.0801 0.3565 

1000 0.5402 ±0.0696 0.4636 ±0.1823 1.4602 
1500 0.4664 ±0.0466 0.3254 ±0.0830 0.5627 
2000 0.5100 ±0.0432 0.4869 ±0.1224 0.5733 
2500 0.4503 ±0.0489 0.4514 ±0.093 0.6322 
3000 0.4499 ±0.1090 0.5139 ±0.2067 2.0407 
3500 0.4491 ±0.0321 0.4272 ±0.0490 0.2320 
4000 0.4207 ±0.0463 0.3578 ±0.0494 0.3958 
5000 0.4929 ±0.1092 0.3316 ±0.0878 1.4029 

Table XXVIId 

Reactivity ratios of aMS-MMA system at various temperatur-

res ( a) Wittmer, b) Izu et al. ) calculated from equations 

(4.1.49) 

T, 	C 
a) 

and (6.4.5). 	P = 1 atm. 

r 	raMS Mtva ss*102 

20 0.5043 10.1343 	0.4472 Ad0.2553 0.8893 
50 0.6038 ±0.1140 	0.7776 0.4183 0.2115 
60 0.5792 10.1424 	0.6765 ±0.4478 0.5044 
80 0.5840 10.1156 	0.2489 110.1465 0.5119 

100 Equation ill-conditioned 

W 
60 0.5862 10.0479 	0.2721 10.0850 0.0366 

114 Equation ill-conditioned 
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6.4.4 Mbre Advanced Copolymerization Equations 

In the ceiling temperature concept of «MS 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 turn gives a slightly different physi-

cal outlook to the ceiling temperature concept. Although the concen-

tration of polymer chains drops sharply towards the ceiling tempera-

ture the concentration of dieters 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 sane K except 

the dimerization. This would explain the existance of dieters at the 

ceiling temperature. Even the trinerization 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 account 

both penultimate effects and depropagation is O'Driscollis 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 number of parame-

ters are reduced to ten by simplifying assumptions. 

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 NSO1A, 

subroutine for the solution of nonlinear equations 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( 

using k's(**)  calculated from their parameter values. 

Feed aMS Cop.aMS F a 

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 

)(107,95) 

S=feed aMS concn. 

M-feed MMA concn. 

(k5M+k4  (1-n) (c(k1m+k2+k3S)-(k1  M+e-k2  )) 
(k3S+k6  (1-E) On(k5M+k8+k7S) -(k7S-Fn

2k8)) 

.44, k4=0.361, k5=0.179, k6 o.0e7, 

(*) b = k3S + k6(1-e) 
a = k + k4(1-11) 
k4(1-11)(k3S+k6(1-e) = 
k6n(1-c)(k5M+k4(1-11) = 

(**)
k1 =1.0, k2=0.0094, k3=2 

k7=0.029, k8=0.067. 

Table XXVIIIh 

Mbnte-Carlo simulation results using the k's of Table XXVIIIa 

Feed aMS Cop. aMS AAA 

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 
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Table XXIX 

Parameter values of O'Driscoll et al. 

AGo 	kcal/mole 

60°C 

-3.08 

114°C 

-1.48 

147°C 

-0.51 

AG°2 	kcal/mole ' -1.26 0.31 1.27 

AG3'  kcal/mole -1.26 0.31 1.27 

AGE, kcal/mole 0.55 2.11 3.06 

r
1  0.41 0.41 0.41 

r2 0.16 0.16 0.16 

s1  5.6 5.6 5.6 
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for copolymer compositions with the parameter values given by O'Driscoll 

et al.(81)  The results did not match the experimental curve, contrary 

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). 

K4, as calculated from AS and OH with AH adjusted to 1000C, is larger 

than the values of other workers as calculated from 1/[M]
e. When smal-

ler K4 values of section (6.4.2) are used for composition calculations 

there seems to be little improvement. Also the assumption that 

AG2  = LG3  = 1/2 (AG1  + 0G3) 
	

(6.4.16) 

is by no means justifiable 

6.4.5 Progression of Wittmer's Equation 

Although some of the equations of Wittmer consider the depropa-

gation of one unit after being attached to two of the same units it 

is not in the true sense a penultimate effect: it considers both for-

ward reactions. 

kbb 

	

g 	\/\,^BB- 

kbb 

	

BBB- + B 	\/\/NBBB• 

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 unit 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 depropagatingwheneverlit is attached 

to its own kind but with different reverse rates for different forward 

rates. Therefore the eight reactions were 

AA' + A 	AAA• 
BA- + A ---->- BAA. 
AB• + A 	ABA. 
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for copolymer compositions with the parameter values given by O'Driscoll 

et al. (81)  The results did not match the experimental curve, contrary 

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). 

K4, as calculated from AS and AH with AH adjusted to 100°C, is larger 
than the values of other workers as calculated from 1/Me. When smal-

ler K4 values of section (6.4.2) are used for composition calculations 

there seems to be little improvement. Also the assumption that 

AG2 = AG3 = 1/2 (AG1 
 + AGE) 

is by no means justifiable (117)  

(6.4.16) 

6.4.5 Progression of Vittmer's Equation 

Although some of the equations of Wittner consider the depropa-

gation of one unit after being attached to two of the same units it 

is not in the true sense a penultimate effect: it considers both for-

ward reactions. 

	

bb  
B 	.../N/NBB. 

kbb 

	

\",̂ BB- + B 	\rv\BBB- 

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 unit 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 whenever4t is attached 

to its own kind but with different. reverse rates for different forward 

rates. Therefore the eight reactions were 

AT + A AAA- 
BA- + A BAA. 

AB. + A ABA- 

N"\/\B• 
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BB- + A --a- BBA• 
AA. + B 	AAB- 
BA. + B 	BAB. 
AB' + B 	 ABB' 
BB' + B --w====t BBB' 

For the rate of disappearance of the individual monomers one has 

d[A] 
kaaa [A] E [A.] i k  dt 	2 baa [A] [A.]  1 + kaba [A] [B-] 1 

kbba A  E 13- . 2 
(6.4.17) 

dt =klobb[B]E[Be] 1  kabb[B][3.
]1 kbab[B][4.]l 2  

+ kaab[B] 7-  [Ad - kbi 	 'bb >  [B.11i kLb  [B.] 2  (6.4.18) 2 
CL-MJ 

kba  [A] T:  [13.] i  = kab  [B] 	[1‘..] i 	(6.4.19) 

= kbba[A] 2  [13*] . + k 	[A] [13•1 = kaab[B] 
2 
 [A-] 	kbab  [A.] 1[13] aba 

(6.4.20) 

y  [A.] = z [A-] - [A-] 
2 	1 

(6.4.21) 

Fbr simplicity treat each monomer separately. For A, dividing 
equation (6.4.17) by an appropriate factor 

/ (kaba[Bll[A] kbiba[Ar-LB.]i)  

kabaN[P.11 kbba [A] 	i kaaa [A] >2—  [4.]  i kbaa[4] [A.] 1 

kaba[B.]1[4]  kbbaN 	2  [B.] 

kaaa[A] L-Mi kbaa[4][411 2  = 1 + 

kbab[4.] 1[B] kaab [13] :El [k:.] 2 

(6.4.22) 

d [B] 

d [A] 

dt 



= kwjA1Y-FB:1 4  + k,_f I-  1 Al , - 	-L 

d[A.] 
dt — 2 

a 
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define 

7 [A.], 	
1 	 [A.L_ - [A.] 

CAdi 	[A.] 	 [ A-] 
	- 1 - x 1 

Therefore 

d[A] 
/ (k aba[B*] 1[A] + kbba[A] >  [13.] i)  dt 	2 

(6.4.23) 

kaaa[AD1 	xl) kbaa[A]xl  = 1 + 	 (6.4.24) 
k [A] (1 xl) kbab[B]xl 

To find x1 it is necessary to find the concentration of the radicals 
from their rate of formation 

- kbal.3[A-] [131- kLeict  [A•rl i  [A] 

(6.4.24) 
Therefore from the stationary state assumption and equations (6.4.20) 
and (6.4.21) 

kaab[B] EHA:ii = kaab[A.]1[B] + kbaa[A•h[A] 	(6.4.26) 
1 

kaab[B] kbaa[A] 
1 = x

1 kaab[B] kaab [B] 

then 

(1  kbaa 1 x, . — — ) 
-L 	kaab [B]  

kaab[B] 
x1 = 	 

kaab[B] + kbaa[P] 

kbaa[A]  1 - x - 1  
k [B] kbaa[A] 

When substituted in equation (6.4.24) 

(6.4.27) 

(6.4.28) 

(6.4.29) 
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rbaa (raaax + 1) 
R.H.S = 1 + 

rbaax + 1 
(6.4.30) 

which is nothing than the numerator of the penultimate unit equation. 

[

Fbr mmomer B, again dividing by appropriate factor 

dB] 
- 	/ (kaba CB.'  [A] + kb  [A] 	[B.] . ) at 
	 2 	1  

= 1 + kbbb[B](1 - xl) + kabb[B]xl 
+ kbbb(1 xl - x2)  + kLbbx2  

kbba  [A] (1 - x1) + kaba  [A] xl  kbba  [A] (1 - x1) + kaba[A]x1  
(6.4.31) 

where 

For x1  and x2  from the rates of radical formation 

a [B.] 1  - kaab  [B] y [A.] . kbab  [B] [A-] - kaba  [B.] 	- kabb  [B.] [B] 
dt 	2 

+ kLb  [B 2  
d [B..] 2  
	 - kabb [B.] 1[B] - kbba [13.]  2 [A] kbbb [B.]  3 - kbbb [B.]  2[13] dt 

d [B • ] 3  

- 

kbbb  [B -] 2  [B] + kb 	1 bb L-13.- 4 - kbbb [B.1  3 - kbbb [B.]  3[B]  dt 
- kbba  [B.] 3[A] 

a [B.] 
n kbbb [ ] -1[B]  + kbbb [13  n+1 kbbb [13.1n kbbb [B.] n [B] 

- kbba  [B -] n  [A] 

(6.4.32) 
Dividing by 

kbba  [A] [B.] 

(using also equations (6.4.20) and (6.4.21) and applying the stationary 
state assumption) 

[B.] 1 	 [B.] 2  
x -l 	

[B] i 	>--  [B1 

- kLbb  [B-] 2  

dt 



- xi  - x2) + rRKx2  

- x1) + R LA j xl 

d[A] _ 
d T [B] 

r13(rB TAT + 1)  

rB [B]  + 1 

[A] r;i(rA  -F3T  + 1) 
1 + 

r' A IB 
A 

rBK' (I 

[A] (1 

+ 1 
(6.4.37) 
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kabb [B] 	kabb K  1 = x (1 + — — ) x2 
kbba  [A] 	kbba  [A] 

x1 
kabb  [Ps] = , 	k Dbb  [B]  4.  kabb K _ ) - x3 kbbb 

kbba [A] -2 (/ 4. kbba  [A] kbba  [A] 	icbba [A] 

x2  kbbb 

 

L . = x (1 4.  kbbb [13]  + kbbb K ) - 	kbbb KT  

kbba [A] 	3 	kbba [A] k 	[A] -ba A 	

x4 
kaab [B].  

x bbb [B]  = x (1 +-- + n+1 	
kbbb [B] kbbb Ki ) - xl+1 

kbbb KT  
n kbba [A] 	kbba [Al kbba [A] 	kaab [B]  

(6.4.33) 
where K= kabb/kaba  and Kl=kbbb/kbba' Using equation (6.4.33) with 
equation (6.4.34) 

(6.4.34) • 

one obtains 

(6.4.35) 

[B] 	B] 
)
2  rB TAT  + (1 + rR T  

	

K' 	K LB] 2 + r 	+ (r + r 	+ r B 	B 	R LAI 	B [A]2 
(6.4.36) 

where rB  =k_ mob.  Dba' rp=kabb/kbba. When equations (6.4.30) and (6.4.31) 
are combined they yield 

where rA=kbaa/kbab  and rA=kaaa/kaab. 
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 Wittner's equations is that 

the denominator and the nomerator can be treated separately. A simple 

version was derived which considers the penultimate unit effects for 

radicals ending with A and depropagation for radicals ending with BBB 

where r =r' B B" 

A 1 + rA (1 + rjA1/[B1)/(1 + q[A]/[B]) 

B   (6.4.38) 
1 + rB[B]/[A] - rBK(1 - x1)/[A] 

where x1 is as in equation (4.1.44). The application of this equation, 

contrary to expectations, gave a constant rB  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 rB 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 (6g) 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 from the exponential change could be attributed to the 

incompetence of the model and the reactivity ratios obtained would be 

only apparent reactivity ratios(98) . it would be interesting to in-

vestigate the funCtional relationship between the actual and apparent 

reactivity ratios. 

The relation between an actual reactivity ratio in a penultimate 

unit model equation and the apparent reactivity ratio in the simpli-

fied equation of terminal unit model is 
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[A] 	[A] 

	

raa = rbaa(1 + raaa LB] 	+ rbaa  -0-0 (6.4.39) 

as derived by probabilistic as well as kinetic means. 

In the case of an actual reactivity ratio in a deprapagating no-

del and the apparent reactivity ratio in a model simplified by ignoring 

depropagation it can be derived as follows. FOr the case where BB 

depropagate but not BA or AB, for the consumption of monomer B 

= kab  [A-] [B] + ._bb [B'] [B] - 	[B-] (6.4 . 40) 
d[B] 

dt 

whereas for a non-depropagating model 

d[B] 
kab  [A.] [B] 	 -bb (app) [13.] [13]  

Hence from equations (6.4.40) and (6.4.41) 

rpl =k Iil - --bb(app)L-J 	-bb 

and since K=10 

kbb(app)[B] = klab[B] kbbK  

Dividing both sides by kba  B yields the relationship 

K 
rbb (app) = rbb rbb [B] 

dt 
(6.4.41) 

(6.4.42) 

(6.4.43) 

Since the rate constants and equilibrium constant can be shown 

as 

and 

AV , —Ern  
= 7"" I e "j" 

AV°  

= constant) 

     

	

K = e 	(K=10 /k) , ( = constant) 

respectively, one can define equation (6.4.39) as 

- V 

	

(AV -AV 	
AP(A 

) (1 + 	e PT 
as  baa)  L r AJ 

RT baa bab 	-1 	[-3])  

(6.4.44) 

= e -2 	

7 	
AP(Ivu 	A177 

(1 + 	e RT'-"baa--"bab)[A] 
) -2 	rm  
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and equation (6.4.43) as 

o AID 
-  AP _. 

Wv -AV ) 	
AV RT PT . bb ba rup(apu)  = 

	(1 	e [B] 	) (6.4.45) 

Equation (6.4.44) shows exponential change with pressure arart from 

when AV differences are equal and opposite in sign then rEa  becomes 

unity at all pressures. Equation (6.4.45) shows three different changes 

depending on V differences: 

(i) AV = AV - change of the type (1-e x) 

(ii) AV > AVra - change of the type e
x 

(iii) A bb 	ba < A 	- change with a maximum 

The observation of this functional maxi= may also Explain the 
experimental maximum. If the experimentally observed maximum can be 
truly explained by the above relation the implication is tlat neither 

case (i) nor case (iii) equations of Wittmer can explain the copolymeri- . 

zation system system NS-MMA and a more complicated relaticn is nece-

ssary to define d[B]/dt. The similar maximum observed in ] /lioaa in  
fig. (31) may also mean that there is a certain depropagatic n in 

BA- -I- B 	BAB• 

in which case there needs to be a depropagative relation tc. define 

d[A]/dt. This would beoore complex than equation (6.4.37) . 

6.5 Monte-Carlo Simulation of General Copolymerization P3ocess  

A Monte-Carlo process was developed to simulate the chain 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 obtain information on the microstructure 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 



WAA• 

\""AA. 

\""BAA• 

+ 

+ 

- 

A 

B 

A 

P aaa 

Paab 

baa 

- 	kaaa[k]  

kaaa[A] kaab[B] lc:La 

kaab[B] 

kaaaN kadb[D] 1-kbaa 

kbaa  

kaaa [A] kaab[13] + kbaa  
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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 complex 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 unit mo-

del. In one case, with certain modifications it was transfoLEed into 

a partly penpenultimate unit model. 

The program tine and core storage characteristics are as follows: 

1.3 seconds compilation time 

+ 0.6 seconds per thousand units of copolymer 

+ 1.2 seconds auxiliary calculations 

51000 core storage (2000 units 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 EAA• the transition probabilities are: 

possible reaction 	transition probability 

St 

with the condition 

Paaa Paab P aa = 1  

One of the reactions can be picked up by a random number xr  where 
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0<x <1. The block representation of the program is shown in fig.(39) 

and the actual program is given in fig.(40b). 

The storage of the chain in the computer is in binary numbers: 

1 denoting A units and 0 denoting monomer B. en 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 Nbonte-Carlo process damps after about 

1500 chain units and after 2000 units. there is an oscillation of ± 0.005 

in composition mole fraction output which is reduced down to ± 0.00025 

after 3500 units. In this research the chain arowth was carried out 

up to 2000 units. 

The program listing for case (iii) Wittmer equation is given in 

fig.(40b). The composition and microstructure results are given in 

figures (42a) to (42e) as computer outputs. The results are also shown 

for triad fractions (AAA]/[A]) in fig. (43) (curves) with the experir 

mental points for copolymerization at 1500 bars. It seems the penul-

timate unit model approximates to the experimental points but a split 

of raaa into raaaa and  rbaaa  of penpenultinate unit model seems to 

result in overall higher AAA fractions than the experimental results. 

6.6 Microstructure of aMS-YEA Copolymer -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 

good accuracy. now 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 temr 

perature of the reactivity ratios calculated from various models can 

throw some light on the problem (see section (6.4)) but certain ambi-

guities prevents it from being a good and absolute test. 

A nore 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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Fig.39 Block representation of the computer program for the Monte-
Carlo simulation of the copolymerization reaction. 
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1)RNG0A 	mCIINPNT.UNTPUT.TAPUS=INPUT.TAPE6=OUIVUT) _nool 
01fTT,SIG1'1 	THEIA(16).NUh1T(2000).YE(30).2(30) _0002 
NUP=20U0 _0003 
COvv=0.0 -0004 
CK=.31248 _0005 
THFTA(1)=0.75 _01106 
TNETA(21=0.42 _0007 
DIE7A(3)=0,57 _0008 
XKl=1. _ono9 
XK2=0.0 _0010 
xic3=XK1/TNE1A(1) _ooit 
xKi4=n.o _0012 
wnirft6.1000) 	xxItx(2,)(K3Ino.xl.(5,xK6txR7,u8ixio,xK10.xl<11. _0313 

15(K12,xfo3.xK14o(K15.xKl6 _nol4 
1000 	FOIWA1(//lx,16F8.4/// _nuts 

DO 2000 NNW=119 
A=0.0 
8=0.0 
XNNN=N(1N 
Fx[1=xNNN*0.1 
13=134-FXN 
A=1.-8 

_0016 
_0017 
_0018 
_0019 
_0023 
_ou21 
_0022 

726 	FORrI4T(31-6.5,16) _0023 
.:0-tI1F(6.726) 	A 	01 	.CONV9NDP _0024 
xDR=0ANF(5.0)• _0025 

1 WAAA=3 _0026 
:1AAB=0 _0027 
NARA=0 -0028 
NBAA=0 _0029 
NA60=0 _0030 
N8A13:0 _0931 
Ni111A=n _OG32 
W3RB=0 _0333 
NHNN=0 
NA=5 _003t 
N3=0 _0036 
Du 5 	1=115 _0037 
NUNI1II)=1 _0038 

5 CONTINUE _0039 
1=5 _0040 
DAAA=yK1*A+xK3t8+XK2 
PAAAlx=xKl*A/DAAA _0042 
PAAR1x=xK3*u/UAAA -0043 
PAAA2X=xK2/UAAA _0044 
D13AA=xK1wA+xK34d3+XK10 _0045 
pAAAly=xKl*A/DBAA _0046 
PAAR1y=x1c3*B/DBAA _0047 
pl3AA2Y=xK1O/OBAA _0048 
044!3=X1.(54,A+XK7*B+XK4 _0049 
PA3Alx=xK5*A/DAAD _0050 
PADB1x=XR7*B/DAAB _0351 
PAAH2X=XK4/DAA8 _OU52 
DBAB=xK5*A4-xK7*B+XK12 _0053 
PA1111Y=XK7*6/D13A8 _0054 
PARAIY=XK5*A/DRA13.  _0055 
PRA112Y=XK12/DRA13 _0056 
DANH=XKI3*A+xKl503+XK8 _0057 
1)B6A1X=XK13,01/0A013 _0058 
p13113IX=XK15t13/DAU1J _0059 
PARB2x=xK8/DAB13 _on6o 
0134U=XK134A+XK15*0+XK16 _0061 
P1313A1Y=XK13.A/DB613 _0062 
PRFAIY=xK154"13/08138 _0063 
1361-0:2Y=xK16/013130 _0064 
-DALIA=xK04,A+xKll*R+XK6 _0065 
-PBAA1X=xK9*A/DABA _0066 
puANIx=x)111+0,0ABA _0067 
PA6A2X=XK6/UALJA _0068 

Fig.40b Listing of the Monte-Carlo simulation program. 

1 
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OBRA=D(K9*A+XK11*4+XKl4
pBAAIY=m0+A/OBBA 
PDAD3Y=xK11*O/OHDA 

_0069 
_0070 
_0071 

PtinA2Y=xic14/000A _0072 
DU 909 L=6,NOP 
XNN=RANF(0.0) 000  07 :7: 
IF(1401IT(1).EO.1) 	GO 	TO 	55 -0075 
IF(NDHIT(1).E0.0) 	GO To 	56 _0076 

55 IF(NDN1T(1-11.E0.1) 	GO 	TO 57 _0077 
IF(Nu1•JIT(1-11.Co.0) 	GU 	TO 	58 _0078 

57 IF(ND1JIT(I-2).Eu.1) 	GO 	TO 	59 _0079 
IFINDNIT(1-2).E0.0) 	GO TO 60 _0080 

58 IF(NuNIT(1-2).Eo.1) 	GO 	TO 	61 _0081 
IF(NDIJIT(I-2).E14.0) 	GO 	TO 	62 _0082 

56 IF(NuNIT(1-11.1u.1) 	GO 	TO 	63 _0083 
IF(NuMIT(1-1).EN.0) 	GO 	TO 64 _0084 

63 IF(NuNIT(I-2).E0.1) 	GU TO 65 _0085 
IF(NUNITII-2).EQ.0) 	GO 	TO 66 _O0% 

64 IF(NUr'IT(I-2).EQ.1) 	GO 	TO 67 _0087 
IF(NDHIT(I-21.E0.0) 	GO TO 68 _0088 

59 1F(xNH.GT.pAAAIX) 	GO TO 	100 _0089 
1=1+1 _0090 
NUNIT(I)=1 _O091  
NAAA=NAAA+1 _0092 
NA=NA+1 _0093 
GO TO 909 _0094  

101 IF(XNR.GT.(PAAA1x+PAAB1X)1 	GO TO 101 
1=1+1 (03g: 
NUNIT(I)=0 _0097 
NAAB=NAAB+1 _0098 
NHDN=NRUN+1 _0099 
NO=NR+1 
GO To 909 

ninn 

101 1=1-1 _0102 
NAAA=NAAA-1 _0103 
NA=NA-1 _0104 
GO TO 909 -0105  

60 IFIXNH.GT.PAAA1T) 	GO TO 200 _0106 
1=1+1 _0107  _ 
NUDIT(I)=1 -0108 
NAAA=uAAA+1 _0109 
NA=NA+1 _0110 

200 
GO To 909 
IF(xuti.GT.IPAAAly+PAABlY)) 	GO TO 201 

'  -0111 
_0112 

1=1+1 _0113 
NUNIT(I)=0 	4■ -0114  
NAA5=rJAAB+l _0115 
NRUN=NRUN+1 _0116  
N8=NB+1 -0117  
GO TO 909 _0118 

201 1=1-1 _0119 
NBAA=N0AA-1 .0120 
NA=NA-1 _0121 
GO TO 909 _0122 

61 IF(XNR.GT.PBAA1X1 	GO TO 300 _0123 
1=1+1 _0124  
NUNIT(I)=1 -0125 
NBAA=NBAA+1 _0126 
NA=WA+1 _0127 
GO. TO 909 _0128 

.300 IF(xDI(.GT.fPBAAIX+PBAB1X)) 	GO TO 301 _0129 
1=1+1 _0130 
NONIT(I)=0 _0131  
NBAB=Nf3AR +1 
NRON=WJN+1 :(0121: 
NO=140+1 _0134 
GO TO 909 -0135  

301 1=1-1 -0136 

Fig.40b Cont'd. 
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NAOtA=IJABH-1 
rikuh=rniUN-1 
NA=NA-1 
GO TO 909 

62 IF(xt,H.GT.P8AA1T) GO TO 400 
I=I+1 
NUjiIT(11=1 
!JBAil=hDAA+1 
NA=On+1 
GO To 909 

400 IF(X0I.GT.IPHAnly+PBABlY)) 
I=I+1 
OUNIT(/)=0 
NBAU=NDA8+1. 
NRou=N0UN+1 
NO=6B+1 	• 
GO TO 909 

401 I=I-1 
OBBA=NBOA-1 
NNow=NRUN-1 
0A=101-1 	

-1E6 
_0167 

GO TO 909 . _0158 
65 IF(Xlik.GT.pABAlx) GO TO 500   _0159 

I=T+1 	 _0160 
OUOITIII=1 	 _0161 
UnPA=1JAOA+1 
!0.0./O=NRUN+1 

_0162 

4A=NA+1 
GO TO 909 

500 IFIxf!R.GT.(PA7A1X+PABB1X/1 
1=1+1 

NAGB=NAn8+1 
wor.Ns+1 
GO TO 909 

501 I=I-1 
IAAR=NAAB-1 
NRuN=NnUO-1 
NLI=NO-1 
GO To 909 

-1  -( 
_0137 

 (18 
_0139 
_0140 
_0141 
_0142 

:(1)1r4134 
_0145 

GO TO 401 7-if11147 

_0149 
_0150 
_0151 

• _0152 
_0153  

0  :0163  14 
-0165 

GO TO 501 _0166 
_0167 
_0168 
_0169 
_n170 
_0171 

:00177: 

66 Ir(xHR.GT.PAB1111) GO TO 600 
I 

-0177 
=I+1  

tJuNIT(I)=1 	 10)V7: 
NAGA=NADA+1 	 • _o i(30 
Nilim=ylor4+1 	 _0181 
NA=NA+1 	 _0182 
GO TO 909 	 0103 

600 IF(XOR.GT.(14n0A1Y+pABO1Y)) GO TO 601 
1=i+1 
wHIT(I)=0 	 _0106 
NABB=NARB+1 _0187 
NB=NO+1  
GO TO 909 	 101g 

601 

67 

700 

I=I-1 _019D 
UtAB=NBAB-1 _0191 
NHOW=NRU(J-1 -01.92 
NB=1JC1-1 .0193 
GO TO 909 
IFIxrin.GT.PUBAIX) 	GO TO 700 

.  _0194 
_0195  

1=1+1 
NuNIT(I)=1 
NBRA=OB13A+1 
NA=1JA+1 _0199 
ORUO=NRUN+1 _0200 
GO TO 909 _0201 
IFIXNH.GT.(PBOA1X+PBOB1X1) GO TO 701 -0202 
I=I+1 _0203  
NUNIT(I)=0 _0204 

Fig.40b Coned. 



224 

_0205 NORN=Nuonfi 
NE3=NO+1 	 _0206 
GO TO 909 	 _0207  

701 I=I-1 -0208 
NAPB=NABB-1  -0209 
N5=14(3-1 	 _0210 
GO To 909 	 _0211  

68 IF(Xijk.67.PNBAIY) CO TO 800 	 ..0212 
I=I+1 	 _0213 
NUN1T(I)=1 	

-_01Z NBOA=NBRA+1 	 02  
NA:-.14A+1 	 _0216 
NRUN=NRUP+1 	 -0217 
GO TO 909 

800 IF(XNR.GT.(1138A1Y+pBB1317/1 GO TO 801 	 -0219 
1=1+1 
UUNIT(I)=0 	 _0221 
NOB8=NO9B+1 	 _0222 
N8=NO+1 	 _0223 
GO TO 909 

801 I=I-] 
NOOO=N813B-1 
NB=NO-1 

909 CONTINUE 
NNOP=I 
XNAAA=NAAA 
XNAAB=NAAB 	 :iO4 (1)  

_0232 XNABA=NABA 
XNOAA=NRAA 	 _8233 
XNABB=NA06 	 _0234 
XNBAB=NO08 	 _0235 

_0236 
_0237 

XNCBA=;.:NOP, 
XNOW-I=N1386 
XNA=NA 	 _0238 
XN8=NB 	 _0239 
)(NkUN=NpUN 	 _0240 
moL4=NA*100+N8*118 	 _0241  
C0“,A=x110/(xNA+XN13) 	

-201441 COwPP=)(NO/()(NA+XN8) 
HUNNuP.,= xratuN/(XNA+XNB) 	 _0244 
AAnFR=XNAAA/(XNA+XNB) 	 _0245 
An9FN=xNAA3/(ANA+xNB) 	 _0246 
ABAFR=XNANA/IxNA+ANO) 	 _0247 
DAAFii=xv3AA/IXNA+xN3) 	 _0248 
ARBFk=XNA0B/(XNA+JKNO) 	 _0249 
WIFv=XNRAU/(XNA+AN(3) 	 _0250 
BOAFRJHBA/(XNA+ANB) 	 -0251 
ROPFP=XNABO/(XNA+ANB) 	 _0252  
ORITE(6,827) NNDP ,COMPA,COmPBOUNNUM 	 _0253 

827 FOk-InT(/1X,17.3(5)(,F6.5)) 
4RITF(6,828)•AAAFK,A4131711.ABAF1(OIAAFR,ABOFR.RAOFR.BOAFR,B8RFR 

82A FOW,̂ AT(1X.8(2x.FIU.9),) 	 _0256 
2000 CONTINUE 	 _0257 

STOP 	 _0258 
END 	 _0259 

Fig.40b Cont'd. 
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Fig.42 Composition and Microstructure results of Monte-Carlo simulation for various copolymerization models. 
Row 1 : feed MMA mole fractn.; feed aMS mole fractn.; cDflversion(if not instantns.); no. of additions 	NJ 
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(cont'd.) 



1.JC.,0 	- 	.29E1 

	

.9000.).1WC 	0 	- 2191 

2060 	• 	.82659 	.17350 	.30110 
.542510100 	.132F,0.,900 	.1279009,00 	.13250091'0 

	

.E00u0,2001 	•() 	2609 

21CC 	.73009 	.27E03 	.4109" 

.123019'90 .J1Pd00690 .07'3300600 r 

.366C0d1C0 	.155500066 	.141000C4U 	.158000000 .0645000u0 .047600000 .164090000 0 

9710Gui.3J171 1 	20E.9  

20Uu .65757 	.14250 	.46310 
.2E:;400003 .1525 0-30115 	.1455J0Er1 	.152000071.0 .1617cco .up9r06007 .111'00000 C 

.6CCO'..4u0C■J C 	2701  
• 

2rCiU .57901 	.4210g 	.54690 
.169200''99 .13660110' 	.125907rU2 	.1.76119000 .1475915,0 .117"00603 .147510000 V 

4,500OL.50J60 U 	2009 

2000 .5365" 	.46351 	.56750 
.12190)590 .1247.00E00 	.104500(00 	.123509000 .179511001 .160030010.  .1791000.01 n 

.40Ocu.e0li0 0 	2109 

2C01 0+1051 	.51950 	.51750 
.EE3000900 .101!,0090" 	.068009100 	.1ro0.ne000 .225500000 .190500600 .22550J000 	' 0 

.3C600,75505 ' 	2506 

2uug .4390r 	.5610) 	.626)0 
.E51u6')500 .07t,153C60 	..065000001 	.974100000 .248119010 .239100000 .248110100 	. 0 

.2G0uOceOUVU '0 	210:1 

z,-;-at; .39951 	.6G)51 	.64150 

.026500000 .057.'N30" 	. .041003C0) 	.051500001 .27'95.0)000 .26910E000 .27950001" 

.1CC-Ou,.90Cg0 1 	200 

2u)d .36109 	.63200 	..653E1 
.003900000 .13T00occ 	.E2100000 	.0325001,00 .305500000 .294500000 .305505001 0 

Fig.42 (Cont'd.) (c) Penpenultimate unit model (with simplifying assumptions), ka  ,k ,k ,kbba,kbaaa=1.0; 

klabb=4"; kaaab=  2.6954; kabb 1.819, kbab 1.2987; kbaab=D.2963. 	 tv co (cont'd.) 



.90900.10r:00 
1594 

3 	2000 
.8261t 	.17189 	.14476 

.514112903 .11960187/ 	.170866915 	.138691871 .001512097 .033770161 .001512097 0 
.86'061.21000 1 	2001 

1544 .711/7 	.2E183 	.5/440 
.113786908 .1:5666667 	.252572016 	.1661522E3 .004629630 .090534979 .004E29630 0 

.70961.21000 3 	2000 
1198 .66117 	.13191 	.62381 

.191361431 .162276060 	.292411066 	.161745210 .019494204 .149631191 .019494204 .- 000526870 
.60000.4090n 1 	2001 	 .4-- 

7,!--  
1117 .60639 	.35101 	,72216 

.117316245 .1i1296941 	.334061135 	.157751052 .0267,6725 .201056769 .02674E725 .004912664 
.50000.51900 3 	2000 

1714 ,5773c 	.47765 	.78705 
.055425904 .121103151 	.159976E61 	.422520420 .01325E543 .270711765 .033255543 .000583431 

.40001.1r00 1 	2000 
1572 .547iP 	.45718 	,13015 

.014351145 - J52175311 	.374E81934 	.092235/66 .040712468 .322519084 .040076316 .1012722E5 
.30001.71000 3 	2000 

1126 .50110 	1 49 179 	.15219 
.017!45400 .9641925E4 	.370286576 	.063348416 .055806938 .361990950 .055806938 .009803922 

.20000.90911 3 	2001 
1154 .41577 	.51421 	.16717 

.094743133 .9154395E4 	.165275142 	.945540757 .068311195 .387096774 - .068311/95 .U123339E6 
.10000.99100 3 	2000 

640 .47144 	.52656 	.86719 
.007612500 .021250000 	.354687500 	.029E17500 .078125000 .403125000 .0781.25000 .0140E2500 
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Fig.43 Monte-Carlo simulation results (curves) from figs.(42) and 
their relation to the actual experimental data (data of this 
research -1500bars, 60°C); a) copolymer comp. vs. feed comp., 
b) AAA/A triad frac. vs. feed comp. (curves:(1)terminal, 
(2)penult.,(3)penpenult.,(4)Wittmer(i),(5)Wittmer(a)) 



2P2 CAB 
= 2FSMS + 2F  MMS 

Pl[] 

(6.6.2) 

n-1 p[A] = P ab  n=1 an  
(6.6.3) 
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data only some are close enough to the experimental triad concentration 

data. 

It seems from figure.(43b) that the best fit on triad fraction 

points is obtainable by the penultimate 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 highaMS 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 parameters which 

define the microstructure were, 

p = the persistance ratio of Coleman and Fox; 

n = l/p, departure from random statistics of Ito et al.; 

p[A] = average sequence length for A sequences, 

where 

From NMR data 

p [A - P1 CA] 
P2 [AB]  

= P[A]P1[B] = 1/n 	(6.6.1) 

where 
F 	+ 2F 	+ FSMS  = 1 MMM MMS  

On the other hand for comparison same parameters for terminal and pen-

ultimate unit models can be calculated by: 

Terminal 

Penultimate 

n-1 p[A] = Pbab  + PhaaPa 	(n+1)P aaa n=1 

or simply by Ito's formulae, 

(6.6.4) 
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n = 1/(p[A]P1[B]) 	(6.6.5) 

where for the terminal unit model 

P1 CB] 

 

1 + r
B
/x 

 

(6.6.6) 

(6.6.7) 

rAx + 2 + rB/x 

p[A] = 1 + rAx 

and for the penultimate unit model 

Pi CB] - 

rB (rB  + x) 1 + 
x r' + xi 

 

(6.6.8) 
1 + rAx 	rB rB  + x 

rAx 
A () 

1 + rAx 
+ 2 + 

x) +  

(1 + rAx\ 
p[A] = 1 + rA 	 

1 + rAxj 
x (6.6.9) 

The results of the caparison are shown in Table(XXX) below, and 

NMR results utilised were those of 1500 atm because of their better 

accuracy over the rest. 

Table XXX 

Code 

NMR analyses Obs. Term. Penult. 
P1  [B] Pl  [A] 2/u [A] p [A] 	T1 p [A] p [A] rt 

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 0.7.72 2.59 1.10 2.08 1.37 2.35 1.22 

7A 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 

11A 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 unit model and even 
more from terminal unit model. Since fl=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 dhatacter 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 Davey, 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 (9) caldulate Pab  (=1-6) for dfrom the depropaga-
ting model by equations (4.1.66) and (4.1.67). Ito et al. calculated 
csfrom 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 

a = 0.23 , r 	= 0.54 

but the plot was far frcan 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, 
F and Fz peaks. The value of 0 for 1500 atm was found to be 0.38. 
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. - . 

Another 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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1.0 

0.5 o 0 

0 	x • 0 
x 

x 0 
0 

x 

2500 5000 
P bars 

Fig.44 Pressure dependence of the (10,70 triad concentrations 
for various monomer feed compositions: +) 0.1, o) 0.2, 
x) 0.3, o) 0.4 aMS. 
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and persistance ratio as earlier in the section but for I (=coisotactic 

enchainment) and S (=cosyndiotactic enchainment) instead of A and B, 

and IS instead of AB. The NMR data yield information as 

P1[i] = (Fx,SMS Fy,SMS/2)/FSMS 	(6.6.10a) 

1'2[#] = Fy,SMS/FSMS 	(6.6.10b) 

Pl[S] = (F  z,SMS + Fy,SMS/2)/FSMS 	(6.6.10c) 

where Fx,SMS is the amount of SMS triads in Fx 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 fl = 1.52 

indicating a block character for the codiastereosequences. 

Table =CI 

Coisotacticity parameter for. MS-MMA copolymers 

prepared at various pressures. 	T = 60PC. 

Pressure 	a 

0 0.337 

500 0.369 

100Q 0.349 

1500 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 a, when plotted, will show the same 

trend of change as the pressure dependence of rams  ,i.e., a steady 

increase up to around 3000 bars followed by a levelling off.- 



..102 	5 	Pr 	0 
PA= 0.567 08= 0.148 0pA1= n.497 PPA2= 1.314 PP81= 0.553 

CiDE FEFD-AMc c0p..-Am5 FX1 FX2 Fx3 FYI ri? F7 
13 	0.0879 	0.1437 	75.0 	17.5 	0.0 	8,5 	0.0 	0.0 ' 2 	0.1900 	0.2339 	67,5 	20.4 	3.9 	11.3 	3.0 	0.1 3 	0.3921 	0.3794 	35.7 	32.9 	5.9 	 4,4 	8,0 4 
4 	0.4550 	0.4107 	32.4 	32.9 	5.9 	7.5 	8,1 	3: A14 	0.2979 	0.3060 	30.9 	36.3 	7.0 	5.9 	4,, 	3.9 

P= 

C5DE 	51G9A 	PIA) 	P(9) 2P(AH)/P(A) 9(1))08 HOB 	M(4)TEP H7Fu. 	M(A)PEN HPFN 	(I)(IS) 	(5) 	PO 

13 	
0 0.856 n.766 0.144 0.260 7.692 0.905 6.961 1014 6.729 1.034 0.0 0.0 0.8 0.n 0.234 0,457 4.376 0.977 3.417 1.2,1 3.646 1.172 0.771 0.429 0.779 0.411 3 	 0.62? 0.378 1.09 2.503 1.056 1079 1006 2.198 1 .700 0.607 0.491 n.103  0.404 

4 000.509 0.411 0.862 2,320 1.049 1.600 1.-322 1.888 
:i39/ 8.203? 

0.453 0.644 0.546 A14 0.311 0.694 0.306 0.830 2.410 1.356 2.336 1.399 2.641 	 0.292 0.399 0.821 

OM= B  137 500 

PA* 0.465 PR= 0.191 413AI* 0,441 PPA2= 0.922 RP81= 0.695 

CEDE 

75 35 65 
75 8G 
9,, 
1(0.« 
110 

FEED-AMC C0P.-A95 	Fx1 . Fx2 	FA3 	FYI 	F1'2 	F7 
0.10(19 	0,1696 	59.0 	16.0 	11.2 	7.7 	7,3 	3.5 0.1997 	0.2759 	43,3 	23.3 	12.7 	

IZ:3 
	4,0 	4.1 0.2950 	0.3935 	28.4 	26.0 	11.8 	9.4 	7.0 0.4002 	0.4344 	20.6 	27.3 	11.9 	72.4 	11.q 	11.3 6.43 ,i7 	24.6 	2...4 	10.0 	15.9 	12.0 	13.9 (.0=1 	0,4(32 	??.7 ' 	25.7 	9.? 	23.3 	11.1 	9.8 0.70(18 	0.5558 	33.3 	17.3 	12.7 	111.3 	11.0 	10.0 0.7956 	0.7424 	4.7 	48.7 	15.3 	13.3 	9.7 	11.3 

• 500 

C9 	c/Ikth 	0(A) DE 	 P(8) 7p(A5),D(Ap 9(A)oB sin8 	M(A)TER 11'r:a 	M(A)PF'J HPEN 	(II 	 Tit.5 	fcl 	pn 
P. 	17,.25-1 	0.930 	0.170 	0,577 	'3.466. 	1.701 	5.14? 	1.147 	5.394 	1.093 	0.776 	0.17“; 	6.774 	1.-n 37, 	0.286 	(1.774 	0.776 	9./7? 
6',, 	0.374 	0.616 	0.3E.4 	0.991 	.f.alli 	1:n? 	,,,11.? 	i:M 	?:111 	1-.V4(1 	8:421 	P,:113; 	',..,,:r.-1 	fl-..37;:7  7n 	0.435 	n.561 	0.439 	1.191 	1.679 	1.35% 	1.445 	1.343 	1.962 	1.160 	0.5n9 	0.331 	0.z- ,, : 	3,7i.4 
0!--, 	0,432 	0.560 	0.440 	1.119 	1.787 	1 .272 	1.555 	1 0,, 	0.455 	0.527 	0.473 	1.687 	1.045 	1.141 	1.317 	1.s05 1 41K 	0.447 	0.444 	0.556 	1.030 	1.942 	0.927 	1.199 	1 

,:;'031 	 .:512 	1.264 	(0).4'; 
	0.338 	'll.:B 	0,655 

	

.336 	1.347 	0.540 	0.326 	6.460 	0.761 117 0.271 0.758 0.742 1.326 1.508- 0.091 1.119 1.203 1.713 1.110 0.557 0.246 0.443 1.001 

Fig.50 Computer output for the calculation of the microstructure parameters of the copolymers. 
NP=nuMber of points, Pressure, RA=r,, RB=r 	(terminal), RPAl=rA, RPA2=rA„ RPB1=rB  
(penultimate), F=peak area %, ME91, H=TrTER=terminal, PEN=penultimate, PO=p. 	(conVd)  



A
A

 	
r
 

0
0
0
3
0
0
0
3
3
 

•
 .
 
•
 
•
 
•
 	
•
 
•
 
•
 
•
 

W
P
w
w
w
P
w
w
w
 

‘0
0
z
2
-
0
7
1
'0

 
1
.
4
0
-
.
T
w

,
7
4
,
0
 

0
0
0
3
3
3
0
3
0
 

•
 

• 
• 

• 
• 

• 
• 

• 
• 

W
P
.A

P
A

T
-
4
-
4
 1

3
 

..
.4

4.
4-
3

4
,0

0
4
.4

-
4
0
 

..
.T

.C
D

-
4
0
.-

0
1
,
  

0
0
0
=
0
0
=
0
0
 

•
 • 

• 
. 

• 
. 

• 
• 

0
0

0
W,
1:
.-
' 

N
a
u
w
o
v
■
r
w
p
 

,P
4
,
-
1
■
W
S
,C
0
P
 

.
-.
.
-
0
0
-
3
0
3
 

"
.
.
.
g
a
v
e
 

0
0
0
.
2
-
4
,
0
P
P
 

P
..

..
-
N

4
3
-
4
W

-.
4
W

 
..
1
P
P
.
-
2
N
4
0
-
4
 

..
..
-
N

N
N

N
w

P
c
 

•
 •
 
•
 
•
 
•
 
•
 
.
 
•
 
•
 

.4
3

Z
N

P
0

0
-
:N

T
 

.-
-
4
2
4
4
4
0
.0

4
-
.-

 

0
0
0
0
M

..
.0

..
."

 
e
g
t
e
m
e
o
e
o
e
 

a
0
e
Z
Z
Z
"
.
.
0
0
W
 

W
.4

3
0
0
.
0
o
z
w

0
 

W
4
3
2
3
..
..
.v

-
3
,,
 

_
_
 

 
•
 • 
• 

• 
.-

. 	
4

-
4

4
 

-
W

P
T

0
-
,L

•  
-
,
7

3
-

C
-
0

P
N

 

n
 

0
 

n
 

-
.
 

cs
  

C
 
a
 

V
 

;
 

-
 

D
 

...
 
1
 
-
 

N
 

1
2
 

.
 

-
 

■
 

V
 

^
 

I.
 

...
. C
 

-
 

a
 

0
 

M
 

S
 
0
 

a
 

i
 
-
 

A
 

M
 

V
 

.
.
.
 

0
 

0
 
0
 

P
P
3
T
.
.
0
-
-
4
  

O
A
 	

r
 

0
c
0
c
m
a
0
=
o
 

•
 •
 
•
 
•
 
•
 
•
 
•
 
.
 
•
 

-.
4

0
.0

P
w

■
N

..
-0

 
.0

.0
.4

0
1,

4
,
C

n
4
,
0
 

T
S

-
4
-
,1̂

v
v
e
0
 

4
3
0
.
X
0
0
0
-
,
-
.
0
 

0
0
3
0
0
3
0
0
3
 

•
 •
 
•
 
•
 
•
 
•
 
•
 
.
 
•
 

T
W

P
P
.
P
.
.
4
V
N

-.
  

Na
xt

..
1,

11
aL

r 
11

4.
0■

•,1
0,

7
.  .

41
-1

1 
4
3
-
4
p
N

.r
p
e
r
ix

.T
 

.
-
N
N
-
4
W
P
0
X
T
 

3
.
-
=
 
1.
 

 
T
.-
4
,
W
!
 

•
 •
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 

w
0
,
0
-
4
-
.
0
0
0
0
.
 

 

w
w
w
N
W
N
N
N
.
-
 

P
J
1
,4

_
4
,
3
3
-
-
.
4
 

.
.
.
.
.
.
.
.
.
 

o
M
4
N
W
0
n
4
V
0
 

...
. —
U
]
S
'
S
X
M
W
N
 

•
 • 
• 
• 
• 
• 
• 
• 
• 

w
o
o

-4
0
,
P
3
,
W

2
 

■
T
W
Z
•
X
•-
.
•
P
•
Z
 

•,
•
,
•
„
•
_
•,
P
 

0
0
P
W
-
4
0
0
N
0
 

n
 

0
 

M
 

c
,
 

:
 
a
 

X
 

.n
 

r
 
3
 

D
 

I r•
 

;.
' 
o
 

m x •-•
 

n
 

x
 

N
 

71
 
x
 

W
 

M
  

.
.
 

0
 

A
 

0
 

 

P
 

P
 

0
 

'
0
 

m
 

II
 

0
 

•
 

N
 

N
 
W
 

0
 

D
 

i
.
 

.
.
.
 

N
 

0
 

•
 

P
 

W
I
 

0
 

V
 
V
 
.
 

A
l
 

U 0
 

•
 

OD
 
0
 

N
 

V
 
V
 

3
3
 
•
 

 

•- II
 

0
 

,71
 

•C`
 

0
.0

 

0
 

O
 

"6
.0

1I
N 

-
O
A
 T
,
 

0
0
0
0
 

•
 • 
• 
• 

W
N
W
W
 

■
A*
07
7W
 

M
"
M
N
 

0
0
0
0
 

•
 •
 
•
 
•
 

W
t
.
..
.1
11
2 

N
O
W
.
-
 

..
.N

0
3
1
 

0
0
0
0
 

.
.
.
.
 

T
U
4
-
.
 

-.
4

.c
tr

x
 

,C
C
E
0
N
 

.
.
.
o
.
D
=
,
 

.
-
.
0
.
7
.
4.
 

 
-
-
7
..
-
4
5
 

.C
N
. .
4
P
 

.
-
N
N
P
 

.
.
.
.
 

4
3
,
-
.
-
 

.
C
.
C
m
w
 

0
.
(
4
.-
N
 

0
0
0
.
.
.
 

s
e
g
o
 

.T
...

4X
W

 
M
C
V
X
N
 

0
-
4
4
I
D
 

,-
,-

..
.4

.n
 

.
.
.
.
 

.
.
.
w
t .
'
s
/
1
 

O
N
-
0
.
3
 

.
0
3
3
4
7
7
4
 

M
 

0
 

n1
 

A
 

..
. V
 r A
 

v
 

.
.
.
 

m
 

-
 

.1
3
 
-
 

X
 
-
 

r
U
 

V
 

a
 

V
 
-
 
,
 

V
 

,
 

.
_
 

a
 

V
 

a
l
 

I
 

0
 

M
 • 

I
 

_
 

a
 

-
.
 

-4
 

M
 

V
 

-
-
.
 

 

0
 

J
 
0
 

.
.
.
.
 

 

N
 

0
0
0
0
 

•
•
•
•
 

W
0
W
0
 

N
0
0
,0
 

O
W
0
.
0
 

T
P
P
N
 

0
0
0
0
 

•
•
•
•
 

P
W
P
.
-
  

:
T
X
 

,
p
-
,
J
.
N
 

,T
-
4
P
N
 

N
N
N

,T
 

-
.
4
‘
.
.
-
4
w
 

•
 •
 
•
 
•
 

W
W
.
C
W
 

m
P
n
 
-
 

4. 4
)-

4
,a

0
 

.
.
.
.
 

-4
0

0
W

 

.
-
.
 

W
C
U
,W
 

•
 • 
• 

• 
Z
W
M
W
 

•-
.
-
,
-
.
 

4
V
I
P
■
1
 

•
 •
 
•
 
•
 

N
O
W
-
1
 

n
 

0
 

m
 

'n
 

M
 

M
 
0
 

I .
 

C
 

a
l
 

n
 
3
 

V
 

•
 

1
 
.
 

0
 
	

.
 

M
 
x
 

•-
•
 

M
 

x
 

N
 

-T
4 x
 
W
 

M
 

-
c
 

.
-
.
 

in
 

0
 

rt
 

0
 

•
 

r 
til

 
0
 
0
 

'7
 

ll
  

2
 

11
 

o
 

.
.
.
 

•
 

N
 
0
 

T
 
0
 

1
4
 

0
 

D
 
a
 
w
 

II
 

0
 

0
 

0
 

.ri ECU'll =10dd 

•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 

-4
 	

-4
. 4

-4
T
:1

1
.-
J
W

N
N

 M
 

P
4
0
O

p
w

w
W

w
 
'V

 	
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
-
4
 

=4
FP

,I
LI

IM
1

4
..

7
•J

i 
iV

 
•
 
•
 
•
 
•
 	

A
0
0

0
 

•
 
•
 
•
 
•
 

N
J
...T

W
O

 
W

O
W

" 

•
 
•
 
•
 
•
 
N

 
0
.
0
0
x
3
 
v
 	

W
M

N
N

 
m
 

x 

4
4
1
0
4
 

P
I
 

T
P
O
w
 

0
,
0
-
0
 

x 
•
 
•
 •
 
•
 
•
 
•
 
•
 
•
 
•
 

-
 

m
0

4 .
4
4
■
1
3
p
L
p
tz
..
0
 
D

 
C

D
■
IN

W
P
.7
,
0
4
'2
,
  
z
 

U
 

W
W

P
w

1
-
4
N

N
P
N

 
m
 
z
 

W
A

.—
*V

W
V

IW
 

• 
• 

• 
• 

• 
• 

• 
• 

• 
N

 
W

C
.C
.
W

W
V

I
O

O
O

 

0
0
0
0
0
0
0
0
0
 

Q
V

  
•
 •

 •
 •

 •
 •

 •
 •

 •
 

CY
.W

3,
2

7
,0

,g
.W

V
  

11
11

.-
.1

V
N

•
0
.
0
7
.-

•
 

0
0
0
7
7
0
3
 

•
 • 
• 
• 	

• 
• 

• 
• 

W
W

V
1

W
w

w
w

r
w

 
N

N
-4

.7
,
-

p
W

r
W

 

0
0
0
0
0
0
0
0

3
 

•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 

P
W

.
.
J
C

P
.
I
P

 
.-

3
4

)
.
J
c
w

v
.
4

1
-.

 
4

1
0

- O
D

X
.
-
-
.
3

0
 

3
O

,.
.
.
4

o
3

0
0

0
O

 
•
•
•
•
•
•
•
•
 

(T
T

P
T

-4
-4

-4
•
  0

-4
 

7
4

11
D

1
3

.0
1

1
.4

 

V
I 

0
0
0
0
 

•
 •
 
•
 
•
 
-
 

N
W
P
W
 

0
,
0
7
.
p
 

0
0
0
0
 

 
•
 
•
 
•
 

W
U

PW
'3

 
1
-•

 

L
D

.P
.D

A
 

0
0
7
0
 

•
 •
 
•
 
•
 

w
0
w
u
l
 

3
 

gE
Z 



11.4 
11.3 
10.9 
12.5 
15.3 

6,0 
3.6 
3.3 

ig.g 
21.0 

3.4 
5.0 
4.0 
3.5 
3.3 
6.5 
4.0 
12.0 

4.7 
;.I 

3.0 
6.3 
13.5 

Nos 8 P= 2000 

pan 0.474 PP= 0.300 PPAI= 0.531 pPA2= 0.665 PPRI= 1.036 

CODE FEED-4045 Cnp.-n'5 Fxl Fx2 FX3 FYI FY? 

	

2420.0993 	0'.1522 	55.1 	21.4 	4.3 
31K 	0.2081 	0.2495 	4H.0 	24.8 	4.5 
.4 4 	0.2034 	0.3107 	52.8 	22.4 	4.8 52K 	0.1956 	0.2553 	5.9.6 	15.8 	4.e 4F 	0.1959 	0.7670 	51.7 	27.3 	4.3 64 	0.2907 	0.3552 	55.0 	25.5 	1.0 7w 	0.4009 	0.4015 	37.5 	28.1 	6.6 
118 	0.7930 	0.6693 	16.5 	27.5 	17.0 

P2 2000 

CODE 
241 31K a. 52K 
4F 
6.4 
7= 
118 

SIGuA 	0(A) 	P(9) 2P(7J 	 (1SI 01/P1A) v(A)08 Hn8 	m(A)TEP HTFR 	M(6)PFN HoEN 	II) 	f51 	on 

	

r.516 	0.911 0.368 6.a48 0.152 0.576 3.472 1.892 5.798 1.240 5.9a5 1.098 0.444 0.274 0.156 	0.751 	0.244 	0.653 	3.063 	1.309 	2.803 	1.4-in 	3.165 	1.256 	0.479 	0.347 	0.521 	0.7>9 0.362 	0.6,39 	0.111 	0.628 	3.185 	1.011 	2.856 	1.127 	3.225 	0.998 	0.459 	0.270 	0.541 	0.919 0.426 0.745 0.255 0.511 3.914 1.001 2.947 1.325 3.328 1.17/ 0.526 0.316 0.474 0.7Q9 0.352 0.733 0.267 0.644 3.106 1.206 7.946 1.271 3.1a7 1.1?6 0.546 0.103 0.4c4 0.19 0.41/ 
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Table XXXII 

Microstructure data of aMS-MMA copolymers, prepared at 1500 bars, 

for the calculation of p for entanglements. 

Copolymer 	[B] [A] *BMA] [I] m [s] p 

23L 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 Composition on the Rate of Polymerization  

and on Polymer Molecular Weight.  

The dependence of reaction rates on pressure and also on the mo-

nomer feed composition 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 composition 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 tt!ie comonomer aMS into the MMAAZBN solutions 

seems to reduce the rate 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 monomer mixture causes the rate to fall 

to 25% of that for pure MMA, although the composition of the copolymer 

is high in MMA (app. 97 mole %). With a comonomer mixture of 1:1 mole 

fraction the rate is only 0.01675 of that of pure EMA. The drastic 

fall of the rate without any doubt is assisted by the depropagation 

of aMS units but it seems toohigh to be attribUted solely to that. 

There seem to be other kinetic reasons possibly transfer or early 

It) 
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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-1.v.V.OL mixture, and app. 11 fold for an 80:20 aMS-MMA mixture. 
This is still low compared with the 14.36 fold increase for pure MMA, 

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/ki) 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 conversions. The curve points for conversion 

rate vs. pressure curves in fig.(46) were derived from fig.(45). 

b) Mblecular weight 

The change in molecular weight with pressure and feed composition 

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 

aMS on molecular weight is a drastic decrease. Although the molecular 

weight of poly-NNE prepared in this work was not measured the theore-

tically calculated (fig.(12)) molecular weight indicates a sudden drop 

with the addition of aMS. The Monte-Carlo simulation, which gives also 

the relative molecular weights after depropagation, shows a less drop 

in the degree of molecular weight with increased aMS in monomer feed 

mixture (fig.(42b)). This indicates that the molecular weight decrease 

cannot be merely due to depropagation. Kang and O'Driscoll(132)  att- . 
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ributed the sudden drop of molecular weight with composition 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, n, Mv  and Mz  are given 

in Table (XIX). As for the dispersion of molecular weights an increase 

in MO:11,  was observed with increasing pressure. There is also a de-. 

crease in M141/M with increasing aMS in the feed composition, but this 

is very small and only apparent in the 0 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 2.608 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 aMS 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(113)• 

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. 
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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 a visual 

fit of some 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 eauations, 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 obtained 

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 

systems by investigating the effect of varying another reaction parame- 

ter, the pressure. This could be expected not only to provide a further 
4‘ 

test of the model adopted for the particular system but also to give 

results of general interest in copolymerization theory. 

It is evident from the findings discussed in the preceding sections 

that copolymerization in the system aMS-MMA is, in detail, a complex 

process. This has been further revealed by the analysis of its pressure 

dependence and by evaluation of the microstructure data obtained 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 although 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. Some of the 
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results were reproduced satisfactorily but the set of results which, 

according to Wittmer, prove the validity of his case (i) equation by 

giving a straight line plot for In r vs. 1/T did not produce a linear 

relation. When the K values of Bywater 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 

from 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 from 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 (=kd/k.p). Therefore it may be wrong to assume that at this high 

rate of depropagation 41e -BB chain ends depropagate as fast as the 

-BBB chain ends; otherwise increase in rB would not have much effect 

on the composition of the copolymer (since increasing k will increase 

bb as well) and hence the equation will become K sensitive. 

Because of the failure to reproduce Wittmer's results a conside-

rable number of more complex equations was tried by a two-stage fit 

method; namely a composition fit, followed by a linear lnrvs. P curve. 

A good fit was not achieved with any of the equations, indicating that 

the system is more complex than these equations can define. A one-stage 

fit using a modified equation on parameters X33), in which 

F =(f,r ,r n) 1 2 

is replaced by 
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F = f (f,T1 	,e 02 	en 	
) 

where 
AE 	AE 1 1 

k. = A.e(-)e(- 	4 - T 
1 	3. 

	

AE 1 1
-  * 	(1-f To)  = A. e 

0 l. e-e4/11" = e  

was tried (as recently applied also by Pritchard and Bacon(133) to homogeneous 

catalysis) but this failed not only because of the increased number 

of parameters but the obvious absence of a proportional In r vs. P re- 

lation in the equations used. Ultimately it was found best to base 

conclusions and inferences on the imperfect results obtained from the 

two-stage method and the microstructure 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 composition data. Some of the most complex theoretical 

equations could therefore not be used. 

As far as the composition data is concerned all of the equations 

gave fairly satisfactory visual fits. The terminal model equation gave 

a good fit by all three methods of fitting (FinemanRoss, Mayo-Lewis 

and NLR). The confidence intervals obtained from NLR were quite satis- 
factory. The other two-parameter equations, namely Wittmer's case (i) 

and case (iii) 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 maximum in same r vs. P curves. The persistence of the 
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maximum in various models suggests that the depropagation process is 

not a simple one and may involve equilibrium constants and forward 

rates which depend on the nature of the penultimate unit (section (6.4.6)). 

Also a maximum in 1/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 WOO triads 

in high-aMS 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 aMS unit in the 

-BAA- end group (B=c0S). 

In conclusion it can be said that the results obtained in this 

research by the analysis of the various models show that the copolyme- 

rizing system aMS-MMA follows a complicated 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 sufficientr- 

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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