
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Copolymerization of Vinyl Chloride and Sulfur Dioxide. III. Evaluation of
the Copolymerization Mechanism
R. E. Caisab; D. J. T. Hilla; J. H. O'donnella

a Chemistry Department, University of Queensland, Queensland, Australia b Bell Laboratories, Murray
Hill, New Jersey

To cite this Article Cais, R. E. , Hill, D. J. T. and O'donnell, J. H.(1982) 'Copolymerization of Vinyl Chloride and Sulfur
Dioxide. III. Evaluation of the Copolymerization Mechanism', Journal of Macromolecular Science, Part A, 17: 9, 1437 —
1467
To link to this Article: DOI: 10.1080/00222338208074408
URL: http://dx.doi.org/10.1080/00222338208074408

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338208074408
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SC1.-CHEM., A17(9), pp. 1437-1467 (1982) 

Copolymerization of Vinyl Chloride and 
Sulfur Dioxide. 111. Evaluation of the 
Copolymerization Mechanism 

t R. E. CAIS,* D. J. T. HILL, and J. H. O'DONNELL 

Chemistry Department 
University of Queensland 
Brisbane 4067, Queensland, Australia 

A B S T R A C T  

The mechanism of copolymerization of vinyl chloride (V) with 
sulfur dioxide (S) to form a variable composition polysulfone with 
average V:S molar ratio n 2 1 is examined. The copolymeriza- 
tion deviates from Lewis-Mayo behavior above -78" C. Alternative 
models for propagation involving (1) penultimate and pen-penulti- 
mate unit effects, (2) complex participation, and (3) depropagation 
are considered quantitatively by comparison of calculated and 
experimental copolymer/comonomer composition relationships 
and comonomer sequence distributions. Our theoretical modeling 
of the copolymerization shows that it is difficult to discriminate 
convincingly between alternative mechanisms. The penultimate and 
pen-penultimate effect models can account for the copolymer 
compositions, but not for the dilution effects which were observed 
provided the diluent is truly inert. The complex participation 
model can account for experimental behavior from -78 to -18°C 
by the assumption of addition of SV complexes, but it becomes 
rapidly less  satisfactory at  higher temperatures. Depropagation 
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1438 CAIS, HILL, AND O'DONNELL 

is the only model which can account for the compositions and 
dilution effects above 0" C. Progressive depropagation, with 
increasing temperature, of chains ending in  the triad sequences 
-SVS', -VVS', and -VSV' can explain the observed behavior 
over the entire comonomer composition and temperature range, 
but involvement of comonomer complexes in the propagation 
reactions is highly likely below 0" C. 

I N T R O D U C T I O N  

In this paper we consider the mechanism of copolymerization of 
vinyl chloride (V) with sulfur dioxide (S). The copolymerization can 
be initiated by y-irradiation or  by some chemical initiators, and pro- 
ceeds via a f ree  radical, chain-growth reaction in the liquid phase 
between -90 and +55"C to produce a copolymer of variable composi- 
tion. The copolymer has a V:S molar ratio 6 which increases with 
polymerization tem erature T and vinyl chloride content of the 
comonomer feed [ 1 P . 

Copolymerization rates and the composition of poly(viny1 chloride 
su1fone)s prepared by y-irradiation a t  -78 and 20°C have been re -  
ported b Schneider et  al. [ 21 and also by Suzuki e t  al. [ 31. Schneider 
et  al. [ 27 proposed that the mechanism suggested by Barb [ 41 for the 
formation of poly(styrene sulfone), involving participation of a I:1 
comonomer complex, would explain their results. No depropagation 
or penultimate effects were considered and SOz was assumed to be 
incorporated only via the 1:l  complex and only in the direction of SV. 
They did not t e s t  this model quantitatively.- 

Suzuki et  al. [ 31 suggested a Lewis-Mayo model with one reactivity 
ratio equal to zero. Unimolecular termination was assumed to explain 
the observed dose-rate exponent of unity, and a complex kinetic ex- 
pression was derived which was claimed to explain the results for 
polymerization rates. 

We have previously [ 51 investigated complex formation between 
vinyl chloride and SO2 ; two complexes of composition VS and VSZ 
were shown to form with significant equilibrium constants. Although 
they may well be involved in the copolymerization at  low temperatures, 
measurements of the number fractions of SVS sequences in copoly- 
mers  prepared from -78 to 0°C and of composition relationships 
above O°C suggested that depropagation reactions were involved. We 
outlined the possible involvement of successive depropagation reac- 
tions of three different terminal tr iads in a preliminary publication 
[ 61 Recently, Matsuda and Thoi [ 71 have reported measurements 
on the copolymerization a t  T 2 0' C and considered a mechanism 
involving an unusual depropagation step. 
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VINYL CHLORIDE AND SULFUR DIOXIDE. III 1439 

In order to discriminate between various possible copolymerization 
mechanisms, adequate experimental information is required. This 
may include (1) average copolymer composition versus comonomer 
composition relationships; (2) comonomer sequence distributions in 
the copolymer; (3) effects of dilution by a third (inert) component on 
(1) and (2); (4) effects of the polymerization temperature on (l), (2), 
and (3); (5) copolymerization rate as a function of comonomer compo- 
sition and copolymerization temperature; and (6) copolymer molecu- 
lar weights, The evaluation of possible polymerization mechanisms 
may be via qualitative argument [ 2, 71 , consideration of equations for 
limiting situations [ 61, or comparison of calculated and experimental 
values of any of the types of information above. 

In the previous paper we reported measurements of average co- 
polymer compositions and copolymerization rates as functions of 
comonomer composition and temperature over the entire liquid- 
phase copolymerization range, together with dilution effects on the 
copolymer composition and the comonomer sequence distributions. 
A study of the 'H NMR spectra of poly(viny1 chloride su1fone)s [ 81 
had provided information on comonomer sequence distributions for 
T 5 0°C. 

In the present paper we consider the applicability of alternative 
models for the copolymerization mechanism which are  tested by 
comparing quantitative predictions of (1) copolymer composition 
versus comonomer composition relationships and (2) comonomer 
sequence distributions, using appropriate values for reactivity ratios 
and equilibrium constants, with experimental results. 

P 

R E S U L T S  AND DISCUSSION 

C o m o n o m e r  S e q u e n c e  D i s t r i b u t i o n s  f r o m  'H  NMR 
Sr, e c t ra  

The determination of average copolymer compositions from the 
areas of diad resonances in the 'H NMR spectra a re  discussed in the 
previous paper [ 11. Thus, n = 1 + A (CH2)/2A (CH), where AVV 

and AVS a r e  the areas of the VV and VS diad resonances, respectively. 
The comonomer s uence distributions were also determined from the 
'H NMR spectra [ 7 .  The most accurate results were, obtained for 
copolymers prepared from vinyl chloride-P,P-dz, (CDZ=CHCl), which 
showed a good separation of the SVS and SVVS resonances from the 
a-sulfonyl methine proton in SV diads. 

The number-fraction of SVS sequences N(l)  in a particular poly- 
(vinyl chloride sulfone) is given by the area (A) of resonances due to 
protons in SVS sequences relative to the total area for all SVnS 

vv vs 
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1440 CAIS, HILL, AND O'DONNELL 

sequences, adjusted to the same number of protons for each value of 
n. N( l )  should be equal to the probability p(1) that a randomly chosen 
sequence of V units has n = 1, calculated from the proposed propaga- 
tion mechanism. This is not the probability of finding a SVS triad, 
but is related to it according to 

We have defined the sequence probabilities over the state space of 
all SV S sequences with n = 1 tom. This definition is the most suit- 
able o$e since there are no SS sequences in poly(viny1 chloride sul- 
fone). The average composition of the copolymer can also be calcu- 
lated from the sequence distribution, since 

co 

(2) 
- 
n = nN(n) 

n= 1 

Thus, for  copolymers with n 5 2 (which we have shown to have negli- 
gible proportions of SVWS sequences) 

- 
n = N(l)  + 2N(2) = 2.0 - N(l )  (3 ) 

since N( l )  + N(2) = 1.0 when N( 2 3) = 0. 
When dehydrochlorination to ethene units E had occurred, a cor- 

rected value for A(SVS) was used, equal to A(SVS)obs + A(SES), since 
only SVS sequences lost HC1 under normal conditions. 

The values of N( l )  and N(2) determined from the 'H NMR spectra 
of a range of comonomer compositions and copolymerization tempera- 
tures a r e  shown in Table 1. The agreement between values of s calcu- 
lated from (a) sequence distributions and (b) areas of diad resonances 
is good, supporting the 'H NMR assignments. 

It was not possible to discriminate between the sequences SVVS, 
SVVVS, etc. from the 'H NMR spectra, except for the deuterated 
polymer with n = 2; nor could they be distinguished in the 13C NMR 
spectra [ 91. However, both 'H and l3 C NMR showed conclusively that 
N(1) = 0.0 for all copolymers prepared above 0°C. 

C o D o l v m e r i z a t i o n  M o d e l s  

Pen-Penultimate, Penultimate, and Terminal Models 

be reduced to the penultimate and terminal (Lewis-Mayo) models by 
appropriate simplifications. The reaction scheme with complete gen- 
erali ty is shown in Table 2 and the expressions for the copolymer 

The pen-penultimate effect model was considered first ,  since it could 
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VINYL CHLORIDE AND SULFUR DIOXIDE. I11 1441 

TABLE 1. Monomer Sequence Distributions in Poly(viny1 Chloride 
Sulfone) Determined from 'H NMR Spectra 

Copolymerization 
temperature (" C) c q m  N 1 )  N(2) na n -b 

-78 

-45 

-18 

0 

0.22 

0.33 
0.42 

0.62 

0.80 

0.21 

0.42 

0.44 
0.62 

0.81 

0.22 

0.42 

0.62 

0.80 

0.40 

0.93 

0.89 

0.90 

0.87 

0.78 

0.83 

0.68 

0.63 
0.63 
0.34 

0.38 

0.28 

0.13 

0.01 

0.04 

0.07 1.07 

0.11 1.11 
0.10 1.10 

0.13 1.13 

0.22 1.22 

0.17 1.17 

0.32 1.32 
0.37 1.37 

0.37 1.37 

0.66 I 1.66 
0.62 1.62 

0.72 1.72 

0.87 1.87 

0.99 1.99 

0.96 1.96 

1.03 
1.13 

1.04 

1.10 

1.20 
1.20 

1.40 
1.40 
1.50 

1.60 

1.60 

1.80 
1.90 

2.00 

2.00 

Calculated from diad resonance a reas  in 'H NMR spectra. a 
bCalculated from N(1) and N(2) according to Eq. (3). 

composition and the comonomer sequence distributions a re  given in 
the Appendix. For the copolymerization of vinyl chloride and sulfur 
dioxide, the absence of 4 s -  sequences allows the simplifications which 
are shown. 

The expressions for the penultimate-effect model are readily de- 
rived from those for the pen-penultimate model by equating the transi- 
tion probabilities which differ only by a pen-penultimate effect, a s  
shown in the Appendix. Similarly, the terminal model can be derived 
from the penultimate model by equating those transition probabilities 
which differ only by a penultimate effect. 

ComDlex ParticiDation Model 

The general propagation scheme for this model is given in Table 3. 
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TABLE 3. Propagation Mechanism for the Complex Participation 
Model 

Initial Final Rate Transit ion 
state Add state constant probability 

0 0 

1 1 
10 0 

1 01 
0 0 

1 1 
10 0 
01 1 

- 
- 

- 
- 

kOO 

k O 1  

k10 

kl 1 

k -  010 
k -  00 1 

k -  110 
k -  101 

poo 

P -  001 
10 

pll 

plTiT 
P -  101 

The reactivity ratios for copolymerization of vinyl chloride and SOz 
are  reduced to 

s = k  -/k r1 = kll/klo, 0 010 01 

s = k  -/k p = k  --/k -, 1 101 10 1 110 101 

We have solved [ 101 this scheme using a kinetic-probabilistic method 
to obtain the expressions for  copolymer composition and sequence dis- 
tributions. Litt and Seiner [ 111 had previously obtained an  equation 
for the copolymer composition and evaluated it when -00- sequences 
were not formed, with severe limitations. 

Depropagation Model 
The proposed reaction scheme, which may be regarded as a special 

case of the triad model of Howell et al. [ 121, is given in Table 4. The 
rate constants for propagation and depropagation can be related by 
reactivity ratios and equilibrium constants according to 

We have considered the reversibility of three propagation reactions: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1444 CAIS, HILL, AND O'DONNELL 

TABLE 4. Propagation Mechanism for the Depropagation Model.a 
(The decimal states used as suffixes in the transition probabilities 
correspond to those used for the penultimate and pen-penultimate 
effect models. ) 

State 
Initial Rate Final transition 
state Add constant state probability 

110 p36 
kilo - 

11 P33 
kiii - 

0 10 PI2 
koio 

koii 

dioi 

- 
11 p 13 P 

10 Di P 

,-. doio  n i  n.. 

01 PZl kioi - 
11 D63 

diio 
____t 

01 p61 
kioi - 

U 0 < - O  

'+1 

aStates: Binary 01 11 010 110 
Decimal 1 3 2 6 

koio 

doio 
-SM' + S ==== --SMS', K (penultimate) = kolo/dolo P 

kioi 

dioi 
--MSM*, K (vinyl chloride) = kmi/dm V -MS' + M  

kilo 

dii o 
-MM' + S -MMS*, KT (terminal) = kllo/diio 
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VINYL CHLORIDE AND SULFUR DIOXIDE. III 1445 

We will show that the copolymerization of vinyl chloride with sulfur 
dioxide can be described by this depropagation model with K decreas- 
ing below 0°C and either K or K decreasing a t  higher temperatures. T V  
We do not distinguish between the rate  of addition of V to -S' with 
different pen-penultimate units, i.e., we assume k 
if there is no kinetic, penultimate effect on the rate  of addition of V 
and S, then r1 = r and s = s 

Defining the state- transition probabilities on a kinetic basis: 

P 

- 
1101 - kO1O1' 

2 1 2' 

PJK = [ rate(J-K)] /[ K(rate c J-K)] 

the following transition probabilities a r e  obtained: 

and the stochastic relationships are 

P36 + p33 = 1, P12 + P13 + D1 = 1 

A general analytical solution for  the composition equation was 
obtained by Lauritzen et  al. [ 131 and also by O'Driscoll et  al. [ 141. 
However, we have chosen a Monte-Carlo simulation procedure in 
order to provide a direct visualization of the copolymerization and 
generate the copolymer composition, sequence distribution, degree 
of copolymerization, and overall propagation rate, since we know far 
too few parameters for an analytical approach. Figure 1 shows a 
partial schematic flow chart of the computer program for the simula- 
tion. 

C o m p a r i s o n  of C a l c u l a t e d  a n d  E x p e r i m e n t a l  R e s u l t s  

The experimental results [ 11 for copolymer compositions and 
copolymerization ra tes  suggest that the temperature range can be 
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1446 CAE, HILL, AND O'DONNELL 

ANALYSE CHAIN 
Increment XMl 

I ni t i a  lize 

I 

01 01 

t 1  
010 
t1 t o  010 

-0  P36 p33 
110 110 

r .  . - 0  t 1  Dl F 2  
Dn El v.- 

D63 4, -' v 

4 * 
M (J) =3, J J-1 

FIG. 1. Schematic, partial flow chart for simulation of copolymer 
chains using the depropagation model shown in  Table 4. K = counter 
for number of tr ials executed (L is the chosen limit). J = index of 
current chain position. M(J) = monomer unit a t  current index = 0 
(S), 1 (V), or 3 (error  detection). The decisions (i) to propagate or 
depropagate, and (ii) the addition of 0 or 1 are made on the basis of 
the test between the relevant state transition probability P 

D and a computer-generated random number. XM1= mole fraction 
of V in comonomer feed. 

or 
1, J 

1, J 
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conveniently divided into two regions; I: -95 to O"C, and 11: 0 to 
55" C, for comparison with calculations based on the various models. 

Lewis-Mayo Model 
This model is characterized by one reactivity ratio rl for V-S 

copolymerization since r o  = 0. Satisfactory agreement between experi- 
mental and computed composition curves and sequence distributions 
is obtained only for T 5 -78"C, with r = 0.04-0.08. This value of 
r1 indicates that the cross-propagation step -V' + S is 10-25 times 
faster than the homopropagation step -v' + V at these temperatures. 
This is not unreasonable in view of the highly electrophilic nature of 
S compared with V. 

The model does not predict any change in copolymer composition 
or sequence distribution with a change in total comonomer concentra- 
tion which is effectively in accord with the experimental results at 
-78"C, but not a t  higher temperatures. The model does not describe 
the composition behavior above -78" C as it always gives symmetrical 
composition curves between (0.5, 0.5) and (1.0, 1.0). Thus the claim 
by Suzuki et al. [ 31 that the copolymerization may be described by 
the Lewis-Mayo model at room temperature can be refuted. 

P 1 

Penultimate-Effect Model 

ko 0 d k 0  10 This model is characterized by two reactivity ratios, rl = 

and r3 = klll/kllO, for V-S copolymerization. Increasing r1 (retarda- 
tion of -SV' + S) with r3 small (cf. 0.08 at -78 C for the Lewis-Mayo 
model) favors the formation of SVVS sequences. Figure 2 shows that 
the composition data a t  -18 and 0" C can be explained by the penulti- 
mate model with the reactivity ratios shown in Table 5, but that the 
apparent sigmoidal relationship at -45" C cannot be matched satisfac- 
torily. The computed sequence distributions also agree well with the 

3 experimental values as shown in Fig. 3. With r1 >> 1 the effect of r 
is similar to Lewis-Mayo behavior with one comonomer a dimer (VV) 
and all calculated composition curves are concave below and convex 
above the line joining ( x ~ ) ~ ,  ( x ~ ) ~  = 0.0, 0.67 to 1.0, 1.0. Therefore, 
the curves differ from the experimental relationships for T > 0°C. 
The model can also be rejected above 0" C because there are  no terms 
in the equations which involve individual monomer concentrations and 
hence it cannot predict any dilution effect on composition, which is 
quite pronounced. Similarly, it cannot account for the observed 
change in sequence distribution at -18°C (N(O10) reduced to zero and 
n increased). 
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- 
- 

I I I I 

0 0.2 0.4 0.6 0.8 1.0 
( X v h  

FIG. 2. Copolymer versus comonomer composition relationships 
calculated for the penultimate-effect model a t  -45, -18, and 0°C 
from the reactivity ratios shown in Table 5. Experimental values: 
( A )  -45°C; ( m )  -18"C, ( 0 )  0°C. 

TABLE 5. Reactivity Ratios for Copolymerization in the Temperature 
Range -45 to 0°C for the Penultimate Model 

Temperature 
("C) rl 1-3 

-45 0.5 0.001 

-18 5.0 0.01 

0 1000 0.04 

Pen-Penultimate-Effect Model 

mer copolymer composition relationships at  30 and 46" C as shown in 
Fig. 4 using the reactivity ratios given in  Table 6. Since sequences 
SVnS with n > 2 could not be discriminated in the NMR spectra of 

copolymers with n 2 2, the computed distributions cannot be tested. 
Although the model will match the composition data, it cannot predict 
the marked dilution effect which was observed and for this reason 
must be considered inappropriate. 

This model can give a good simulation of the experimental comono- 

Complex-Participation Model 

We have evaluated the applicability of the complex participation 
model to the copolymerization between -78 and -18°C by utilizing the 
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1.0 

0-8 

i 
L L  

Q, 
P 

0.4 

E ; 0.2  

1449 

FIG. 3. Calculated (full lines) and experimental sequence dis- 
tributions for the penultimate-effect model a t  -18" c. 

1.0 

0 8  

I 
0.8 

P 
CI 

X 
U 

0.7 

o 0.2 0.4 0.6 0.8 1.0 

( X J  rn 

FIG. 4. Calculated (full lines) and experimental copolymer versus 
comonomer composition relationships calculated for the pen-penulti- 
mate-effect model a t  30 and 46°C from the reactivity ratios shown in 
Table 6. Experimental values: ( m )  30°C; ( 0  ) 46°C. 
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TABLE 6. Reactivity Ratios for Copolymerization a t  30 and 46°C for 
the Pen-Penultimate -Eff ect Model 

2.0 1 o4 0.3 

10 1 o4 2.0 

100 1 o4 2.0 

TABLE 7. Reactivity Ratios for Copolymerization in the Temperature 
Range -78 to -18°C for the Complex Participation Model 

Temperature 
(" C) r o  rl Po Pl so $1 K 

-78 a O  0.1 0 0.5 10 10 0.1 
b O  0.1 0 0.25 2.1 10 0.1 

-45 0 0.1 0 6.6 2.6 10 0.1 

-18 0 0.1 0 50 0.54 10 0.1 

aDerived from direct measurements of copolymer composition. 
bFit to copolymer compositions derived from sequence distribu- 

tions. 

computer -based, patterned search procedure described previously 
[ 107 to derive "best estimates" of the reactivity ratios. We have 
taken r o  = 0 and PO = 0 since there was no evidence for SS sequences 
in the copolymers. Copolymer compositions were available both 
from direct analysis (IR, NMR, and microanalysis), and from experi- 
mental sequence distributions using Eq. (3). 

When matching the experimental copolymer/comonomer composi- 
tion relationships, it was found that the shape of the calculated curves 
were particularly sensitive to the reactivity ratios pl and so. Best 
estimates of PI and SO were readily obtained at  -78 and -45" C and are 
shown in Table 7. There appear to be some systematic discrepancies 
between the copolymer compositions measured directly and deter - 
mined from sequence distributions a t  -78' C, resulting in different 
values of SO. However, the overall trend with temperatures is similar. 

In fitting the data a t  -18"C, no easily discernible minimum could 
be located on the hypersurface when all  five parameters (reactivity 
ratios and equilibrium constant) were relaxed. Therefore, a value 
of pl a t  -18" C was predicted using an Arrhenius relationship and the 
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FIG. 5. Copolymer versus comonomer composition relationships 
calculated for the complex model a t  -78, -45, and -18°C from the 
reactivity ratios shown in Table 7. Experimental values: ( 0 ,  ) 
-78°C; ( 0 ,  ) -45°C; ( A ,  * ) -18°C. Open symbols: Measure- 
ments of copolymer composition. Closed symbols: Copolymer 
compositions calculated from experimental sequence distributions. 

values of pl at -78 and -45°C. The best values of the other reactivity 
ratios were then determined in the usual way. 

The copolymer/comonomer composition relationships for  -78, -45, 
and -18°C a re  shown in Fig. 5. The curves are calculated from the 
reactivity ratios given in Table 7. Figure 6 shows the calculated 
(full lines) and experimental sequence distributions at  -78" C and 
there is excellent agreement. Similarly, at -45 and -18°C there is 
good agreement between the calculated and experimental sequence 
distributions, as shown in Figs. 7 and 8. 

D i 1 u t i o n  E f f e c t s . A negligible dilution effect on sequence 
distributions is predicted a t  -78°C a s  shown in Fig. 6 and this is in 
accord with experiment. The calculated effects of a fourfold dilution 
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FIG. 6. Calculated (full lines) and experimental sequence distribu- 
tions for the complex model a t  -78' C. Calculated: (-) undiluted; 
( x )  fourfold dilution for the reactivity ratios (b) in Table 7. Experi- 
mental: ( 0 )  N(010) = number fraction of SVS sequences; ( ) N(0110) 
= number fraction of SVVS sequences. 

a t  -45 and -18°C a re  shown in Figs. 7 and 8, respectively, as functions 
of comonomer composition. There should be marked changes in 
sequence distribution a t  both temperatures. NMR measurements 
were made for equimolar comonomer mixtures at  -78 and -18°C; 
these results a r e  compared with predictions in  Fig. 9. There i s  some 
uncertainty in the experimental value a t  -18°C for [ S] = 8 mol/dm3 , 
since the smoothed copolymer versus comonomer composition data 
in Fig. 5 give a value for N(010) of -0.2 a t  ( x ~ ) ~  = 0.5, which is in 
agreement with the predicted relationship in Fig. 9. 

The complex-participation model can give a 
good fit to (1) copolymer compositions, (2) sequence distributions, 
and (3) dilution effects at  -78, -45, and -18°C. This is not unreason- 
able since complex participation would be expected to increase with 

C o n  c 1 u s i o n s . 
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0 0.2 0.4 0.6 0.8 1 .o 
oufl 

FIG. 7. Sequence distributions for the complex model a t  -45°C. 
Calculated: (-) undiluted; (- -) fourfold dilution for the reactivity 
ratios in Table 7. Experimental: ( 0 )  N(010); ( .) N(0110). 

decreasing temperature when the concentration of the comonomer 
complex will increase and the reactivity of monomer molecules will 
decrease. At higher temperatures the reverse will apply and also 
depropagation can be expected to become of increasing importance. 
This may well be the reason for the decrease in so at -18" C and the 
difficulty experienced in obtaining a clear minimum in the hyper- 
surface, since s = k -/k and would therefore reflect depropaga- 0 010 01 
tion of the chain radical -SVS'. 

Interpretation of dilution effects on copolymer composition must 
be made with caution. Thus the computed curves show that dilution 
has only a small effect on the copolymer composition when (a) propa- 
gation proceeds almost exclusively by complex addition, or (b) com- 
plexes play a minor role in the copolymerization. However, when (c) 
the complex and f ree  monomer are of comparable importance in the 
propagation mechanism, dilution gives an appreciable change in the 
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I I I I I I 1 8 I 

0 0.2 0.4 0.6 0-8 1 -0 oun 
FIG. 8. Sequence distributions for  the complex model a t  -18°C. 

Calculated: (-) undiluted; (- -) fourfold dilution for  the reactivity 
ratios in Table 7. Experimental: ( 0 )  N(010); ( w )  N(0110). 

copolymer/comonomer relationship. There is a noticeable similarity 
between the composition curves computed from the penultimate effect 
and the complex participation models, e.g., under conditions when 
reactions leading to the formation of -0110- sequences were impor- 
tant. This similarity between the models has been discussed else- 
where [ 111. 

Depropagation Model 
This model requires four reactivity ra t ios  and three equilibrium 

constants, as  well as the two monomer densities, for the copolymeri- 
zation of vinyl chloride and sulfur dioxide. There is insufficient 
experimental data to allow a unique solution, but experimental 
measurements of the dependence of the copolymer compositions 
and sequence distributions on comonomer composition and tempera- 
ture, the magnitude of the dilution effect, and the variation in 
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10 8 6 4 2 0 
- 3  

[S02]/rnol dm 

FIG. 9. Dilution dependence of the sequence distribution param- 
eter  N(010) for the complex model. Calculated: (-) for the reactiv- 
ity ratios in Table 7. Experimental: ( ) -78°C; ( A) -18°C; ( A )  

value at  -18" C interpolated from smoothed sequence versus compo- 
sition relationship. 

copolymerization rate and copolymer molecular weight enable reason- 
able values for the seven parameters to be derived. 

We may make the following general observations. 
rl. This is equivalent to the Lewis-Mayo reactivity ratio and 

shoad  be -0.05 at  -78°C. It has been proposed that addition of S to 
alkyl radicals is a diffusion controlled reaction with almost zero 
activation energy, consequently the variation of rl with temperature 
should be due to the activation energy for homopropagation of V in 
liquid SOZ 

addEion of S to -V would be expected so that r2 = rl,  but at higher 
temperatures -SV + S may be less  favorable than -VV + S, and then 
r2 > rl. 

1-2, At sufficiently low temperatures, no penultimate effect on the 
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FIG. 10. Copolymer versus comonomer composition relationships 
c,alculated for the depropagation model in the temperature range -78 
to +46" C from the reactivity ratios and equilibrium constants given 
in Table 8. The curves are the calculated relationships. Experi- 
mental values: ( 4 )  -78°C; ( 0) -45°C; ( A )  -18°C; ( 0 )  0°C; ( 0  ) 
30" C; ( v ) 46" C. 

s1 and SZ. Similarly, we would expect s1 = sz at low temperatures, 
but a penultimate effect of S on the addition of S at higher tempera- 
tures would lead to s~ > s~ . Also, with a high rate of addition of S 
to -V, both s1 and s z  should be greater than one. The effect of in- 
creasing temperature should be to decrease reactivity ratios greater 
than one (SL and sz ) and increase those less than one (r l  and r 2  ) 
[ 151. 

K This equilibrium constant must decrease rapidly with increas- 
ing&perature to be <<1 at  0°C since only very small proportions of 
SVS sequences were incorporated in the polymer above 0°C. 

KV and KT. Either or both of these equilibrium constants must 
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TABLE 8. Reactivity Ratios and Equilibrium Constants Used in the 
Temperature Range -78 to +46" C for Simulations of Copolymer 
Compositions and Sequence Distributions Using the Depropagation 
Model and Shown in Figs. 10 and 11. (DI and Do = densities of V and 
S, respectively. ) 

Temperature 
(" C) '1 '2 s1 s2 KKJ KV KT Dl DO 

-78 0.01 0.04 20 20 10 500 400 17.4 25.43 

-45 0.01 0.04 10 11 0.1 120 100 16.45 24.13 

-18 0.03 0.075 5 10 0.01 110 100 15.06 23.08 

0 0.05 0.8 3 8 0,001 100 10 15.15 22.37 

30 0.09 0.9 5 7 0,001 100 0.1 14.27 21.17 

46 0.20 1.0 1 1 0.001 100 0.01 13.78 20.40 

decrease with increasing temperature to account for the decreasing 
S content of the copolymer above 0°C. 

The depropagation model reduces to the Lewis-Mayo model when 
K , KV, and KT >> 1 and there are no penultimate unit effects on mono- 
mer addition, i.e., r1 = r2 and s = s This situation is approached 1 2' 
at -78"C, but i t  is interesting that the best fit to the experimental 
data a t  -78"C, shown in Fig, 10, is given by r1 = 0.01 and r2 = 0.04, 

indicating that there is still a small penultimate unit effect on the 
addition of S to -V. The values of the equilibrium constants used in 
the computer simulations are given in Table 8. 

Excellent agreement between simulated copolymer/comonomer 
composition relationships and experimental results were obtained at  

2 -45 and -18°C by greatly reducing K slightly increasing r1 and r 
and reducing s1 and s 

At 0" C an excellent fit between simulation and experiment is ob- 
tained (Fig. 10). The chosen parameters allow for a rapidly decreas- 
ing equilibrium constant for the cross-propagation reaction -SV + S 
(K decreasing) and enhanced addition of V to both -V (causing r1 and 
r to increase) and to -S (causing s1 and s2 to decrease). 

The fit of the simulations at 30 and 46°C shown in Fig. 10 are 
predominantly due to decreasing KT, and further increasing rl and 
decreasing s1 and s 

P 

P' 
a s  shown in Table 8 and Fig. 10. 2' 

P 
2 

2' 
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FIG. 11. Sequence distributions for the depropagation model at  
-45°C. Calculated: (-) undiluted; (- -)7 (- -)7 fourfold dilution for 
N(010) and N(0110), respectively, for the parameters in Table 8. 
Experimental: ( ) N(010); ( ) N(0110). 

The sequence distributions in the copolymers are also readily 
obtained from the Monte-Carlo simulations of the copolymerization. 
Figure 11 shows the calculated variation of N(010) and N(0110) with 
comonomer composition for polymerization at  -45" C using the reac- 
tivity ratios in Table 8. They are in quite reasonable agreement with 
the experimental values. The effect of dilution is also shown. The 
sequence distributions calculated for  polymerization at -18" C a re  
shown in Fig. 12 and compared with the experimental values; the 
agreement is again quite good. 

The simulations also predict that dilution will cause n to increase 
substantially at 30" C, but only to a small extent at -18" C. The quan- 
titative predictionsfor ( x ~ ) ~ =  0.5 are  shown in Fig. 13, and are  in 
adequate agreement with the experimental results if the experimental 
and calculated uncertainties a re  taken into account. In general, the 
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FIG. 12. Sequence distributions for the depropagation model at 
-18°C. Calculated: (-) undiluted; (- -) fourfold dilution for the 
parameters in Table 8. Experimental: ( 0 ) N(010), ( ) N(0110). 

sequence distributions calculated from the Monte-Carlo simulation of 
the copolymerization show much greater fluctuations between repeated 
simulations than do the copolymer compositions. Therefore, much 
longer simulations a re  desirable, but the computer time increases 
proportionately. 

tions is shown inFig. 14, and is in excellent agreement with the experi- 
mental results. Comparison of calculated and experimental dilution 
effects on sequence distributions for polymerizations above 0" C cannot 
be made because we have been unable to determine them experiment- 
ally. 

The net rate of propagation, which will also affect the molecular 
weight, is markedly reduced with increasing temperature, except a t  
high x and although the temperature dependence of the termination 

The effect of progressive dilution at -18°C on the sequence distribu- 

V' 
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FIG. 13. Dilution dependence of the copolymer compositions a t  
30 and -18°C for the depropagation model. [ V] /[ S] = 1.0. Calculated 
(-) for the reactivity ratios and equilibrium constants given in 
Table 8. Experimental values: ( 0 ) 30" C; ( ) -18" C. Estimated un- 
certainties in experimental values are shown by e r r o r  bars. 

reactions will also affect copolymerization rate and molecular weight, 
this trend is in agreement with the experimental observations [ 11. 

The reactivity ratios given in Table 8 are not a unique set, but 
they do show that the depropagation model can be used to predict the 
observed copolymer compositions over the whole temperature range 
from -78 to 46" C with reasonable accuracy. Other sets of reactivity 
ratios can be found in which the parameters a lso change systematically 
with temperature. In particular, we have shown that for T 2 O"C, 

K decreasing more rapidly than K gives compositions in accord 
with experiment. The temperature dependence of KT becomes impor- 
tant at  the higher temperatures. Thus the copolymer composition data 
a t  46" C can be adequately fitted by the following sets  of parameters: 

P 
V T 
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FIG. 14. Dilution dependence of the sequence number fractions 
N(010) and N(01110) for  the depropagation model a t  -18°C. Calcu- 
la ted  (-) for the reactivity ratios and equilibrium constants given 
in Table 8. ( 0  ), ( m ) :  Experimental values; ( 0 )  derived from the 
smoothed curve through the experimental copolymer compositions 
using Eq. (3). 

( r l  = 2.0, r2 = 5.0, s = 1.0, s = 1.0, K = 

K = 1.0) and (rl = 0.2, r2 = 0.8, s = 3.0, s2 = 5.0, K = 

5 X low3, KT = 0.6). 
Analysis of the sequence distributions obtained from the Monte- 

Carlo simulations using the various sets  of parameters which provide 
acceptable representation of the composition data shows that experi- 
mentally determined distributions would be able to distinguish between 
some se t s  of parameters, a t  least for some copolymer compositions. 
For example, the two se t s  of parameters given above lead to dis- 
tinguishable number fractions of 0110 sequences for the copolymers 
containing 60% of vinyl chloride, viz., 0.15 and 0.23. 

K = 5 X 1 2 P V 
K = T 1 P V 
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C O N C L U S I O N S  

Our previous paper [ 11 indicated that the copolymerization of vinyl 
chloride and sulfur dioxide could be divided into two regions of differ- 
ent behavior, viz., below and above 0°C. The suggestion was made 
that the mechanism of the copolymerization could be different in each 
region. The detailed analyses of the applicability of different pos- 
sible mechanisms reported in this paper support this hypothesis. 

Depropagation of the propagating triad -SVS below 0°C and of the 
triad -VVS or -VSV above 0°C has been shown to give an adequate 
description of the copolymer versus comonomer composition relation- 
ships from -78 to +46"C. The predicted effects of dilution on copoly- 
mer composition in increasing 6 substantially a t  30" C, but only 
slightly at 0" C, are in agreement with our results. 

of the triad chain ends -SVS and -VVS. The former occurs more 
readily and the equilibrium constant, Kp, becomes so low by 0°C that 
SVS sequences a re  rare in the copolymer formed at  or above 0°C. 
We have shown that the formation at  0°C of poly(viny1 chloride sulfone) 
with n = 2.0, and in particular with a great predominance of SVVS 
sequences, results from the complete depropagation of -SVS triad 
propagating radicals, whereas the depropagation of -VVS is insignifi- 
cant. Above O"C, we have found that the experimental results for 
copolymer compositions can be fitted readily with KT or KV decreas- 
ing rapidly. We have not found any need to invoke the "second-order" 
depropagation reaction proposed by Matsuda and Thoi [ 71. 

The participation of comonomer complex in the copolymerization 
below 0°C cannot be ruled out, as stated by Matsuda and Thoi. Indeed, 
the copolymer/comonomer compositions and sequence distributions 
can be adequately explained a t  -78, -45, and -18°C by the complex 
model, although a t  -18°C the shallow minimum in the estimation of 
SO suggests involvement of depropagation. 

mer compositions and sequence distributions were measured, can 
be accounted for quantitatively by either depropagation of -SVS triads 
o r  participation of comonomer complexes. It is probable that the 
complex is more important toward the lower end of this temperature 
range and depropagation of -SVS toward the upper end. 

It is important to recognize the difference between depropagation 

Dilution effects observed between -78 and O"C, when both copoly- 

A P P E N D I X  

S e q u e n c e  D i s t r i b u t i o n s  

Copolymerization is a stochastic process and therefore the relative 
proportions of Vn sequences for different values of n can be calculated 
from probability theory. 
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The number fraction of sequences of 1 units of length n is defined 
by 

00 

N(n) = p(0lnO)/ p(OlnO) = p(OlnO)/p(lO) 
n= 1 

(A-1) 

The copolymer composition is defined by 

where F1 is the mole fraction of units from monomer 1 in the co- 
polymer. 

The unconditional probabilities in Eq. (A-1) are related to condi- 
tional probabilities PJK according to the Markovian order of the 
copolymerization mechanism and each P JK can be related to appro- 
priate reactivity ratios and the mole fractions f o  and f l  of the comono- 
mers. The copolymer composition and sequence distribution may be 
derived by using statistical stationarity [ 161 or matrix algebra [ 17, 
181 methods. 

I. Pen-Penultimate Effect Model 
The reaction scheme is shown in Table 2. A transition matrix of 

conditional probabilities is set up [ 191 and the corresponding secular 
determinant is solved to give values for the cofactors VO to V7 corre- 
sponding to the relative proportions of the eight distinguishable triad 
sequences in an infinite chain, given by the decimal states in Table 2. 
The binary notation suggested by Price [ 17, 191 is used with S = 0 
and V = 1. It follows that 

p(1) = v1 + vs + v5 + v7 

The cofactors VO to V7 are evaluated in terms of the conditional transi- 
tion probabilities PJK by expansion of the determinant [ 191. The 
transition probabilities a r e  expressed in terms of the rate constants 
for propagation and monomer concentrations using Bayes's rule. 

The sequence distribution equations a re  derived as follows: 

p ( ~ i n ~ )  = p(~i i i )  ~ ( 1 1 1 , 1 ) ~ - ~  ~ ( 1 1 1 ~ 0 )  (A-3) 

but 
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1464 CAIS, HILL, AND O'DONNELL 

p(O111) = p(O11) P(Ol1,l) 

= p(O1) P(O1,l) P(Ol1,l) (A-4) 

Utilizing Eqs. (A-2), (A-3), and (A-4) and substituting the transition 
probabilities PJK defined in Table 2, we obtain 

N(n) = P(O1,l) P37 P76 (Pm )n-3, for n 2 3 (A-5) 

and, for n = 2, 

p(O110) = p(O1) P(O1,l) P(O11,O) 

hence 

N(2) = P(O1,l) P36 (A-6) 

and for n = 1, 

p(O10) = p(O1) ' P(O1,O) 

hence 

N(l) = P(O1,O) = 1 - P(O1,l) (A-7) 

P(O1,l) must be evaluated in te rms  of the probabilities in Table 2. It 
is given by 

For the copolymerization of vinyl chloride and sulfur dioxide, 

Po1 = Pzs = P a l  = P65 = 1 
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and the general relationships for p(l), p(O), and P(01,l) reduce to 

P(0) = 1 (A-10) 

P(O1,l) = P53 (A-11) 

Therefore, 

N(l) = 1 - P53 = P g  (A-12) 

II. Penultimate Effect Model 

pen-penultimate effect gives 
Equating the state transition probabilities which differ only by a 

Then ro = r4, rl = r5 , r2  = r6, r3 = r7 , and for copolymerization 
of vinyl chloride and sulfur dioxide ro = r z  = 0, POO = P24 = 0, Poi = 
P25 = 1. 

Equations (A-8) and (A12)-(A14) then reduce to 

p(1) = 1 f p13/p36 (A-15) 

N(1) = p i z  (A-16) 

N(n) = pi3 P36 (p37 ) n-2 ? for n > 1 (A-17) 

III. Terminal (Lewis-Mayo) Model 

t ies which differ only by a penultimate effect: 
This is derived from II by equating the state transition probabili- 
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Then r o  = r2 and r1 = r3, and for copolymerization of vinyl chloride 
and sulfur dioxide r o  = 0, POo = 0 and POI = 1. 

Equations (A-l5)-(Al7) reduce to 

p(1) = 1 -k p l 3 / p l Z  (A-18) 

N(1) = Pi2 (A-19) 

and 

for n > 1 (A-20) n- 1 N(n) = P12 (PIS) , 

A C K N O W L E D G M E N T S  

The authors wish to thank the Australian Research Grants Com- 
mittee and the Australian Institute of Nuclear Science and Engineering 
for supporting this research, They a r e  grateful to Mr M. Williams, 
Mr M. Ash, Mr D. Van Bruggen, and Miss J. Bull for assistance with 
the calculations and to Mr P. W. O'Sullivan and Dr R. Farmer  for 
advice on the computer programs. 

R E F E R E N C E S  

[ 11 R. E. Cais and J. H. O'Donnell, J. Macromol. Sci.-Chem., A17, 
1407 (1982). 

[ 21 C. Schneider, J. Denaxas, and D. Hummel, J. Polym, Sci., 
Pa r t  C, 2203 (1967). 

[ 31 H. Suzuki, M. Ito, and Z. Kuri, Kogyo Kagaku Zasshi, 71, - 764 
(1968). 
W. G. Barb, Proc. R. SOC. (London), A 2 2 ,  66 (1952). 
R. E. Cais and J. H. O'Donnell, Eur. Polym. J., 11, 749 (1975). 

[ 61 R. E. Cais and J. H. O'Donnell, J. Polym. Sci., Polym. Lett. 
Ed., 15, 659 (1977). 

[ 71 M. Matsuda and H. H. Thoi, J. Macromol. Sci.-Chem., A l l ,  1423 

and J. H. O'Donnell, Macromolecules, 9, 279 (1976). 
and J. H. O'Donnell, J. Macromol. Sci.-Chem., A10, 

769 (1976). 
[ 101 R. E. Cais, R. G. Farmer,  D. J. Hill, and J. H. O'Donnell, 

Macromolecules, 835 (1979). 
[ 111 J. A. Seiner and M. Litt, 2) Bid  4, 308 (1971). 
[ 121 J. A. Howell, M, Izu, and K. F.a'Driscol1, J. Polym. Sci., 

Part A-1, 4 699 (1970). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



VINYL CHLORIDE AND SULFUR DIOXJDE. JII 1467 

J. I. Lauritzen, E. A. DiMarzio, and E. Passaglia, J. Chem. 
Phys., 45, 4444 (1966). 
m u  Z d  K. F. O'Driscoll, J. Polym. Sci., Par t  A-1, - 8, 1675 
(1970). 
K. F. O'Driscoll, J. Macromol. Sci.-Chem., A3, 307 (1969). 
C. W. Pyun, J. Polym. Sci., Par t  A-2, 8, 111-1970). 
F. P. Price, J. Chem. Ph s 
L. Peller. I b k 6 5  

36, 209 ( n 6 2 ) .  
I-, -, 

F. P. Price, in Markov Chains 'and Monte Carlo Calculations in 
Polymer Science (G. G. Lowry, ed.), Dekker, New York, 1970, 
p. 197. 

Accepted by editor May 12, 1981 
Received for publication June 2, 1981 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


