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Internal Transfer  Reactions in the 
Copolymerization of Vinyl Acetate 
with Chlorinated Monomers 

‘C. PICHOT, J. GLTLLOT, Q. T. PHXV, and A. GLTYOT 

8C.N.R.S. 
h s t i t u t  de Recherches sur la Catalyse 
69 Lyon-Villeurbanne, F rance  

A B S T R A C T  

In the copolymerization of vinyl acetate ( A )  with ei ther  
vinyl chloride ( C )  o r  vinylidene chloride ( V ) ,  an internal 
t r ans fe r  (backbiting:] reaction-of the C- o r  V-ended radi- 
cals  on a n  antepenultimate A unit-is proposed to be 
responsible fo r  the deviation of the copolymerization 
kinetics from the Lewis and Mayo theory. The deviations 
disappear if A is replaced by isopropenylacetate [ I  1.  Then 

P 
one gets,  for the I -C copolymerization, r = 0.35 and :r = 

C 

2.4,  and fo r  I -V copolymerization, r = 0.13 and rV = 5.9. 

The internal t r ans fe r  reaction causes  the formation of 
branches which nay be evidenced by YMR analysis of con- 
slant composition suspension A - C  copolymers. A kinetic: 
scheme is proposed and the corresponding reactivity ra t ios  
derived r = 0.29, rC = 1.60, r = 0.3 ( r ad ica l  result ing 

A B 
from the t r ans fe r  reaction),  and $ = 1500 ( r a t e  constan: 
of the t r ans fe r  reaction at 5O’C). The distribution of 

P *P 

P IP  
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496 PICEIOT ET XL. 

branches is calculated together *rit,l the sequence distTibu- 
tion functions for  the ..I o r  C units. 

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

In a previous paper [ 11, the kinetics deviations from the Lewis 
and Mayo theory observed in the copolymerization of vinyl acetate 
( A )  with ei ther  vinyl chloride !C) o r  vinylidene chloride (V) have 
been interpreted in t e r m s  of a n  antepenultimate effect on the 
chlorinated unit ended radicals. The corresponding reactivitjr 
ra t ios  f o r  A-C copolymerization were r 
rXCC = 4.6, and rAC = 2.05, and €or V-C copolymerization 

rx = 0.07, rvvv = 5.30, raqVV = 11.5, r ;uv = 8.0, and rVxv = 6.0. 

It has been suggested fur ther  that these antepenultimate effects 
might be caused by an internal t ransfer  reaction involving the 
t e r t i a ry  hydrosen atom of a n  antepenultimate vinyl acetate unit 

= 0.29, r ccc = 1.67, 
.A 

' C  - M 
l 3  

OC-ti-', 
1 -  

Such a back-biting reaction is commonly proposed to explain the 
presence of short  b m c h e s  in high-pressure polyethylene, o r  
ethylene-vinyl acetate  copoiymers [ 21. 

The  purpose of the ?resent paper is to descr ibe experiments 
which s u p p ~ r t  this assumption and to present a n e 9  kinetic scheme 
involving th ree  radicals  ( t h e  two reydar V-ended and C-ended 
radicals ,  and the branched radical B) and the t r ans fe r  ra te  constant . 

First, the vinyl acetate monomer has been replaced by isopropenyl 
acetate  (I ) where the ter t iary hydrogen atom oi the X unit is replaced 
by a methyl group, and the copolymerization kinetics with V o r  C have 
been studied. Second, the gresence of branches has been confirmed by 
NMR analysis of the amount oi chtoromerhyl groups, CX2C1. 

5 
P 

C O P O L Y M E R I Z A T I O N  O F  ISOPROPENYL A C E T A T E  

( sometimes cgclonexanone) a t  60" C using azobisisobutyronitrile as 
The experiments were ca r r i ed  out in dimethyl formamide solutions 
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498 PICHOT ET AL. 

FIG. 1. Finernan-Ross plot for vinyl chloride ( C  kisopropenyl 
acetate copolymerization. i = 1 Data from Smets [ 31, ( 0 ; this  
study. 

FIG. 2. Fineman-Ross plot for vinylidene chloride ( V ) -  
isopropenyl acetate copolymerization. 

initiator. The kinetics are studied using the GS chromatographic 
method previously described [ 31. The initial charges and kinetics 
resuits are reported in Tables  1 and 2, respectively, for the I -C 

and I - V  systems. The corresponding Fineman-Ross plots [ A ]  are 
shown in Figs. 1 and 2,  respectively. Some data reported by Hard and 
Smets [ S ]  a r e  included in Fig. 1. It appears  that the kinetic deviations 
from the Lewis and Mayo theory vhich have been observed for the co r -  
responding copolymerizations of vinyl acetate do not occur with 
isopropenyl acetate,  although the experiments involve extreme 
composition of the monomer feed. These results strongly support our  
assumption that the deviation are caused by the back-biting reaction. 
The  following reactivity ra t ios  may be derived from the plots of Figs. 
1 and 2. 

P 
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IKTERNAL TRANSFER REACTIOXS 499 

For the vinyl chloride-isopropenyi acetate copolymerization, r = 

0.35 = 0.1 and r = 2.4 = 0.1. These values are in rather good agree- 
ment with the l i terature  data of rI = 0.25 and rc = 2.2 [ 5 ,  61. 

in the l i terature  and our  resul ts  are r 

P 
C 

P 
For the vinylidene chloride-isopropenyl acetate,  there  a re  no data 

= 0.13 and rv = 5 . 9  ~'0.1. 

active monomer. probably because i t  is resonance-stabilized, as 
already suggested by Smets [ 51. For this reason the yield becomes 
very low when the concentration of that monomer inc reases  and the  
kinetic resul ts  a r e  not accurate  enough to  give precise  resul ts  con- 
cerning the composition of the  I - r ich copolymers. For this reason, 

and because kinetics deviation were expected in the other par t  of t he  
range, we have ca r r i ed  out only a few experiments with low values of 
x o r x .  

IP 
It may be noted also that the isopropenyl acetate is a poorly re- 

P 

C V 

N M R  STUDY O F  B R A N C H I N G  

The back-biting reaction of a vinyl chloride-ended radical on an 
antepenultimate vinyl acetate unit is ex9ected to lead to a --CII, -CH, C1 
chain-end in the short  branch. However, this chain end s t ructure  may 
a l so  arise from t r ans fe r  reactions of the same  radical e i ther  with 
monomer or  solvent. Especially the dimethyl formamide s'olvent, which 
h a s  been used in previous experiments [ 11, is a powerful t r ans fe r  
agent like other solvents such as tetrahydrofuran. It was then decided 
to prepare a new set of copolymers using a suspension teclmique. The 
experiments were ca r r i ed  out a t  50°C in a glass  and metal  autoclave 
s t i r r e d  magnetically ( Ingenieur-Bureau, Zurich),  using azobisiso- 
butyronitrile as init iator and a mixture of polyvinyl alcohol. ( 1 g) and 
hvdroxymethylcellulose ( 0.2 5 g) as protective colloid. W a g  to  the 
reactivity ra t ios  of this system ( r  = 2.0 r = 0.29) the vir,yl chloride 

C A 
monomer tends t o  be consumed more  rapidly, so that the p re s su re  in 
the autoclave tends to decrease.  The experiments were ca r r i ed  out 
under constant p re s su re  by using a special device which involves a 
Bourdon manometer coupled with a photoelectric cell sensi.tive to  the 
change of position of the needle of the manometer. The cell governs an 
eiectromagnetic valve between the autoclave and a vinyl chloride 
reservoir .  The constant p re s su re  corresponds roughly to a constant 
composition of the monomer feed and allaws a copolymer with constant 
composition to  be obtained. The character is t ics  of the  copolymerization 
and of the copolymer obtained are given in Table 3. The copolymer 
compositions were derived from the XvIR spec t r a  using t h e  well resolved 
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E T E R X A L  T RXYSFER RZACTIONS 50 1 

a-methine protons [ 71 at  4.9 7 ( A  units)  and 5.8 7 ( C  unit:;), o r ,  for 
the extreme pa r t s  of the range, f rom a comparison of the cr-methine 
protons of the more abundant unit and the total of the meth:?lene and 
methyl protons bemeen  7 . 5  and 8.2 7 ( spec t r a  recorded a t  60 Mc in 
o-dichloroberzene o r  o-dichlorobenzene-hexachloracetone mixtures  
at 14O'C by a Varian D-4 60-I i  spectrometer ,  hexamethyld.isiloxane 
being the internal reference).  These compositions were checked by 
measuring the carbon and chlorine contents. The molecular weight 
were estimated from viscosity-gel permeation chromatography 
experiments. 

It has been shown previously [ 81 that t h e  protons of the chloro- 
methyl g o u p  of a -CH, -CH, C1 chain end resonate as a triplet  a t  
6. 5 7 .  Such a tr iplet  appears  clear!y af ter  spectrum accuinulation 
i Jeol  JR-al) as shown in Fig. 3. F r o m  the a r e a  under the tr iplet  
and [he area of the a-methine protons of the C units ( U C  protons 
centered a t  5.8 T),  one gets the proportion of the C units e:ngaged as 
chain-end o r  branches-end. The corresponding values between 

s 
FIG. 3. Accumulated NMR spectrum ( 128 scans)  of a vinyl chloride 

i 53cC)-vinyl acetate ( 4 7 5 )  suspension copolymer showing the resonances 
of the a-methine protons of the ( A )  vinyl chloride units ( 5.8 7 )  and the 
3) cnloromethyl protons ( 6,s T) .  
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302 PICHOT E T  XL. 

0.5% and about 1% are given in Table 3. Assuming there  a r e  no 
branches and a random termination process ,  it is possible to 
calculate from the N M R  data and the copolymer composition a 
number-average polymerization degree P also shown in Table 3. 

Comparison of P w i t h  the estimated 41 from molecular weight 
measurement shows clear ly  that there  a r e  many branches in each 
molecule. Chloromethyl groups have been verified to be present 
in the copolymers obtained from copolymerization e-xperiments 
in solution; however, in these cases,the contribution of the chain 
ends is important, and precise  measurements  of ?rI are necessary 
to decide on the existence of branches. Moreover, NMR measure- 
ments might be wrong because the 2-methyl resonances of C a r e  
perturbed by the f i rs t -order  tr iplet  of the saturated acetyl chain- 
end (-CH, -CH, -OCOCH,) centered a t  6.1 :. However, analysis 
of the suspension copolymers clearly confirms the presence of the 
branches expected from the assumption of the back-biting reaction. 

n' 
n n 

n 

KINETIC I N T E R P R E T A T I O N  O F  T H E  R E S U L T S  

On the basis  of the above resul ts  it is possible to build a new 
kinetic scheme, wnich, for  reasons or' simplicity, rules out m y  
penultimate effect and assumes  only the regular head-to-tail prop- 
agation reaction and an internal t ransfer  reaction. This  t ransfer  re- 
action is assumed to occur between 3 C-ended radical and an 
antepenultimate vinyl acetate unit, whatever the nature of the 
penultimate unit. The  scheme also involves the reactivity of the 
radical B resulting from the t ransfer  reaction be different from that 
of a regular A-ended rad icd .  The following reactions a r e  to be 
considered: 
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ISTERSAL TRANSFER REACTIOKS 503 

A s  usual, one defines the reactivity ra t ios  for  each of the three radicals:  

The equation giving n = dA/dC as a function of x = A/C may be 
derived, as usual, from the expression of the r a t e  of consumption of 
each monomer,  - dA/dt and - dC/dt, using the steady-state assumption 
for any of the three radicals:  

- dA/dt = kcaC"A + kaa.4' i kbaB'A 

- dC/dt = kccCi C + kacA' C + kbcB'C 

1Jsing Eqs. 17-19. one obtains 

dA kaaX' 4 + k c A ' C  

dC k c c C - C  ~k C'A +$(.LAC' + A C C ' )  
n = -  = ( 22) 

ca  
Using the complete scheme ( Eqs. 1- 1 6 )  and the steady-state assump- 
tion for any radicals ,  the final espression of n is 
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with 

rC , y = r  Y i  
rgX x kT 

1 - r  B' Y rC %cC ' c  
a =  , 3 = l i - + -  A- 

Equation (23) is much too complex to be used directly. However 
it may be seen that when x -0,  n/x - l/rc, and ivhen x - =, n/x -rx. 

Using the data previously published [ 11, the plots of n/x vs x o r  
l/x, shown in Figs. 4 and 5, respectively, lead to rA = 0.29 = 0.02 
and r - 1.60 i0.05. 

The value oi  the reactivity ratio corresponding to the branched 
radical rB may be estimated to be close to that obtained for the 

isopropenylacetate-ended radical in the Ip-C copolymerizaticn where 

the methyl group replaces the short branch. It is also expecred to be 

C -  

; "  
' I  

I 

FIG. 4. Vinyl chloride (C)-vinyl acetate ( A )  copolymerization. Plot 
of n/x v s  x. n = d.A/dC. x = A/C. 
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IXTE RX AL TRANSFER REACT IONS 505 

FTG. 5. Vinyl chloride (C)-vinyl acetate ( A )  copolymerization Plot 
\of n/x vs l/x n = dA/dC. x = A/C. 

close to the value of rA, for  which the branch is replaced t y  a hydrogen 

atom. Thus i t  s e e m s  reasonable to adopt rB = 0.3. 

tion of viny1 chloride, is given in the l i terature  [ 91 as k 
5O'C. It remains to es t imate  $. Because the suspension copolymeriza- 

tion has  been ca r r i ed  out under constant composition conditions, the rat io  
[CH,Cl]/[ C]  given in Table  3 from NMR results may be related directly 
to kinetic data. From Eqs. [ 71 and [ 81: 

The  value of kcC, the propagation r a t e  constant of the hcmopolymeriza- 
= 11,000 at 

cc 

d [  CH2Cl]/dt  = %[ AAC' + ACC"] ( 2 4 )  

Equation ( 24) assumes  the chloromethyl groups from intermolecular 
t r ans fe r  reaction to  be negligible. The molecular weight data show that 
such an assumption does not exceed the experimental  erro:r  in NMR 
measurements.  F rom the expression of -dC/dt: 

d(  CH, C1) (CH, C1) %( AAC" + ACC" ) 
- - = - -  

kccC: C + kcaCc4 A !-+(AAC" + ACC" ) C dC a 

( 2 5 )  
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( 26) 

The value of the transfer constant may then be deduced a s  

The values of 5 calculated for each copolymer a r e  given in the 
last column of Table 3. In the middle range vhere the experimental 
e r r o r s  are not too large,  it is reasonably constant around 1500. It 
corresponds to the transfer constant, C 

a first approximation, may be expected to. be constant over 1O'C 
interval. 

ratios, it is possible to calculate n from equation 23. The results 
applied to the solution experimeEts previously described ( 11, a r e  
given in Table 4 and compared with the experimental values and those 
calculated using the "anrepenultimate effect" model. The present 
theory of the internal trvlsfer reaction also gives a reasonably good 
account of the copolymerization kinetics. 

= +/kcc = 0.135, which, in 
T C  

Using these values and those derived above for the three reactivity 

D I S T R I B U T I O N  O F  B R A N C H E S  A N D  S E Q U E N C E S  

The method of Ito and Yamashita [ 101 is followed, according to 
which any sequence is considered to have a precursor or a successor. 
It follows thar the probability of the exisrence of a A unit, for instance, 
P ( A ) ,  may be mi t t en  in term of the probability of existence of diads: 

P(A)  = P ( U )  + P(AC) = P ( U )  + P(C.4) 

from which 
P(AC) = P(CA) 
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508 PICHOT ET AL. 

It is easy  to show that this equation remains valid for  the case  of 
branched polymers produced by an internal t ransfer  mechanism; the 
propagation s teps  only a r e  considered and the addition of a X unit 
( A  or C )  to a B' radical is considered as a CX sequence because 
one assumes  that the internal transfer reaction involves only XCC' 
o r  AAC' radicals,  both ended by a C unit. 

The second statement of Ito and Yamashita, defining the con- 
ditional probabilities pxYz = P(XYZ)/P(XY), is used also. The main 
problem is to derive the cor rec t  expression of the conditional 
probabilities which may eventually contain the t ransfer  probability Pb. 
The expression of this is 

k.r(A4C" + ACC") 
*.  - 

$(AxC" + ACC')  4 k c a ( U C 0  + ACC"IA + kcc(rMC' +XCC')C - D  

kcaA 4 k C cc I +  

Using the kinetic definitions, the conditional probabilities of the 
propagation s teps  a r e  

kcaC" A + kbaB' h 
P,, = 1 - Pcc - ( 29) 

kcaC'X + kccC'C + L B ' A  + %7CB 'C  

k.& C 
p , , = l - p  = 

k A C - k  A ' A  ac aa 

f 70 m *;o hi  c h 

P( C) Pac k,,A'C( kcaC" -4 + kccC" C + kbaB'X + %,Ba C) 
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IYTERXAL TRAFSFER REACTIOSS 509 

Using Eqs. i 17) and ( 19), i t  is easy to show that Eqs. (31.) and ( 2 2 )  

The conditioral probability of a propagation s tep following a 
are  identical. 

t ransfer  reaction is also needed  

Using these siu basic conditional probabilities, all the functions 
of the sequence distribution map be easily derived. It is particularly 
interesting to  calculate the number of branches. The fraction of the 
A units engaged in the two kinds of branches XCC and AAC :are 

9 1  
Y.A 

a -  

7 -  

6 *  

5 -  

4. 

n 

3 -  i A  I 

FIG. 6. Per cent of X units engaged in branches [ ( 2 ) total, 
i 0 )  ACC branches,  ( A )  AXC branches, PS the per  cent of C units in  
the initial copolymer. 
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310 PICHOT ET AL. 

FIG. 7. Probability of existence of branches for solution co- 
polymers as a function of the per cent of C units in the initial 
copolymer. 

L 
0 50 Y.C iao 

FIG. 8. Number-average length of A sequences ( 0 )  o r  C 
sequences (-3) vs the p e r  cent of C units in the initial copolymer. 

Figure 6 gives a plot of these two expressions and of their sum. 
The rather complex shapes ol the curves a r i se  from the fact that the 
three conditional probabilities involved in each equation do not vary 
in the same manner -nith the compositicn of the copolymers. For 
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IhTERXAL TWSSFE R REACTIONS 511 

instance, when x - 0, Pcc and Pac tend to 1, pa- 0, and pt, - 1/( 1 * 
1;: /+) s o  that the expression of Eq. ( 3 2 )  tends tovard  a finite 
l imit  while the other kind of branch tends to  disappear. The actual 
probability of existence of a branch (both kinds) is illustrated in 
Fig. '7, calculated for the condition of solution polymerization [ 11. 
For the same conditions, Fig. 8 gives the number-average length of 
the sequences of nonbranched units. The expressions used to 
cdculate  them a r e  more complex than the simple expression> the 
case of a l inear copolymer when one has %(A) = l/Pac and Ln( C )  = 

3./Pca. In the present case 

c c c  

n 
'ca - 'bPba('aa pee) ) 

The branching may also introduce some new features,  SCI the 
probabilities of triads containing branches a r e  not reversible and, 
for instance, 

I'(XBC) = ~ ( * ~ ) ~ , ~ ~ a c ~ c c ? ~ ) P ~ c  * P(CBA) = P(A)PaC(Pac:?ccPb)Pba 

D I S C U S S I O N  

The above results clearly show that an internal t ransfer  reaction 
involving a C-ended radical and the ter t iary hydrogen atom of a A 
unit actually occurs. A kinetic scheme including that reackon and 
excluding penultimate effects gives a reasonably good account of the 
kinetic results. Other t ransfer  reactions which cannot be studied 
f r o 3  the XMR spectra  of the copolymer possibly also occur and 
might involve A- o r  C-ended radicals and A o r  C units. However, 
they a r e  probably quite infrequent compared with the reaction as- 
sumed here. The possibilitjy of short  branches in the homopolymer 
has also been considered but as a minor i r regular  structure.  

It is interesting to note that the internal t ransfer  reaction is 
concentration dependent because there  is comgetition for the ACC" 
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512 PICHOT ET XL. 

o r  .UC” radicals bet-Aeen the  transfer reaction and the two propaga- 
tion reactions. Transfer i s  expected to be more frequent when the 
polymerization is carr ied out in dilute solution. We have some data 
to support this theory but they are not accurate enough to be 
published here. 
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