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High-Field 1H-NMR Study of Poly(Viny1 Chloride) Defects 

M. F. DARRICADES-LLAURO, A. MICHEL, and A. GUYOT 

C.N. R.S. Laboratoire des  Mate'riaux Organiques 
B P  24-69390 Vernaison, France 

H. WATON, R. PETIAUD, and Q. T. PHAM 

C.N.R.S. Service Central d' Analyse 
B P  22-69390 Vernaison, France 

A B S T R A C T  

Radical poly(viny1 chlorides), (PVC), obtained in bulk and in sus- 
pension polymerizations, and their  low molecular weight extracts 
have been thoroughly studied by high-field NMR to obtain better 
qualitative and quantitative analyses of their  structural  defects. 
Assignments have been achieved by 'H-lH decoupling experiments 
and hyperfine spectral  s t ructure  analysis of model compounds and 
low molecular weight extracts. Strong effects of the nature of the 
solvents used in 'H-NMR analysis were observed. Most of the de- 
fects of these radical PVC' s have been quantitatively estimated in 
t e r m s  of average number values in correlation with their  mn. End- 

groups of type [I] ( =  -CH -CH=CH-CH2C1) are about 0.5 p e r  chain; 

internal double bonds can only be estimated by difference, and their  
amount increases with increasing conversion. A very low quantity 
of vinyl chain end [I' ] (=  -CHCl-CH=CH2) has been found only in 
low molecular weight extracts. For  the three probable saturated 
chloromethyl ends [I13 ( =  -CHCl-CH2Cl), [111] ( =  -CH2-CH2C1), 

2 

22 1 
0022-233X/86/2302-0221%3.50/0 Copyright 0 1986 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



222 DARRICADES-LLAURO E T  AL. 

and [IV] ( =  ,CH-CH2C1), only [11] and [III] were definitely identi- 

fied. Finally, in taking into account all the endgroups, i t  has been 
concluded that branches would be grafted throughout the process. 
On the average, 4 to 5 branches have been found per  chain of high 
molecular weight PVC. 

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

Structural defects are generally believed to be the cause of the 
thermal instability of poiy(viny1 chloride) (PVC). Thus, a number of 
studies have been devoted to the identification of these defects by both 
chemical and spectroscopic methods. Recently, a IUPAC group has 
been working on this problem, and the results were summarized in a 
report [ 11. This paper is a detailed report  on our  contribution. 

The mechanisms responsible for  some of these defects a r e  st i l l  
disputed. It has long been accepted that the molecular weight of the 
polymer is governed by a t ransfer  process  to the monomer having a 
very large t ransfer  constant ( lom3 at 50°C). However, no evidence 
had been given for  the expected endgroups generated by this t ransfer  
mechanism, as discussed thoroughly by Caraculacu e t  al. [2- 51. 

From a study of low molecular weight extracts  by 'H-NMR a t  60 
MHz, Petiaud and Pham [6] showed that the main unsaturated chain 
end corresponds to -CH2-CH=CH-CH2C1 [I] while the main saturated 

chain end is -CHCl-CH2C1 [II]. More recent studies [7-9] confirmed 

these results. The branch s t ructures  have been studied by I3C-NMR 
using hydrogenated and deuterated PVC's. The initial work of Abbas 
e t  al. [lo] first proved that most of the branches a r e  one-carbon-atom 
branches. Later  on, the same authors proved that these a r e  chloro- 
methyl branches ( >CH-CH2C1 [IV] ) and showed conclusively that they 

were formed after head-to-head addition followed by an internal trans- 
f e r  mechanism [ll-151. A s  initially suggested by Rig0 et al. [16], 
this result  should explain the absence of head-to-head s t ructures  in 
PVC, in contrast  with poly(viny1 ace ta teka  polymer produced by 
growing radicals of s imilar  reactivity-that contains about 1-2% of 
head-to-head additions. Branches such as butyl (actually 2,4-di- 
chlorobutyl) branches [9, 15a, 171 were detected and their  presence 
explained by internal t ransfer  to the polymer (back-biting). Other 
short  branches have also been mentioned [9], but their existence is 
more disputed. 

A small  amount of long branches involving the presence of tert iary 
chlorine atoms should exist. They can be explained by a t ransfer  
mechanism to the polymer, which is more frequent when polymeriza- 
tion is carr ied out under monomer subsaturation conditions [ 181. 
These t ransfer  reactions are thought to be responsible for  the second 
main saturated chain end structure,  viz., -CH2-CH2C1 [III]. Al l  these 
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HIGH-FIELD IH-NMR STUDY OF PVC DEFECTS 223 

S C h e m  e I - Head-to-head a d d i t i o n  ( H H )  and  r a d i c a l  d e g e n e r a t i o n  

+ C H 2 E H C L  + C H 2 = C H C L  -+CH2CHCL-CHCLeH,  ( H H )  
( A 1  0 

(el  

( A )  - (1,2 ch lor ine m i g r a t i o n  ) - - / G C H ~ C H C L $ H  
ref .16 C H2CL 

+ C  H 2  = C H C L  --+ C H 2 C H C l  C H C H 2 e  H C  L 
I 

Rlgo eta l . ( re f . l6)  ( I V )  CH2cL 

0 

~ C H 2 C H ~ C H C H ~ C l  + CL 

( 1 )  
( p r o d u c t l o n  of 

c h l o r i n e  r a d i c a l s )  

(a )  4 
'. 

0 vc 0 

CLo + C H 2 = C H C L  - - C l C H 2 C H C l  - C L C H 2 C H C L C H 2 C H C l  
( r e  i n i t  i a t  i o n )  ( 1 1 )  

S c h e m e  II - T r a n s f e r  t o  p o l y m e r  

a )  I n t e r n a l  t r a n s f e r  

V C H C L  C H  2 C  H C l C H 2 t H C l  -+ +- t C L C H  2 C H C L C H 2 C H 2 C l  

( 1 1 1 )  ( c )  
0 

( C )  + C H 2 =  C H C l  /G CCL C H 2C H C  1 
I 
C H 2 C H C l C H 2 C H 2 C L  

( I 1  I )  
b ) T r a n s f e r  t o  p o l y m e r  

( E )  + m o n o m e r  - l o n g  c h a i n  b r a n c h e s  ( I or I I I  ends)  

0 

( D ) -  &-CH=CH+ + C l  ( i n t e r n a l  doub le  bonds)  
( F )  

FIG. 1. Reaction mechanisms for the generation of structural de- 
fects in poly(viny1 chloride). 
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224 DARRICADES-LLAURO ET AL. 

s t ructures  can be explained by the mechanisms given in the qualita- 
tive schemes described in Fig. 1, which also gives a possible route 
for  the formation of internal unsaturation sites. This type of un- 
saturation has mostly been detected through chain breaking by ozon- 
olysis [ 191 ; however, i ts  exact nature remains unknown. Hjertberg 
and Sorvik [8] have shown that a t  200 MHz the 'H-NMR spectrum of 
a sample prepared under very low monomer pressures  ( P/Po = 0.59, 

Po being the saturation pressure  of vinyl chloride a t  55°C) is very 
complex and poorly resolved. 

PVC samples prepared and examined in the framework of the IUPAC 
working Party. Complementary information was obtained by l3 C-NMR 
at 88 MHz. Attempts are made to give more quantitative estimations 
of the different types of chain ends, branches, and unsaturated 
structures.  

This work deals with a 'H-NMR study a t  350 MHz of some of the 

E X P E R I M E N T A L  

P o l y m e r s  

Three of the PVC samples examined in this study a r e  those of the 
IUPAC Working Party. Their characterist ics are reported in Table 1. 
Samples A,  B, and C correspond to Samples XIII, XI1 and X, respec- 
tively, in the IUPAC reports. The four others  are commercial  poly- 
mers.  

V a p o r  P r e s s u r e  O s m o m e t r y  ( V P O )  

The number-average molecular weights (an) of the extracts (Ae, 
B , and C ) were measured in toluene at 40°C using an A.I.S. vapor 
pressure osmometer. 

e e 

N M R  S p e c t r o m e t r y  _~ 

Low molecular weight extracts (Ae, Be, and Ce) were studied by 

'H-NMR in the following solvents: CDC13, CD3COCD3, a mixture of 
CD3COCD3/CS2 (5:3 by volume) at room temperature,  C6D6 at 60°C, 
and CsD5N02 a t  140°C. Complementary information was obtained by 
studying sample B by "C-NMR in CDQCOCD3 at room temperature. e 
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226 DARRICADES-LLAURO ET AL. 

W e  used a CamGca 350 (350 MHz and 88 MHz for 'H and "C, respec- 
tively) spectrometer. The internal reference used was tetramethyl- 
silane (TMS). 
measured by planimetry. 

Al l  the relative intensities of 'H resonances were 

R E S U L T S  AND DISCUSSION 

According to the reaction mechanisms given schematically in Fig. 
1, the structural defects investigated in this study are :  

( a )  -CH 2 -CH=CH-CH2C1 [I] and -CHCl-CH=CH2 [I' ] (par t  of the 

(b )  -CHCl-CH2C1 [11] 

( c )  -CH2-CH2Cl [III] (complementary part  of the polymer chain 

polymer chain ends and part of the long branch ends) 

ends + complementary part of the long branch ends + all the butyl 
branches) 

(d)  >CH-CH2C1 [IV] (chloromethyl branches) 

I .  O l e f i n i c  S t r u c t u r e s .  P s e u d o - T e r m i n a l m ,  
- T e r m i n a l  11 '1 ,  a n d  I n t e r n a l  D o u b l e  B o n d s  

4 3 2 1  

-CH 2-CH=CH-CH 2Cl [I] 

Because of the complexity of 'H spectra-even at high field-examina- 
tion of low molecular weight extracts in different solvents gives com- 
plementary qualitative and quantitative information. 

1.1. PVC Extracts 
1 .1 .1 .  'H  S p e c t r a  of t h e  E x t r a c t s  i n  CDC13  a t  

R o o m  T e m p e r a t u r e .  __- 

shown in Fig. 2. The olefinic proton resonances l ie between 5.7 and 
6 ppm (a2, Fig. 2). Their shape is nearly symmetrical, except for the 
presence of small peaks in the 5.7- 5.5 ppm region that a r e  more in- 
tense in the B-extract (Be) than in the A-extract (A ) (Fig. 3). The 
pattern of these olefinic resonances corresponds to the two protons 
(H2 + H3) of the pseudo-terminal double bond of [I]. In CDC13, the H2 

and H resonances (a 
gether, and they are coupled, with both of the doublets centered at 4.06 

The 'H spectrum of C-extract- 

e 

Fig. 2;  Fig. 4, bottom) a r e  very close to- 3 3' 
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d 
a2 

II 'I I I 

1 I , PPM 
6 5 1 3 2 1 0 

FIG. 2. General 'H spectrum of low molecular weight PVC. Ex- 
tract  of C studied in CDC13 a t  room temperature. ( + ): Methyl- 

siloxane resonance from traces  of silicone grease. ( ?): Unidenti- 
fied impurities. 

and 4.10 ppm (al, Fig. 2) belonging to H I  of [I]. The first doublet 
originates from the trans isomer and the second one from the cis  
isomer. 

The (H2 + H3) olefinic resonances of [I] decoupled from H1 (4.1 
ppm) and H4 (2.56 ppm) a r e  shown in Fig. 4 (middle and top). Irra- 
diating (H2 + H3) centered at 5.8 ppm (a2, Fig. 2) causes effects on 

the resonances of H1 and H4 (Fig. 5). The two doublets of H1 become 

two singlets (Fig. 5a) (Structure [I] is mainly t rans)  and the triplet 
of H4 ( Fig. 5b, b' ) gives a doublet (Fig. 5b") because of its remaining 
coupling with the adjacent -CHCl- group. 

[I] has 2 olefinic and 2 chloromethylic protons. In terms of rela- 
tive intensities, one expects theoretically ( a2) = (a ). Actually ( a2) 1 
is found to be much greater than (al); the excess of olefinic resonances 
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, PPM 
6 5.8 5.6 5.1 

FIG. 3. Olefinic 'H resonances of PVC extracts Ae (left)  and Be 

(right)  in CDC13 a t  room temperature. 

[(a,) - (a,)] is obviously due to the presence of the internal unsatura- 
tions with two protons. Thus, quantitative estimations of the internal 
double bonds are possible f rom the difference [(a,) - ( a  ) b taking 
into account the intensity of -CHCl- (4.1- 5 ppm; a, Fig. 2). If N is T 
the average number of total double bonds and Nt is the average num- 
b e r  of pseudo-terminal double bonds per  1000 vinyl chloride (VC) 
monomer units, the difference (NT - Nt) represents the average num- 
b e r  of internal double bonds per  1000 vinyl chloride units (N.): 

1 1  y 

1 

The values of NT, Nt, and Ni, as well as the corresponding values 
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6. 1 6 5.9 5.8 5.7 5.6 

FIG. 4. Olefinic 'H resonances of PVC extract Ce in CDC$ at 
room temperature. Bottom: Normal spectrum. Middle: Under 
irradiation of protons HI of the trans isomer of structure [I1 a t  4.06 

ppm. Top: Under irradiation of protons H4 of structure [I] a t  2.56 
PPm. 
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TABLE 2. Quantitative Determinations of the Average Number of 
Total Double Bonds per  1 000 Monomer Units (NT) and per  Chain 

(NT: ) of Three PVC Extracts f rom NMR Analysis in Various 
Solvents 

- Ae Be 'e 
(Solvent) Mn: 2 9 8 0 i  150 2 400 i 120 3 950 i 2 0 0  

NT ( CD3COCD3) 18.1 20.8 14.4 

NT ( CD3COCD3/ 20.8 22.2 14.4 

cs2 1 

NT (C6D6) 16.5 21 nda 

NT (c6D5N02) nda nda 14.3 

(NT) (mean value) 1 8 i 1 . 5  21.6 *to.? 14.6 *0.4 

(NT*) (mean value) 0.86 i 0.1 0.83 f 0.07 0.92 ~t 0.07 

a nd = not determined. 

of the average numbers of double bonds per  chain (NT1, Nt* , Nit 1, 
calculated by taking into account the an of the three extracts Ae, Be, 
and Ce, are reported in Tables 2 and 3. 

In the Ae and Be spectra  recorded in CDC13, another very weak 
pair  of doublets was observed a t  5.21 and 5.36 ppm (Fig. 6, top). 
These should be assigned to the two Ha and Hb protons of a vinyl 
terminal double bond with the two cis  and t rans  coupling constants 
Jac(c i s )  = 10.3 Hz and Jbc( t rans)  = 16.8 Hz. 
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232 DARRICADES-LLAURO ET AL. 

TABLE 3. Quantitative Determinations of the Average Number of 
Pseudo-Terminal Double Bonds ( t )  ( -CH2-CH=CH-CH2C1) [I] and 

Internal Double Bonds ( i)  p e r  1 000 Monomer Units ( Nt, Ni) and per  
Chain (Ntl ,  Nil ) for  the Three PVC Extracts from NMR Analysis in 
Various Solvents 

- Ae Be ‘e 
(Solvent) Mn: 2 980k150 2 400 i 120 3 950 f 2 0 0  

Nt (CDC13) 13.2 12.2 11.6 

Nt ( CD3COCD3) 12.5 12 10.1 

Nt ( CD3COCD3/ 12.6 10.2 8.8 

CS2) 

Nt (‘sD6) 14.4 12.2 nd 

Nt (‘SDSN02) nd nd 11.5 

Mean values p e r  
1000 VC: (Nt) 13.2 i 0 . 8  11.6 f 0.7 10.5 + 1 

m i )  4.8 f 2.1 10 f 1.2 4.1 i 0.8 

Mean values per  
chain: (Nt?) 0.63 f 0.07 0.45 f 0.05 0.66 f 0.08 

(Ni’ ) 0.23 i 0.1 0.38 i 0.06 0.26 i 0.06 
-- - 

-CHCl-CH=CH2: [I’ 1 ,  vinyl chain end 

( c )  (a$) 

The model compound 3-chloro- 1-butene, examined under the same 
conditions, gives (H ) = 5.10 ppm, (H ) = 5.25 ppm, J (cis) = 10.3 
Hz, and Jbc( t rans)  = 16.8 Hz (Fig. 6, bottom). The vinyl chain ends 
are only about 2% of the whole olefinic resonances. 

a b a c  

1 .1 .2 .  ‘H S p e c t r a  of  E x t r a c t s  i n  C D 3 C O C D ,  a t  - - 
-.___ 

R o o m  T e m p e  r a t  u r e . The olefinic proton resonances of these 
three extracts in deuterated acetone, lying between 5.6 and 6.1 ppm, 
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I I I I 

6.2 6.1 6 5.9 5.8 5.7 5.6 5.5 5. 
- 

Jbc 

I - 
1 5.3 

+ -  I 

I 

I L 
I 

5.1 

- J c a  

1, 
t , I I I I 1 I 1 ~ I I 1 FPML 

6 5.9 5.8 5.1 5.6 5.5 5.1 5.3 5.2 5.1 5 

FIG. 6. Identification of the minor methylene 'H resonances of 
the vinyl endgroup [It]  in CDC13 a t  room temperature. Bottom: 
Olefinic resonances of 3-chloro- 1-butene. Top: Olefinic resonances 
of extract Ce. 

a r e  divided into two groups, well separated and fairly symmetrical 
(Fig. 7). The two HI doublets at 4.16 and 4.23 ppm ( J ( t r ans )  = 

J (c i s )  = 7 Hz) are resolved (Fig. 8) better than in CDC13. Thus, 
more precise values of cis and trans isomers of [I] can be calcu- 
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rl 
I I , PPM 

6.2 6.1 6 5.9 5.8 5.7 5.6 

FIG. 7. 'H olefinic resonances of extract Ce in CD3COCDQ at 
room temperature. Stick spectrum: Theoretical pattern of the AB 
part of an ABX system. 
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I (  

i ::I i l  I / I  1 

I I " U l  J 

23 5 

1.9 1.7 1.5 1.3 L .1 3.9 3.7 3.5 

FIG. 8. -CHCl- and -CH2Cl resonances of extract A in CD3COCD3 e 
a t  room temperature (a) and enlarged spectrum of H 1  of pseudo- 
terminal double bonds (b). 

culated from acetone-d6 solution measurements. Al l  three samples 
A , B , and Ce have 87% of chain end [I] in the trans configuration. 

respectively, the olefinic resonance patterns shown in Fig. 9 are ob- 

e e  
By irradiating H1 of the trans isomer (4.16 ppm) and H4 (2.6 ppm), 
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I I I I I I I PPM 
6.2 6 5.8 5.6 

FIG. 9. Decoupled 'H olefinic resonances of extract C in e 
CD3COCD3 at room temperature with (a)  irradiation of H4 (at 2.6 
ppm) and (b )  irradiation of HI (at 4.16 ppm). 
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tained. Obviously, H of the predominant trans isomer of [I] i s  
resonating a t  lower field. The precise values of the chemical shifts 
and coupling constants are: 

3 

( H 2 )  = 5.82 ppm 

(H3) = 5.925 ppm 

J( 1'2) = 6.5 HZ 

J(2,3)  = 15.5 Hz 

J (  3,4) = 6.5-7 Hz. 

The data concerning the average values of pseudo-terminal ( Nt)  

and internal (N.) double bonds are reported in tables 2 and 3. The re- 

sults a r e  in good agreement with those obtained in CDCl for B and 3 e 
Ce, while some discrepancies a r e  observed for  Ae. 

1 

1.1 .3 .  ' H  S p e c t r a  of E x t r a c t s  i n  C D 3 C O C D 3 / C S 2  
__- 

M i x t u r e  ( 5 : 3  b y  v o l u m e )  a t  R o o m  T e m p e r a t u r e .  This 
solvent mixture is of Darticular interest because it can dissolve low 
molecular weight (exkac ts )  as well as high molecular weight (crude) 
PVC. 

in acetone-d solution with a slight shift (+O. 07 ppm) of the resonances 

of HI (c i s  and trans) and of H2 and H3. 

Planimetric measurements of pseudo-terminal ( N  ) and internal 

( N . )  double bonds reported in Tables 2 and 3 a re  in good agreement 

with those of the other two solvents. Thus, the CD3COCD3/CS2 sol- 

vent mixture can be used for  examination of both extracted and crude 
samples of the same PVC. 

The calculated average values of Nt, Ntt  ( (Nt) , (Nt t )  ) and Ni, Nit 

( (Ni), (Nit)  ) from the different solvents a r e  also reported in Tables 

2 and 3. 
For the extracts Ae, Be and Ce, NT increase with decreasing En 

(Table 21, while Nt (Table 3 )  is nearly constant and equal to 12 pseudo- 

terminal double bonds [I] per 1 000 monomer units. Ni = (NT - Nt), 

obtained with very poor accuracy for Ae, increases from approximately 

4 (Ce) to 10 (Be) internal double bonds per 1 000 monomer units when 
Mn decreases from 4 X lo3 (Ce) to 2.4 X lo3 (Be) (Table 3). However, 

i f  the mn values a r e  taken into account, there a re  approximately 0.9 

The spectra of A B , and C a re  very similar to those observed e' e e 
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total double bond (NT1 ) p e r  chain with about 0.45-0.65 pseudo-ter- 

minal double bond (Nt t  ) and 0.3 internal double bond (Nil ) per  chain, 

regardless  of the gn. 
'H S p e c t r a  o f  E x t r a c t s  i n  C 6 D 6  ( a t  6 0 ° C )  1 . 1 . 4 .  

a n a C K N O 2  ( a t  1 4 0 ° C )  ( T a b =  
- 

2 a n d  3 ) .  In C6D6 
.~ 

solution, all the olefinic proton resonances are between 5.4 and 5.8 
ppm, but, compared with CDC13, no hyperfine s t ructure  is obtained. 

Even the H1 resonances that appear in the 3.55-3.75 ppm region a r e  
poorly resolved and do not allow any determination of either the t rans/  
cis ratio o r  the different coupling constants. 

The same  lack of resolution is observed in C6D5N02 solution, in 

which the olefinic resonances have been observed between 5.70 and 
6.10 ppm. For the H1 resonances, there  are at least  three doublets 

in the 3.98-4.30 ppm region due to the aromatic effect of the solvent 
that might distinguish differences in the spatial orientations of the end 
s t ructure  [I] relative to the penultimate unit. A s  in C D , there is no 
hype rf ine structure.  

The chemical shifts measured in the five solvents are reported in 
Table 4. 

I .  l .  5. l 3  C R e s o n a n c e s  ( 8 8  M H z )  of  O l e f i n i c  C a r -  
b o X o f h e E  x t r a c  t s T % - c D c l -  a n d  C D C O C  DQ'- 

13C resonances of the olefinic carbons of B recorded in CDC13 301~-  

tion (Fig. 10) do not allow more precise  assignments, even if organic 
compounds (cis and t rans-  l-chloro-2-butene, 4-chloro-2-hexene, 2- 
chloro-3-hexene) are used and their  chemical shifts measured in 
CDCl (Table 5) for  comparison purposes. 

Acetone was selected for  13C-NMR study of the extracts  owing to 
the good 'H spectral  resolution of the olefinic protons; efficient ('H- 

C )  selective decoupling experiments can be ca r r i ed  out. 13C reso- 
nances in the 120-150 ppm region of B and the enlargement of the 

same  spectrum around 130 ppm are presented in Figs. 11 and 12, re- 
spectively. The analytical conditions were chosen to  allow quantita- 
tive determinations (repetition time = 3 s, flip angle = 60"). Owing 
to the 'H-NMR results,  the bigger s e t  of peaks centered a t  130.8 ppm 
(1, Fig. 12) should be assigned to the olefinic carbons of the t rans  
configuration and the sma l l e r  one at 129.4 ppm (2,  Fig. 12) to the cis 
configuration of [I]. Planimetric determination of the trans/cis ratio 
gives 81/19, which is close to  the ratio (87/13) obtained by 'H-NMR 
in acetone solution. Moreover, by 'H selective decoupling experi- 
ments, irradiation at 5.82 (H2) and 5.925 ( t r ans  H ) ppm showed that 

C2 and C resonate a t  130.7 and 130.9, respectively. The difference 
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I J i I I , PPM 
132 13 0 12 8 127 

FIG. 10. I3C resonances (88 MHz) of the olefinic carbons of ex- 
t ract  Be in CDCl a t  room temperature. 3 

in chemical shifts between these carbons is only 0.2 ppm (0.3 ppm in 
CDCl ) instead of the 3 ppm observed with s imilar  short  organic com- 

pounds (Table 5). 
A s  shown with the model compounds 4-chloro-2-hexene and 2-chloro- 

3-hexene (Table 5), the carbons of the internal double bonds resonate a t  
lower field. For  the extracts,  the carbon resonances of their  internal 
double bonds should spread between 125 and 140 ppm, and only two 
small  maxima were observed a t  134.4 and 135.8 ppm (Fig. 11). If this 
assumption is correct ,  a pseudo-terminal/internal double bonds ratio 
of 56/44 is found for  B by planimetry, in very good agreement with 
the 'H-NMR results (Table 3 )  for  the same extract  (0.45/0.38 = I. 18 = 
54/46). 
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TABLE 5. 13C Chemical Shifts of the Model Compounds fo r  Olefinic 
Structures of PVC 

241 

Model compounds 
~~ ~ 

c: Calculateda Observed 

t rans-  1-Chloro-2-butene 

H CH2Cl 
\ /1 

H 
;=:\ 

CH3 

cis- 1-Chloro-2-butene 

trans-4-Chloro-2-hexene 

C2H5CHC1 
\ /H 

/:=:\ 
CH3 H 

1 

trans-2 -Chloro- 3-hexene 

H CHC1-CH3 
2 1 

1 2  5 

128 

124 

127 

128 

13 1 

130.5 

133.5 

127.65 

130.58 

126.55 

129.49 

128.15 

132.3 1 

13 1.51 

133.91 

aCalculated according to Dorman e t  al. [20]. 
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150 1 L O  130 120 

FIG. 11. 13C resonances of the olefinic carbons of extract  Be in 

CD COCD3 a t  room temperature (flip angle, 60"; repetition time, 3 s). 3 

1.2. IH Analysis of High Molecular Weight PVC's in CD3COCD3/CS2 

(5:3 by volume) at Room Temperature 

t racts ,  the study of the unsaturation of the crude PVC' s becomes 
easier. Except for an unidentified impurity a t  5.63 ppm (singlet, Fig. 
13) ,  the olefinic resonances of crude PVC-A obtained a t  low conversion 
( 54.7%) a r e  not very different from the ones of extracts Ae o r  B and Ce. 

With a good understanding of the olefinic resonances of the PVC ex- 
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I I , PPM 
133 131 129 121 

FIG. 12. 13C resonances of the olefinic carbons of extract B e in 

CD3COCD3 a t  room temperature. Enlargement of the 127.5- 133 ppm 
region. 

On the contrary, crude B and C prepared a t  high conversion (83-85%) 
have new unresolved resonances that spread out between 5.20 and 5.65 
ppm. Moreover, resonances between 5.65 and 5.85 ppm become strong- 
e r  (Fig. 13B, C). Quantitatively, A (Table 6) as well as Ae, Be, and Ce 
(Table 3) contain nearly 0.9 total double bond per chain, whereas I3 and 
C have, respectively, 2.8 and 2.0 total double bonds per chain (Table 6). 
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TABLE 6. Quantitative Determinations by 'H-NMR of the Average 
Numbers of Total, Pseudo-Terminal, and Internal Double Bonds of 
Three Crude PVC's. (solvent = CD3COCD /CS2, mixture 5:3 by 

3 volume) 

245 

Sample 

A B C - 
M~ x : 43.3 37.5 40.6 

Double bonds/l 000 units: 

Total (NT) 1.2 4.6 3.1 

Internal ( Ni) 0.45 3.8 2.5 

Pseudo-terminal ( Nt) 0.75 0.8 0.6 

Double bonds/chain: 
Total (NTO 

Pseudo-terminal ( NtT ) 

0.8 2.8 2 

0.5 0.5 0.4 

Internal (Nit ) 0.3 2.3 1.6 

But in all these six samples,  the average number of s t ructure  [I] is 
about 0.5 per  chain (Tables 3 and 6). 

The high concentration of internal double bonds of crude B and C 
should be due to their  higher conversions. The exact s t ructures  of 
the new types of internal double bonds obviously present in B and C 
remain unknown. 

In order  to check the capacity of 'H-NMR for quantitative deter-  
mination, four other high molecular weight PVC's (D-G) were ex- 
amined in acetone/CS2. If the mn values a r e  taken into account, all 

10 of these polymers-high molecular weights and extracts-have 0.5 
structure [I] p e r  chain (Table 7). 

-CHCl-CH2C1 -CH2-CH2Cl -CHC1-CH-CH 
I 2- 

CH2C1 

1111 P I  P I  
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TABLE 7. Quantitative Determinations of the Average Numbers of 
Pseudo-Terminal Double Bonds [I] in Various PVC's ([I] = 
-CH2-CH=CH-CH C1, D-G = commercial  PVC's)  2 

Average number of [I] 

Sample M~ x P e r  1000 VC ( N t )  P e r  chain (NT'  ) 

2.98 13.2 0.65 

2.4 11.6 0.45 

3.95 10.5 0.6 5 

Ae 

Be 

'e 
A 43.3 0.75 0.5 

B 37.5 0.8 0.5 

C 40.6 0.6 0.4 

D 37 0.9 0.55 

E 46 0.7 0.5 

F 50 0.6 0. 5 

G 62 0.65 0.65 
~- ----__. 

11.1. Model Compounds - 
1,2-Dichloropropane (DCP) and 1,3-dichlorobutane (DCB) have 

been studied in CDC13 and CD COCD3 in order  to select  the best  3 
NMR solvent for  allowing one to distinguish between [II] and [III]. 
In both compounds the magnetic nonequivalence of the H1 and H1' 
protons is to be expected since they contain an asymmetric carbon. 
The values of the chemical shifts and coupling constants are re- 
ported in Table 8. 

In CDC13 solution the two pairs  of doublets (ABX type) of the two 
H 1  protons of DCP a r e  fairly well separated with a difference in 
chemical shifts ( A 6 )  of 0.18 ppm (Fig. 14, bottom). On the other 
hand, the resonances of the two H1 protons of DCB (Fig. 14, top), 
overlapping each other with A6 = 0.04 ppm, are between those of the 
two DCP-H1 protons. The situation is quite different in CD3COCD3 
solution (Fig. 15); the DCP-H1 resonances are close together (A6 = 
0.06 ppm) and appear at lower field than the two DCB-H1 resonances. 
By using both CDC13 and CD3COCD3, some modifications of the 

chloromethyl proton resonance patterns would be expected, allowing 
the detection of both [II] and [TII] chloromethyl groups. 
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TABLE 8. Chemical Shifts and Coupling Constants to 1,2-Dichloro- 
propane and 1,3-Dichlorobutane (models of structures [11] and [111] ) 
in CDC13 and CD3COCD3 a t  Room Temperature 

--___ 

6, PPm 

Model Proton CDC13 CD3COCD3 

H(1) c1 
I I 
I I 

H 1  3.76 3.82 

H1' 3.58 3.76 
3 C1-C--C--CH 

&(lo H(2')  

J , H z :  J ( l , l ' ) = l l . 2 ,  J ( 1 , 2 ' ) = 5 . 2 ,  J ( 1 ' , 2 ' ) = 7 . 7  

1,3-Dichlorobutane : 

c1-c-c- C-CH, H 1  3.72 3.76 

3.68 3.72 

J, Hz: J ( 1 , 1 ' ) = 1 1 . 2 , J ( 1 , 2 ' ) - 6 , J ( 1 , 2 ) = 8 . 6 , 5 ( 1 ' , 2 ) = 5 . 6 ,  
J (  1' ,2' ) = 6 

In addition to the two model compounds (DCP and DCB) mentioned, 
another low molecular weight PVC (PVC-Z) prepared with a modified 
Ziegler catalyst [21] was used as a model. PVC-Z has only one type 
of chloromethyl group, -CH2-CH2C1 [III]. Thus, in the chloromethyl 

proton resonance region (3.4-4.0 ppm), PVC-Z should facilitate the 
identification of [111] among the whole chloromethyl resonances of 
[11] + [111] + [IV]. 

In CDC13, the chloromethyl group [III] resonances spread between 
3.5 and 3.9 ppm, with two peaks centered a t  3.745 and 3.757 ppm (Fig. 
16, bottom). Two irradiations centered a t  2.20 and 2.09 ppm enhance 
the two peaks at 3.757 ( Fig. 16, middle) and 3.745 ppm (Fig. 16, top), 
respectively. In acetone solution these chloromethyl groups resonate 
at lower field (3.825 ppm). The effect of the nature of the solvent is 
then not negligible. 
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I I I I I , PPM 
3.9 3.8 3.7 3.6 3.5 

FIG. 14. ‘H resonances of the chloromethyl group of the two model 
compounds in CDC13 at room temperature. Bottom: 1,2-Dichloro- 

propane, a model of Structure [II]. Top: 1,3-Dichlorobutane, a model 
of Structure [ZIT]. 
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I I i I PPM 
3.9 3.8 3 .? 3.6 

FIG. 15. 'H resonances of the chloromethyl group of the two 
model compounds in CD COCD at room temperature. Bottom: 

1,Z-Dichloropropane, a model of Structure [II]. Top: 1,3-Dichloro- 
butane, a model of Structure [III]. 
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1 1 I 1 I PPM 
1 3.9 3.8 3.7 3.6 3.5 

FIG. 16. 'H resonances of the chloromethyl group of 
-CHCl-CH2-CH2Cl [111] in a model PVC in CDC13 at room tem- 

perature. Normal spectrum (bottom) and spectra obtained with irra- 
diation a t  2.2 ppm (middle) and 2.09 ppm (top). 
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b JAB 

JAB 5$- 
I < .  . , I  , .  , , 

I L I , , I  , . , ,  
3.8 3.6 

J I I 1 I I I PPM 
L 3.9 3.8 3.7 3.6 3.5 3.1 

FIG. 17. 'H resonances of the chloromethyl groups of extracts 
Ce (bottom), Be (middle), and Ae (top) in CDC13 at room temperature. 

11.2. Study of the Extracts in CDC13 a t  Room Temperature 

A s  mentioned previously, the three chloromethyl groups of [II] , 
[III] , and [IV] are expected to show resonances in the 3.4-4.0 ppm 
region. The general feature (Fig.  17) of the three extracts Ae, Be, 
and C are as follows: 

Two pairs of strong doublets (a)  and (b)  (the AB part  of an ABX 
system, X being XHCI-), (b)  being partially overlapped by unresolved 
resonances. 

e 

A set of four peaks (c). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2 52 DARRICADES-LLAURO ET AL. 

A poorly resolved se t  of three peaks (y) ,  the relative intensities 
of which a r e  different in the three different extracts. 

In addition, some minor differences a r e  observed: in the 3.4-3.65 
ppm region, a triplet and two pairs of doublets a r e  observed only in 
Ae and Ce, but not in Be. 

tered a t  4.46 ppm (Hx resonances of the ABX system: 

-CH#l-CHAHBC1 [11] ) does change (a )  + (b)  into a pair  of doublets 

(Fig. 18, bottom) while ( c )  becomes a wide singlet (Fig. 18, top) i f  
another irradiation is applied a t  4.3 ppm. Although no other modifi- 
cation is observed in this 3.4-4 ppm region when the -CHCl- group is 
irradiated, one cannot be sure  that (a) + (b )  + ( c )  represent all the 
chloromethyl resonances of structure [II]. Indeed, ( c )  is strongly 
affected by an irradiation centered a t  3.69 ppm (Fig. 19). Thus it is 
reasonable to assume that (a) + (b )  should belong to the richer stereo- 
isomer (racemic) and ( c )  to the visible half of the poorer one (meso). 

In the -CHC1- resonance region (4.2-4.8 ppm), an irradiation cen- 

I I 
C1 H ( A )  

I I 
c 1  c 1  

racemic-I1 me so- I1 

For the racemic configuration, one has 6(HA) = 3.85, 6(H ) = 3.70, 
6(%) = 4.46 ppm, and JAB (gem) = 11.4, JAx = 4.5, and JBx = 7.5. 

These values are in good agreement with those reported in Table 9 for 
the spectrum of 1,2-dichloropropane in CDC13 (Fig. 14, bottom). In 
CDC13, the protons of structure [11] in PVC are a t  a lower field than in 

the 1,2-DCP model ( A 6  = +0.1 ppm). 
The last se t  of resonances in the 3.4-4 pprn region consists of three 

peaks a t  3.745, 3.757, and 3.772 ppm (y, Fig. 17). The first two-at a 
higher field-can be assigned to the chloromethyl group of [III] , as 
shown by the PVC-Z model (Fig. 16). The relative intensities of these 
two peaks are modified by two irradiations centered, respectively, at 
2.08 ( Fig. 20, bottom, at as ter isks)  and 2.3 1. ( Fig. 20, top, a t  aster-  
isks). The chemical shifts and spin-spin decoupling results a r e  in 
very good agreement with those observed in the spectrum of PVC-Z 
(Fig. 16). Compared with those in the 1,3-DCB model, the protons of 
structure [nI] in PVC a re  a t  a slightly lower field (A6  = 0.05 ppm). 
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1 I I I I I I PPM 
L 3.9 3.8 3.7 3.6 3.5 3.L 

FIG. 18. 'H resonances of the chloromethyl groups of extract 
Ce in CDCl3 a t  room temperature with irradiation a t  4.46 ppm 
(bottom) and 4.3 ppni (top). 
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.- 
U 
m 
L 
L - 

, I IPPM 
3.6 3.5 3.L 

FIG. 19. 'H resonances of the chloromethyl groups of extract 
Ce in CDC13 a t  room temperature with irradiation a t  3.69 ppm 

In spite of all the step-by-step irradiations in the 1.75-2.75 ppm 
region (nonchlorinated methine and methylene proton resonances), 
no modifications suggesting the presence of the chloromethyl groups 
of [IV] were observed in the 3.4-4 ppm region. It is important to 
note here that the "C-NMR analysis of hydrogenated high molecular 
weight PVC showed that there are about four short  chloromethyl 
branches per  1 000 monomer units [ 101. In the present case of a low 
molecular weight extract, it is possible that structure [IV] cannot be 
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TABLE 9. Differences in Chemical Shifts and Coupling Constants of 
HA and H (of the ABX spectrum) between 1,2-Dichloropropane 

(1,2-DCP) and Chain End Structure [11] of PVC Extracts Examined 
in CDC13 (1,2-DCP = C1HAHBC-CHp-CH3, [11] = CIHAHBC- 

C%Cl-CH2-) 

B 

- - ~  _____ 
1,2-DCP, [I11 7 

6, PPm 6, PPm A69 PPm 

3.76 3.85 0.09 

3.58 3.70 0.12 

HA 

HB 

6 ( H A )  - d ( H B )  0.18 0.15 

1 

JAB (gem) 11.2 11.4 

3.67 3.77 0.10 2 + 6 ( H B ) ]  

J~ ( t rans)  5.2 4.5 

JBx ( C i s )  7.7 7.5 

detected because of (i) the complex AB part  of the ABX (X = CH) reso- 
nance pattern and (ii) its too small  contribution in this resonance re- 
gion accounts for 30-60 chloromethyl groups (I1 + I11 + IV)  per  1 000 
VC units (Table 10). 

Quantitative determinations of the whole saturated -CH2C1 chain 

ends/ l  000 VC units have been achieved by planimetric measurements 
of the whole area (S)  lying between 3.4 and 4 ppm (Fig. 17) and the one 
(a) of -CHCl- resonances (Fig. 2). The average number of saturated 
-CH2Cl (NS) of ([11] + [111] + [IV] ) is given by 

S 
N = - x lo3. 

2a 
(3)  

The data a r e  reported in Table 10. 

structure [n] (Nn) can be calculated by using the area of the pair  of 

doublets (a) (a3, Fig. 17) (the pair  of doublets ( c )  (Fig. 17) are not 

Along the same lines, a rough estimation of the average number of 
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1 I PPM , 
L 3.9 3.8 3 n 3.6 3.5 3.1 

FIG. 20. 'H resonances of the chloromethyl groups of extract 
Ce in CDC13 a t  room temperature with irradiation a t  2.08 ppm 
(bottom) and 2.31 ppm (top). Asterisks indicate resonances modi- 
fied by irradiation. 

taken into account, and the chloromethyl resonances of [IV] might be 
hidden in this region). 

a3 
NII = - lo3. a 

(4) 
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TABLE 10. Quantitative Determinations of the Average Total 
Numbers of Saturated Chloromethyl Groups ([II] + [111] + [IV] ) p e r  
1 000 Monomer Units (NS) and per  Chain (Nsl ) of the Three PVC 
Extracts in Different Solvents 

Ae Be 'e Solvent (T ,  "C) Region, ppm 

CDC12 (20) 3.4-4 32.6 56.2 44.2 

CD3COCD3 (20) 3.5-4.1 27.8 57.8 44.1 

CD3COCD3/CS2 (20) 3.5-4 31.9 55.9 38.9 

' 8 6  (60) 3.1-3.55 35.5 61.3 nd 

C6D5N02 (140) 3.65-4 nd nd 43' 1 

Mean values: 
P e r  1 000 VC (NS) 32 57.8 42.6 

P e r  chain (NS') 1.5 2.2 2.7 
- 

The results are reported in Table 11. 
The total average numbers of saturated -CH2C1 (NSO per  chain a r e  

1.5, 2.2, and 2.7 for Ae, Be, and Ce, respectively (Table lo), while 
the average numbers of pseudo-terminal double bonds (s t ructure  [I] ) 
p e r  chain (Nt ' )  are 0.63, 0.45, and 0.66 (Table 3). By taking into ac- 

count the two chain ends of each polymer chain, the average number 
of branches p e r  chain (Nbl )  may be estimated as follows: 

Nbl = NS' + Ntl - 2. ( 5) 

Chloromethyl, butyl, and long branches are included in N '. 
In Eq. (5)  it is assumed that the polymer chains are mainly initi- 

ated by a chlorine radical and that all the chain ends are chloro- 
methyl groups resonating in the 3.4-4.10 ppm region. Thus extract  
Ae (conversion = 54.7%) has  0.15 branch/chain and Be and Ce (con- 

version = 85%) 0.65 and 1.35 branch/chain respectively. If their  DPn 

b 
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TABLE 11. Semiquantitative Determinations of Chain Ends [11] 
-CH2-CHCl-CH2Cl in CDC13 (a3, Fig. 17) in Comparison with 

Resonances (1) in CD3COCD3 (Fig. 21) and Resonances ( 1' ) in 
CD3COCD3/CS2 (Fig. 22) 

Solvent 

Per 1000 units (NII) 
-__ 

Be 'e Region, ppm Ae 

CDC13 (Fig. 17) (a3): 3.82-3.92 16.5 27 21 

CD3COCD3 (Fig. 2 1) (1): 3.90-4.1 21.2 30 24.4 

( CD3COCD3/CS2) ( Fig. 22) ( 1' ): 3.80-4 23.7 30.4 22 

Mean values: 
P e r  1 000 VC (NII) 20.5 29.1 22.5 

Per chain ( NII* ) 1 1.1 1.4 

(Table 1) is taken into account, 17  and 21 branches/l  000 VC units a r e  
found for  Be and Ce, but Ae has only 3 branches/l  000 units (Table 

13). So, it seems that ( for  the three extracts) statistically the num- 
b e r  of branches (N ) increases with increasing conversion. At approxi- 
mately the same high conversion (85%)) C 

saturation conditions, has more branches than B One can see fur- 

ther  (Table 13) that the same phenomenon is also observed in crude 
PVC. 

b 
when obtained under sub- e '  

e' 

11.3. Study of Extracts in CDQCOCDQ at Room Temperature 

In view of the results of the model compounds (Table 8) in CD3COCD3 

(Fig. 15), the second-order resonances of the chloromethyl groups of 
structure [11] are expected to be a t  slightly lower field than the ones of 
structure [III]. In the same solvent, the chloromethyl group [111] of the 
model PVC-Z resonates a t  3.825 ppm. From the difference between the 
resonances [111] of PVC-Z and of the 1,2-DCB model in this solvent 
( A 6  = +0.08 ppm) and the observation, made in CDC13, that the differ- 

ence between the PVC [11] groups and the 1,2-DCP is twice as large,  it  
is estimated that the [11] groups of PVC resonate a t  about 3.95 ppm 
(3.79 + 0.16 ppm) in CD3COCD 3' 
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i:: :: 
I I I I I I I PPM 

1.26 1.2 11 1 3.9 3.8 3.7 3.6 

FIG. 21. 'H resonances of the chloromethyl groups of extract 
Be in CD COCD3 at room temperature. 3 

For A ) B , and C , the chloromethyl proton resonances of satu- e e  e 
rated -CH2C1 show two unresolved multiplets centered at  3.983 ( 1) 

and 3.818 ppm ( 2 )  ( Fig. 2 1)) respectively. Multiplet ( 1)  is  affected by 
irradiation of -CHCl- (4 .53 ppm) and multiplet ( 2 )  by irradiation of 
-CH2- (2.25 ppm). The agreement with the values expected from 

model compounds is very good. 
A s  in CDC13, the chloromethyl resonances of [IV] cannot be local- 

ized by decoupling experiments, probably again because of its very low 
concentration compared to [11] and [III] . The quantitative determina- 
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tions of the whole saturated -CH2C1 (NS) (multiplets (1) + (2) ,  Fig. 
21) are reported in Table 10. The values of NII (multiplet ( l) ,  Fig. 

2 1 )  corresponding to a rough estimation of [II] a r e  reported in Table 
11. In the present case, (1) is found to be bigger than 2a3 (measured 
in CDC13, Fig. 17) and sometimes bigger than one p e r  chain. Obvious- 
ly, (1) should include resonances other than the ones of s t ructure  [II]. 

11.4. Study of the Extracts in CD3COCD3/CS2 (5:3 by volume) 
at Room Temperature 

In the 3.6-4 ppm region, the spectra  (Fig. 22) are of poorer resolu- 
tion than the ones recorded in pure CD COCD3. Two se t s  of resonances 
are observed between 3.8 and 4.0 ppm ( 1' , Fig. 22), the higher field of 
which appears to have approximately the same  relative intensity in the 
three extracts. Al l  these resonances are affected by irradiation of the 
-CHCl- region. The second pa r t  of the saturated -CH2Cl resonances 
is spread from 3.63 to 3.8 ppm ( 2 ' ,  Fig. 22). This par t  is affected 
only by irradiation of the -CH2- and 

Similar calculated values of N and N S I1 
and 11. As previously observed in CD3COCD3. Resonances (1' ) (Fig. 

22) are found again to be bigger than 2a of Fig. 17. The average num- 

be r s  of s t ructure  [I13 are approximately 1 pe r  chain for A and Be, and e 
1.4 pe r  chain for  Ce. This difference should be correlated to the in- 
crease of the average numbers of branches from A to Be and Ce 
(Table 13). 

11.5. Study of Crude PVC' s in CD3COCD3-CS2 ( 5:3 by volume) 
a t  Room Temperature 

chain than the extracts.  The spectral  resolution is unfortunately very 
poor for  the assignment of the different abnormal resonances. The 
identification of the chloromethyl resonances of s t ructures  [II] and 
[III] could only be achieved thanks to the previous study of extracts  
in the same  solvent mixture. Here again, the assignment of the satu- 
rated -CH2C1 group of s t ructure  [IV] by decoupling experiments re- 
mains unsuccessful. 

in the 3.6-4 ppm region, which can be divided grossly into two parts:  
3.8-4 ppm (1 '  , Fig. 23) and 3.8-3.6 ppm (2 ' ,  Fig. 23). Quantitative 
determinations f o r  the seven PVC's,  including the three IUPAC sam- 

3 

CH- region. 

are reported in Tables 10 

3 

e 

I-____ 

High molecular weight PVC's  are expected to have more branches/ 

A s  observed for  extracts,  all the saturated -CH C1 resonances are 2 
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, I I PPM 
~ . 3  1.2 1.7 L 3.9 3.8 3.7 3.6 3.5 

FIG. 22. 'H resonances of the chloromethyl groups of extract 
Be (bottom) and Ae (top) in (CD,COCD,-CS, ) a t  room temperature. 
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FIG. 23. 'H resonances of the chloromethyl groups of crude PVC's 
3 A (bottom), B (middle) and C (top) in CD COCD3-CS2 at room tem- 

perature. 
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ples, a r e  reported in Table 12. Calculated NS' values ([II] + [III] + 
[IV] ) (4.2-6.5/chain) a r e  greater than those found for low molecular 
weight extracts ( 1.5-2.7/chain7 Table 10). But i f  the NS values are 
considered, obviously the concentration of saturated -CH2C1 i s  far 
greater in the extracts (32- 58/1 000 monomer units) than in the crude 
PVC's (6-9/1 000 monomer units). 

The calculated values of Nb = 4-6.7/1 000 monomer units (Table 

12) are of the same order  of magnitude as those estimated by "C- 
NMR for hydrogenated PVC's [7, 91. Besides, owing to the known 13C 
NMR studies [7, 9-15] , these branches a r e  mostly chloromethyl short 
branches [IV] . Unfortunately, in the present case, direct examination 
of PVC's by 'H-NMR does not allow the identification of structure 
[IV]. However, careful inspection of the crude PVC's whole chloro- 
methyl resonances (Fig. 23) reveals that their patterns are very dif- 
ferent from the ones of low molecular weight extracts (Fig. 22). 
Clearly, the resonances in the 3.50-3.7 ppm and 3.8-3.9 ppm regions 
( Fig. 23) have their relative intensities strongly enhanced compared 
to those of extracts (Fig. 22). These resonances should belong to the 
chloromethyl group of [IV]. 

C O N C L U S I O N S  

The study of model compounds and low molecular weight extracts 
by 'H-NMR at  high field in different solvents allows most of the pro- 
ton resonances of the olefinic and chloromethylic structures to be 
assigned. Unfortunately, the chloromethyl short branches (Structure 
IV), considered as the main branches according to the 13C-NMR studies 
of hydrogenated PVC' s, could not be identified by 'H-NMR. However, 
reliable quantitative measurements have been achieved on high molecu- 
lar weight crude PVC's using the selected (CD3COCD3/CS2) solvent 
mixture. Thus the average numbers of double bonds and branches have 
been quantitatively estimated, allowing some instructive comments 
about the relative contributions of the different mechanisms that govern 
the radical polymerizations of vinyl chloride in bulk and in suspension. 

The pseudo-terminal olefinic structure [I] (-CH2-&H=CH-CH2Cl) 
reported by Petiaud and Pham [6] is again confirmed. Surprisingly, a 
quasi-constant value of 0.5 [I] per chain has been found in the crude 
PVC' s studied, regardless of the conversion and the polymerization 
conditions, though until now, the most accepted value has been 0.7-0.8 
[I] per chain [18]. Besides, we found that the main configuration of the 
double bond of [I] is trans (87%). This mainly trans configuration 
should be due to the less sterically hindered racemic head-to-head ir- 
regular addition, the two adjacent chlorine atoms of Structure A (Fig. 
1) being more likely in the trans position. If, as suggested by Starnes 
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266 DARRICADES-LLAURO ET AL. 

[9] , the 1-2 chlorine migration is fast, the trans configuration should 
be preserved after abstraction of the second chlorine atom, thus giving 
a trans double bond [I]. Molecular models show that the less sterically 
hindered configuration for [I is trans. 

rine (-CHC1-CH=CH2 [I' ] ) have been detected in the extracts. They 

probably came from the abstraction of primary chlorine from Radical 
B (Scheme I, Fig. 1). A possible radical polymerization of [I' ] may 
explain their very low concentration, yet ally1 chloride is known to 
polymerize badly. However, if this polymerization does occvr, the re -  
sulting long branches should be similar ( l3 C-NMR analysis of hydrogen- 
ated PVC's) to those suggested by Hjertberg and Sorvik [7 ]  , having a 
methine group with a t  least one -CHCl- group in the a-position. 

Only small  amounts ( -2  .d 0 )  of vinyl endgroups with an allylic chlo- 

-CH2-CHC1-CH-CHC1- o r  -CH -CHCl-CH2-CH-CH2- 
I 2 I 

y 2  CHCI 
I 

CHCl CH2 

Branch resulting from 
reinitiation after radical 
transfer to a -CH2- group 

Branch resulting from 
copolymerization with [I?] 

Quantitative estimations for the internal double bond (ikachieved 
by difference-can only be attempted if each ( i )  i s  assumed to bear  two 
protons. Under these conditions, about 0.3 ( i )  per  chain i s  found in all 
three extracts. At the present time, the exact structures of these in- 
ternal double bonds a r e  not known. There probably i s  more than one 
type of internal double bond, because some accidental dehydrochlorina- 
tions may occur on the normal chain ( 2  protons per olefinic structure) 
as well  as from branch points with tert iary hydrogens o r  chlorine 
atoms ( 1  proton per olefinic structure). Differences in the resonance 
patterns a r e  actually observed in the spectra of crude samples B and 
C compared to A and to all the extracts (Fig. 13). 

On the basis of 2 protons per double bond, it i s  interesting to note 
that, at limited conversion (54.796, Sample A), the crude bulk PVC 
should only have Ni = 0.45 internal double bond/l 000 VC, while Ni 
should be eight times higher at  a conversion of 83.5% (Sample B). In 
bulk polymerization, internal double bonds are mainly formed in the 
las t  steps of the olymerization process. A t  the same conversion, ap- 

conditions appeared to be significantly less unsaturated (Ni = 2.5/1 000 

VC). The important difference between A (low conversion) and B o r  C 
(high conversion) suggests that the concentration of internal double 
bonds increases with decreasing monomer pressure. The mechanisms 

proximately ( 8 5 d? o), the suspension polymer obtained under subsaturation 
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giving branches o r  double bonds should compete with the propagation 
as proposed in Scheme I1 (Fig. 1). But the difference between B and 
C is probably caused more by a final step a t  higher polymerization 
temperature for Sample B (spontaneous final overheating, see 
Table 1). 

to other data of the IUPAC Working Party. The differences may be 
due to several causes: 

Finally, higher unsaturation is found in the present study compared 

( a )  The bromination carried out in the IUPAC group for estimation 

(b )  In ozonolysis (used for selective estimation of internal double 
of the total unsaturation might not have been complete. 

bonds) the drop of the molecular weight depends only on those isolated 
internal double bonds that are significantly far from each other and 
far  from the chain ends. Thus pseudo-terminal double bonds and in- 
ternal double bonds close to extremities, as well as neighboring inter- 
nal double bonds, cannot be determined by ozonolysis. 

( c )  Direct quantitative determination by 'H-NMR at  high field should 
give more reliable values because of its better sensitivity and spectral 
resolution. 

Of the three saturated ends, -CH2-CHC1-CH2C1 [11] , -CHCl-CH2- 
CH2Cl [111], XH-CH2C1 [IV], only the two former structures were 
definitely identified by 'H-NMR. Careful inspection of the chloro- 
methyl resonances of extracted (Fig. 22)  and crude (Fig. 23) samples 
shows that the -CH2C1 groups of Structure [IV] have resonances in the 
two regions 3.5-3.7 ppm (R)  and 3.8-3.9 ppm (R' ). The relative in- 
tensities of these resonances increase strongly in high molecular 
weight PVC in which the contribution of saturated -CH2C1 chain ends 
[I1 and 111] decreases. 

In the crude samples A,  B, and C, the relative intensities of R + R' 
and those of the resonances beyond 3.9 ppm (belonging mostly to 
Structure [11] with one Structure [11] per chain) remain quasi-constant 
on the one hand, and on the other hand the average number of pseudo- 
terminal double bonds (Ntt = 0.5 per  chain) also remains constant. 
These two experimental observations suggest that: 

( a )  The two Rig0 mechanisms giving either [I] o r  [IV] (Scheme I, 
Fig. 1) should not be greatly affected by the decrease of the monomer 
concentration in bulk as well as in suspension. This suggests that the 
increase of Nb' shcdc! mostly be due to an increase of transfer to poly- 
mer  (Scheme II, Fig. 1). Starnes et al. (15b) have shown that for  poly- 
mers  prepared in solution under strictly homogeneous conditions, the 
chloromethyl branch concentration was essentially independent of the 
concentration of vinyl chloride. 

(b) The decrease in monomer concentration increases the relative 
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intensity of the 3.7-3.8 ppm resonance region (Structure [111] ) com- 
pared to [11] (1 pe r  chain). Fo r  the macroradicals,  in the competi- 
tion between propagation and intra- o r  intermolecular radical t rans-  
fer, the relative importance of the second mechanism increases  and 
i t  gives more branches longer than 2 carbon atoms as well as internal 
double bonds. Unfortunately, the relative possibilities of these differ- 
ent routes of Scheme I1 (Fig. 1) cannot be discussed adequately because 
the actual concentration of internal double bonds is not known. 

If all the chloromethyl resonances in the 3.6-4.0 ppm region a r e  
taken into account, the average numbers of branches (Nb  and N ' ) can b 
be calculated. For bulk polymerization (Samples A and B), small  
chains should be formed throughout the polymerization process. Ac-  
cording to the percentages and mn values of the extracts Ae( 0.5% a t  

conversion = 54.7%) and B ( 1.3% a t  conversion = 83.5%), the calcu- 

lated Mn values of the corresponding residues are 46.4 X lo3 and 45.6 

x lo3 ,  respectively. Thus the apparent decrease of an for the crude 

Sample B (37.5 X lo3 ) is due to a higher percentage of low molecular 
weight. Likewise, grafting mechanisms should occur throughout the 
polymerization process ,  but branches are more frequently grafted in 
the latter s teps  of the bulk polymerization. 

subsaturation conditions seems  to favor branching mechanisms (N 

6.7 and 6.1/1 000 VC for  C and B, respectively), and final degassing 
in bulk polymerization should increase dehydrochlorination mechan- 
i s m s  that contribute-in addition to t ransfer  reactions-to the increase 
of internal double bonds (Ni  = 3.8 and 2.5/1 000 VC for  B and C, re- 
spectively). Curiously, Nit + Nbt equals 6 for  B as well as for  C. 

Thus the total numbers of s t ructural  defects should remain constant, 
B being r i che r  in internal double bonds and C more branched, 

Finally, i t  is of interest  to observe that at a conversion of 54.7!, 
bulk polymerization gives the best  PVC with highest mn (43.3 X 10 

and lowest concentration of internal double bonds (N  = O.S/chain) i 
and branches (Nbt = 2.7/chain). Thus i t  is believed that all the struc- 

tural  defects-internal double bonds and branches-increase with de- 
creasing monomer concentration. 

More detailed discussion would require the identification and quan- 
titative determination of the chloromethyl short  branches and different 
types of internal double bonds by NMR studies of model compounds in 
different solvents. A better quantitative account of the mechanisms 
involved should be achievable provided that proper and adequate poly- 
m e r  samples should be available. Work is in progress  in our  labora- 
tory to solve these problems. 

e 

At the s imi l a r  conversion of 85%, suspension polymerization under 

b =  
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