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A B S T R A C T  

Vinyl acetate and citraconic anhydride a r e  known to give 1:l radical 
alternating copolymers regardless of the monomer feed composi- 
tion. The mechanism of this copolymerization involves f ree  mono- 
mers  and a charge-transfer complex between them. We undertook 
a study of the microstructure by NMR and thermogravimetric ana- 
lysis (study of the thermal c i s  elimination of acetic acid). We de- 
termined a quantitative correlation between the theoretical propor- 
tion of D-A diads obtained in the reaction corresponding to the addi- 
tion of the complex between comonomers on the growing chain and 
the microstructure of the copolymers determined by thermogravi- 
metric analysis. 
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1316 BIBALOU, CARLU, AND CAZE 

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

Citraconic anhydride ( 3-methyl-2,5-furanedione, A )  and vinyl ace- 
tate (D) give a complex (C)  (charge-transfer complex). This forma- 
tion is characterized by the following equilibrium: 

A + D C, K = [C]/([A] + [D]). (1) 

The equilibrium constant K is 0.52 L/mol a t  300 K, and the AH of Re- 
action ( 1 )  is 5.7 kJ/mol [l] .  Four propagation steps define the mechan- 
ism of the alternating copolymerization involving a charge-transfer 
complex between the monomers [l ,  21 : 

-&A", k~~ - -Do -t A 

where -A"  and -Do are growing chains terminated, respectively, 
by an A o r  a D unit. We have shown that P = kAc/kAD = 9.9 and P2 = 

kDC/kDA = 3.6 [ 11 in benzene (benzene does not complex citraconic 
anhydride). Starting from these values, it is possible to determine 
the probabilities P(C/'X) of adding the complex for a growing chain 
terminated by an X unit. These probabilities are given by Relations 
( 6 )  and ( 7 )  [2c] : 

1 

The aim of this paper is to determine the influence of Reactions ( 3 )  
and ( 5 )  on the microstructure of the alternating copolymers. 

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

Thermogravimftric analyses were done with a thermoanalyzer 
Setaram MTB 10- connected to an Apple I1 microcomputer with 
an Adalab interface (Interactive Microware Inc. ) [3]. 
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TABLE 1. Experimental Conditions for  the Preparation of Alternating 
Copolymers 

~~ ~- 

Polymer 1 2 3  4 5 6 7 8 9 1 0 1 1  

PI 7 

M ,  

mol/L 0.115 0.12 0.165 0.27 0.40 0.42 0.50 0.54 0.69 0.87 1.6 

mol/L 1.65 3 1.65 3 2 3 2 3 3 3 4 

Infrared spectra  of films were recorded with a Perkin-Elmer PE 
680 instrument: 

'H NMR spectra  of pyridine solutions containing TMS as internal 
standard were recorded with a Bruker  W P  60 DS instrument. I 3 C  
NMR spectra  of the same solutions were recorded with a Bruker  AM 
400 WB instrument. 

Polymerizations were conducted as described before [ 11 under the 
following conditions: [AIBN] 10 mmol/L, [A] + [D] = M, temperature 
333 K, solvent: benzene. Table 1 gives the concentrations used in 
the preparation of the polymers. 

R E S U L T S  A N D  D I S C U S S I O N  

N M R  S t u d y  

Figure 1 shows the 'H NMR spectra  of copolymers P4 and P10. 
Both copolymers exhibit the same  resonances a t  1.72, 2.14, 3.63, and 
5.4 ppm. These resonances were assigned, respectively, to nuclei 4, 
3 and 9, 1, and 5 ( fo r  nomenclature, see Fig. 1). Figure 2 shows 
the 13C NMR spectra  of polymers P4 and P10. Both copolymers ex- 
hibit the same  resonances a t  21, 22.6, 37.7, 47, 58.8, 68.6-75.4, 170.7, 
173, and 178 ppm. These resonances were assigned, respectively, 
to  nuclei 3, 9, 4, 5, 6, 1, 8, 2, and 7 ( fo r  nomenclature, see Fig. 2). 
In the case of poly(viny1 acetate),  C1 and C4 are influenced by the 
stereoregularity of the polymer chain [4], and in some vinyl acetate 
copolymers C2 and C4 are sensitive to the distribution of the repeat 
units and to the tacticity [5]. Due to the poorly resolved spectra  ob- 
tained, i t  is difficult to make a microstructure determination, but we 
conclude that all the copolymers studied have the same  configuration 
(these polymers exhibit exactly the same  'H and 13C NMR spectra). 

T h e r m o g r a v i m e t r i c  S t u d y  

alternating copolymers shows ( i n  the absence of oxygen) quan- 
Thermal degradation of maleic anhydride and vinyl acetate 
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FIG. 1. ‘H NMR spectra  of Polymers P4 and P10. 

titative cis elimination of acetic acid through Reaction ( 8 )  [2c, 
61 : 

I 
CH 3 

+ CHSC02H 

In the case of citraconic anhydride and vinyl acetate alternating co- 
polymers, we observe the disappearance of the absorption of the e s t e r  
group a t  1 745 cm-’ after heating a t  180°C for  3 h under vacuum. This 
disappearance corresponds to quantitative elimination of acetic acid 
and shows the isothermal decomposition of the copolymers reproduced 
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Am 
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I I 1 

1 2 f (h)* 
FIG. 3. Isothermal decomposition of (a) Polymer P10 and (b)  

Polymer P5. t = 180°C; Am/mo = relative weight loss on heating. 
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in Fig. 3. We have two possibilities of elimination of acetic acid, 
Reaction ( 9 )  o r  (10): 

7 OS-0 

"?p - i c w o  ' 
c-0 
I 

CH3 
I 

H O  

II 

The distinction between Species I o r  I1 can be made by infrared 
spectrophotometry. The anhydride group exhibits two carbonyl ab- 
sorption bands due, respectively, to the symmetric V s  and antisym- 

metric vibration in the plane of the anhydride molecule. When 

there is a double bond conjugated to the carbonyl we observe a 
lowering of the absorption bands by 20 to 40 cm-' [l, 71. This 
lowering is not observed for unconjugated double bonds. For all 
the alternating copolymers, we observe 1 853 < Fs < 1 856 cm-' 

and 1 782 < uas < 1 787 cm-', but after heating under vacuum a t  
180°C for 3 h, we obtain 1 836 < vs < 1 840 cm-' and 1 773 < vas 
< 1 779 cm-'. Thus, the double bond produced by the degradation 
is conjugated to the carbonyl group of the anhydride function and, 
therefore, the elimination of acetic acid is governed by Reaction ( 9). 

The elimination is a first-order reaction, and the kinetics obey 
the relation 

as 

- 

198 Am 
log 1 - -  __ ( 60 m o ) =  -kty 
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198 Am 
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log ( 1 -  - 

FIG. 4. First-order Kinetic plot of Reaction (9). Polymer 5. (a) T = 

180~. (L) rr = 2 0 5 ” ~ .  

where mo is the initial weight of the copolymer and Am is the weight 
loss  at time t (Fig. 4). 

The TGA curves for Copolymers P2 and P10 in Fig. 5 show two 
different behaviors that can be explained by the existence of different 
stable conformers in different relative proportions. The transition 
state for the elimination reaction is apparent. In the threo configura- 
tion of the D-A diads, the transition s ta te  is obtained by hindered 
rotation around the C-0 bond (angle x) [8, 9) : 

H 
I 
c - c ’  x 

H H  I 

’I /a, 
o=c 

I 
CH3 
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FIG. 5. TGA curves of Polymers P2 and P10. 

All the different conformers have different activations energies. This 
assumption is in good agreement with the result  obtained by isother- 
mal degradation. In fact, if  ki is the rate constant of degradation of 

conformer i ,  CY. is the mole fraction of this conformer, and P is the 

molar concentration of D units, we can write 
1 

d[CH3COOH] 
= P aiki = PK. 

dt i= 1 

Relation ( 11)  is obtained by integration of Eq. (12). 
The differential TGA curves of Polymers P1 to P11 (Fig. 6) indi- 

cate that the decomposition occurs in different states. The relative 
proportion of each decomposition depends on the relative concentra- 
tion of monomer used in the polymer preparation. There a r e  a t  
least  five steps of decomposition. We have determined the activa- 
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FIG. 6. 

150 200 250 T"C 

)TGA curves of Polymers P1 to P11. 
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TABLE 2. Activation Energies of the Firs t  Three 
Steps of the Degradation Reaction 

EA,  kJ/mol 

Polymer Step 1 Step 2 Step 3 

P2 113 190 - 
P6 123 208 22 1 

P 8  126 174 225 
P10 137 180 234 

tion energy ( E A )  of the three first s teps  by the method of Coats and 
Redfern [ l o ] ,  assuming il = 1 (as seen in isothermal decomposition) 
and varying the conversion from 0 to 1 for  each step of decomposition 
(Table 2). 

D-A diads are obtained by Reaction ( 3 )  o r  (4). Appearance of De- 
composition Steps 1, 2, and 3 is related to the probability of partici- 
pation of the complex in Reaction ( 3 )  of propagation (variation of 
probability P(C/A) is reported in Fig. 7). There is a l inear  relation 
between the percentage of decomposition in the three s teps  and the 
probability P(C/A),  as shown in Fig. 8. 

P(C/A) 

0.7 

0.5 

0.3 

0.1 

P(C/A) 

A@- 0.7 - 

0.5 - 

0.3 - 

I I I I 

0.2 0.4 0.6 0.8 CAI 
FIG. 7. Variation of the probability P(  C/A) v s  [A]. 
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C O N C L U S I O N  

NMR studies have shown that not all the copolymers exhibit signi- 
ficant differences in their configuration independent of the experimental 
conditions of the copolymerization (relative concentration of the mono- 
mers).  This result is in good agreement with l i terature results [l ,  111. 

Thermogravimetric analysis show different behaviors. A s  observed 
for maleic anhydride-vinyl acetate alternating copolymers [2f] , these 
differences are due to differences in the conformation of the e s t e r  
group. When a growing chain adds a complex, two diads a r e  formed; 
for example, for Reaction (3)  an A-D and a D-A diad. The A-D diad 
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has the same average configuration as the diad obtained by Reaction 
(2). The D-A diad is obtained by the addition of Monomer A of the 
complex to the growing chain. The transition state geometry is 
probably dependent on the conformation of the complex and induces 
a stereochemistry of the D-A diad different from that obtained by 
Reaction (4). This hypothesis is confirmed by the l inear  relation 
obtained between the percentages of decomposition by Steps 1, 2, and 
3, characterist ic of three differents conformations , and P (C/A). 

R E F E R E N C E S  

B. Tizianel, C. Caze, and C. Loucheux, J. Macromol. Sci.-Chem., 
A22. 1477 (1985). - 
See,' for example: (a)  E. Tsushida and T. Tomono, Makromol. 
Chem., -- 141, 265 (1971); ( b )  T. Kokubo, S. Iwatsuki, and Y. 
Yamashita-, Macromolecu1es)A 482 (1968); (c)  G. S. Georgiev 
and V. P. Zubov, Eur. Polym. J., 14, 93 (1978); ( d )  C. Caze 
and C. Loucheux, J, Macromol. Sci.-Chem., - -  A9, 29 (1975); 
( e )  D. Ghesquiere: R. Arnaud, and C. Caze, ~ _ _ _  J. Phys. Chem., - 83, 
2029 (1979); ( f )  C. Caze and C. Loucheux, J. Macromol. Sci.- 
Chem., A15, 95 (1981); ( g )  R. Arnaud, C. Caze, and J. Fossey, 
Ibid., A T  1269 (1980); ( h )  P. C. Deb and G. Meyerhoff, Poly- 
-- m e r ,  26, 629 (1985). 
L. Muzau ,  F. Remy, J. C. Carlu, and C. Caze, Eur. Polym. J., 
- 20, 595 (1984). 
Y. Inoue, R. Chudo, A. Nishioka, S. Nozakura, and H. Limuro, 
Polym. J., 4, 244 (1975). 
T. Kainu, D. W. Ovenall, and G. Reddy, J. Polym. Sci., Polym. 
Chem. Ed., 12, 901 (1974). 
S. Matsui and-H. Aida, Chem. High Polym. Jpn., 26, 10 (1969). 
Monographies de chimie --- organique, Vol. 9, Mass&, Paris, 
1974, p. 129. 
P. R. Sudararajan, Macromolecules, 11, 256 (1978). 
Sarko and R. H. M%rchessault, J. A m ,  Chem. SOC., 3, 6454 
(1967). 
A. W. Coats and J. P. Redfern, Nature, 201, 68 (1964). 
R. Bacskai, L. P. Lindeman, and D. L. Rabenstein, J. Polym. 
- Sci., Polym. Chem. Ed., - -  10, 1297 (1972). 

-- 

-__ 

-- -- 

Received September 5, 1985 
Revision received November 29, 1985 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


