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Thermoelasticity and Chain Conformation in 
Alternating Copolymers of Butadiene 

Y. KUWAHAFtA* and M. SHEN 

Department of Chemical Engineering 
University of California 
Berkeley, California 94720 

ABSTRACT 

The internal energy contribution (fe/f) and the temperature 

coefficient of the unperturbed chain dimensions can be deter- 
mined by thermoelastic measurements. A particularly con- 
venient technique for such measurements is the determination 
of the variation of shear moduli a s  a function of temperature. 
In previous works, it was found that values of fe/f for random 

copolymers bear no simple relation to those of respective 
parent homopolymers. In addition, the signs of the energy 
contributions a re  often the reverse of the homopolymers. 
In this work, thermoelastic measurements of several alter- 
nating copolymers were carried out. Specifically, theqe 
elastomers a r e  alternating copolymers of butadiene with 
propylene, methylene, and tetramethylene units. Again no 
simple relation can be found between copolymers and their 
parent homopolymers. Implications of these observations 
will be discussed. 
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INTRODUCTION 

KUWAHARA AND SHEN 

The study of the thermoelastic behavior of rubbers is important 
because of its relevance to the statistical theory of rubber elasticity. 
The energy contribution to the elastic force is 

v, L fe/f = 1 - ( a  ln f / a  In T)  

On the basis of the statistical theory, the energy contribution is 
related to the temperature coefficient of the unperturbed chain di- 
mensions: 

d In ( ro2 )/dT = fe/fT 

The latter is of particular interest because it is calculable from the 
rotational isomeric model of chain molecules [ 11. Comparisons of 
the calculated and experimental values of d In (rO" ) /dT are  satisfac- 
tory for most homopolymers, thereby reinforcing the essential 
validity of the model, In this work, thermoelastic data on several 
alternating copolymers will be reported, 

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

A sample of the alternating copolymer of propylene and butadiene 
was supplied by the Maruzen Petrochemical Company. Of the buta- 
diene units, 96% are  in the trans-1,4 configuration, and the remaining 
are  1,a-butadienes [ 21. Two levels of cure were used, namely 0.4 
and 0.8 phr of dicumyl peroxide (dicup). One sample each of poly- 
pentenamer [ 3, 41 or  poly(methy1ene-g-butadiene) and polyoctenamer 
[ 31 or poly(tetramethy1ene-co-butadiene) was obtained from the Good- 
year Rubber and Tire Compzy. The former has 82% trans content, 
and the latter 4@. They were both cured with 0.5 phr of dicumyl 
peroxide. 

sion coefficients of strips of rubber samples under a series of loads 
in nitrogen atmosphere. The temperature range of 20-80" C was 
selected for all measurements. As  shown previously, the temperature 
coefficient of shear moduli can be determined [ 51 by Eq. (3): 

Thermoelastic data were taken by measuring the thermal expan- 
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THERMOELASTICITY AND CHAIN CONFORMATION 1207 

where G is the shear modulus, A is the elongation ratio, and p 
p i  a re  the linear thermal expansion coefficients of the stretched and 
unstretched samples, respectively. The energy contribution is readily 
calculated by [ 51 

and L 

d l n G  fe 
- - I - - -  

f d In T 
8," T - (4) 

Agreement of data determined by this method with those by tension 
compression, torsion, and simple shear has been previously verified 
[ e l .  

R E S U L T S  AND DISCUSSION 

Results of the thermoelastic measurements a re  shown in Figs. 1-3. 
They are  plotted according to Eq. (3) for the determination of the tem- 
perature coefficients of shear moduli. Energy contributions calcu- 
lated by Eq. (4) a re  summarized in Table 1. It is seen that all of the 
peroxide-cured alternating copolymers of butadiene have rather low 
values of fe/f ( -  0.05). 

To facilitate a more detailed discussion of these data, they a re  
recalculated a s  d In (rO2)/dT through Eq. (2). These values a r e  given 
in Table 2, along with the available theoretical and experimental data 
for the homopolymers. Before discussing these results, it would be 
of interest f irst  to review the known data on random copolymers. One 
would expect the temperature coefficients of the unperturbed dimen- 
sions of copolymer chains to depend on the chemical composition, 
the sequence distribution of the comonomers, the configuration of the 
chain microstructure (tacticity and cis-trans isomerism) and its 
sequence distribution. In a previous publication [ 71, we have found 
that values of d In (ro" )/dT for a ser ies  of random, atactic acrylic 
copolymers were intermediate between those of the homopolymers as 
a function of chemical composition. However, this simple correlation 
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1208 KUWAHARA AND SHEN 

FIG. 1. Linear thermal expansion coefficients of stretched 
elastomers plotted a s  a function of (As - l) /(A3 + 2) for the alter- 
nating copolymer of propylene and butadiene containing 96% trans 
structures: ( 0 ) cured with 0.4 phr dicumyl peroxide; ( 0 ) cured 
with 0.8 phr dicumyl peroxide. 

FIG. 2. Linear thermal expansion coefficients of stretched 
elastomers plotted as a function of (A3 - l)/(Xs + 2) for the alter- 
nating copolymer of methylene and butadiene containing 82% trans 
structure and cured with 0.5 phr dicumyl peroxide. 
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THERMOELASTICITY AND CHAIN CONFORMATION 1209 

FIG. 3. Linear thermal expansion coefficients of stretched 
elastomers plotted as a function of (A3 - l)/(h3 + 2) for the alter- 
nating copolymer of tetramethylene and butadiene containing 40% 
trans structures and cured with 0.5 phr dicumyl peroxide. 

TABLE 1. Thermoelastic Data of Alternating Copolymers of Butadiene 

d In G/dT p," 
Polymer (10-~/0 c) (lo-' p c) fe/f 

Poly(propy1ene- - co-butadiene), 
PPB 

96% trans, 0.4 phr dicup- 3.2 3.1 0.05 
cured p 

96% trans, 0.8 phr 
dicup-cured 

3.2 3.1 0.05 

Poly(methy1ene-co-butadiene), - 
PMB 

82% trans, 0.5 phr 2.7 2.8 0.06 
dicup-cured 

Poly( tetramethylene-co- - 
butadiene), PTB 

40% trans, 0.5 phr 3.0 3.1 0.05 
dicup-cured 
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THERMOE LAST IClTY AND CHAIN CONFORMATION 1211 

is not expected to be generally true for all copolymers because of the 
other factors. To wit, d In ( r$) /dT = -0.39 X 10-’/°C for SBR, a 
random copolymer of styrene and butadiene [ 81. Commercial SBR 
normally contains about 18% cis, 65% trans, and 17% vinyl structures 
[ 91. The temperature coefficient for atactic polystyrene [ 10, 111 
determined by thermoelastic measurements is between 0.37 x lo-’ 
and 0.51 X 10-’/°C. No data exist for isotactic and syndiotactic PS. 
Experimental values for poly-cis-butadiene [ 12- 161 range from 
0.26 X lo-’ to 0.65 X lo-’ /” C, while only one preliminary experi- 
mental determination has been attempted for poly- trans-butadiene 
[ 161 (-0.65 X lo-’/” C).  Theoretical calculations by Mark [ 171 
yielded values of 0.56 X lo-’ and -0.65 X lo-’/” C, respectively, for 
cis-PB and trans-PB; while those by Abe and Flory [ 181 are 0.16 X 
lo-’ and -0.11 x 10-3/0C. The latter authors also showed that 
d In (r,” ) /dT for PB increases monotonically with increasing cis  
fraction in the chain. However, no experimental or theoretical data 
a re  known for poly- l,2-butadiene. 

A number of thermoelastic studies of ethylene-prop lene random 
copolymers have been carried out. Values for d In (ro )/dT range 
between 0.1 X lo-’ and - 1.6 X lo-’ /” C for those containing approxi- 
mately 50% of each comonomer [ 8, 19-21]. The theoretical values 
for polymethylene a re  - 1.00 X lo-’ /” C by Hoeve [ 221 and - 1.10 X 
lo-’ /” C by Abe, Jernigan and Flory [ 231, in excellent agreement 
with experimental values determined by both thermoelastic [ 241 and 
by viscosity- temperature [ 251 measurements. For polypro ylene, 
calculations by Boyd and Breitling [ 261 showed that d In Sro )/dT 
gave values of -0.99 x lo-’ - 0.56 X lo-’, and -1.21 X 10- /”C for 
isotactic, atactic, and syndiotac tic isomers, respectively. The 
only reliable experimental values were from viscosity- temperature 
measurements. These a re  -4.0 X lO-’/OC [ 271, and -3.0 X lO-’/”C 
[ 281, for the isotactic polymer and -3.3 X 10 
lo-’/” C [ 28lfor the atactic polymer. No data a re  available for the 
syndiotactic PP. The calculated temperature coefficients for 1: 1 
ethylene-propylene random copolymers are - 1.5 x lo-’, - 1.1 x lo-’, 
and - 1.1 x lo-’ / ”  C for those containing highly isotactic, atactic, 
and highly syndiotactic propylene units [ 301. For 1: 1 copolymers 
containing long sequences of the respective comonomers, the values 
a re  -1.8 x lO-’/’=C for the highly isotactic; -1.2 X lO-’/”C for the 
atactic and the highly syndiotactic configurations. In the case of the 
alternating copolymer, d In (r: )/dT = -1 X 10-’/°C. No experimental 
data a re  known for the alternating copolymer. 

It i s  obvious from the above that it is in general not possible to 
draw any inference about the temperature coefficient of unperturbed 
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/” C [ 291 and - 1.8 X 
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1212 KUWAHARA AND SHEN 

copolymer chain dimensions from those of the respective homopoly- 
mers. Certainly there is no simple relation on the basis of chemical 
composition alone because of the importance of the detailed micro- 
structure and sequential distributions. However, alternating co- 
polymers provide an interesting case for study, since for these poly- 
mers comonomer composition and distribution is fixed. 

Inspection of Table 2 shows that, even for alternating copolymers, 
the temperature coefficient is not simply related to that of the homo- 
polymers. In all instances, values of d In ( r t  ) /dT of the alternating 
copolymer of butadiene studied here are positive while those of 
polymethylene, polypropylene and poly- trans-butadiene are negative. 
Only the value calculated by Abe and Flory for poly-cis-butadiene is 
similar in magnitude, perhaps fortuitously. The value for poly(tetra- 
methylene-E-butadiene) is close to that of the other peroxide-cured 
alternating copolymers, even though butadiene units in PTB are 
predominantly cis in configuration. The PPB samples crosslinked 
at two levels gave identical temperature coefficients, in agreement 
with our previous data on cis-PB and natural rubber [ 151. However, 
in general there does not appear to be any simple relation between 
values of d In ( r t  ) /dT of alternating copolymers and those of homo- 
polymers, just as in the case of random copolymers. These findings 
emphasize the importance of chain microstructure configurations 
and their sequence distributions, since chemical compositions of the 
alternating copolymers are fixed. The sulfur-cured poly(methy1ene- 
- co-butadiene) has a very highly positive temperature coefficient in 
comparison with the peroxide cured samples. It is not likely that 
this is due to its slightly higher trans content than the other PMB. 
It is also not likely to be attributable to the possible differences in 
degrees of crosslinking, since for poly(propy1elie-co-butadiene) 
in Table 2 and for a number of other elastomers [ %] the degree 
of crosslinking is not found to be a factor in affecting the values 
of the temperature coefficient. The only other possible source of 
discrepancy appears to be the nature of the crosslink. In the case 
of natural rubber, sulfur-cured samples usually have lower values 
of d In (r:)/dT than the peroxide-cured ones [ 311. The exact 
cause for this observation is, however, difficult to ascertain. 

In conclusion, we can state that the thermoelastic behavior of 
copolymers is in general not related to that of the component homo- 
polymers in a simple manner. Further theoretical work is indicated 
for the elucidation of the observed phenomena. 
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