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ABSTRACT: Two butadiene polymers were used in this investigation, one with 98.5% cis-1,4 
units and the other with an approximately equibinary mixture of cis and trans units. Elastomeric 
networks prepared from these polymers were studied in elongation, in both the swollen and 
unswollen states over the temperature range -30 to 95°C. There is evidence for crystallization in 
these networks, particularly as manifested by marked increases in birefringence at relatively low 
elongations and at temperatures as high as 40°C. As expected, the birefringence and related 
quantities were found to be more sensitive to crystallization than the force, with the optical
configuration parameter and the stress-optical coefficient showing the greatest sensitivity. In the 
case of the cis-trans copolymer, the crystallization involves trans sequences, which are of relatively 
high melting point, and thus occurs at a temperature higher than for the lower melting cis sequences 
in the high-cis networks. The results which were free from the effects of network crystallization were 
used to calculate values of the temperature coefficient of the unperturbed dimensions of the chains, 
and values of the optical-configuration parameter. These configuration-dependent properties were 
found to be in satisfactory agreement with previously published theoretical results based on a 
rotational isomeric state model of these chain molecules. 
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One of the most important classes of elastomeric 
materials is that prepared from the polybutadienes. 1 

A wide variety of elastomers of this type are avail
able because of the nature of the repeat unit, which 
can adopt either the cis-1,4, trans-1,4 or vinyl-1,2 
forms depending on the catalyst used to prepare 

the polymer.2 •3This variability can obviously have a 
profound effect on the crystallizability of these 
networks and is therefore of great importance with 
regard to their mechanical properties. It is also of 
interest to theorists4 - 6 seeking to understand the 
effect of structure on statistical properties through 
rotational isomeric state calculations.7 

in the networks (in both the stretched and un
stretched states). This crystallization could involve 
both sequences of cis units (having a melting point 
of tm 0 of ooqs - 10 and trans units (which can 
crystallize in two modifications, having tm o = I 00 
and 146°C, respectively)8 - 10 The (maximum) melt
ing point tm of a butadiene cis-trans copolymer 
can therefore be calculated from the appropriate 
values of tm o and the heats of fusion of the pure 
comonomers, 8 - 11 through use of the standard 
Flory theory9 •12 of the melting point depression. 
The basic equation (for either cis or trans sequences) 
is 

One question of importance which is particularly 
relevant to the mechanical properties of butadiene 
elastomers is the amount of crystallization occurring 

* Postdoctoral Fellow under the Joint Spain-United 
States Treaty for Scientific and Technological Coopera
tion. 

where T's are absolute temperatures, R is the gas 
constant, I':J.H" is the heat of fusion per mol bfrepeat 
units, and p is the probability for their replication 
along the chains. In the case of a perfectly random 
cis-trans copolymer, p would be equal to the mol 
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Figure 1. The dependence of the (maximum) melting 
point of random-sequence cis-trans butadiene copoly
mers on the fraction of trans units, as calculated from 
the standard theory12 of melting point depression. 
Except for the small region X,< 0.15, the maximum tm is 
that of the trans rather than cis sequences. 

(or wt) fraction X; of units of the specified type. The 
results of typical calculations are shown in Figure I, 
where Xrr is the mole fraction of trans units. (The 
values ofT m o and AHu chosen for these units are for 
the lower-melting modification.8 - 10 Similar calcu
lations for the higher-melting modification indicate 
that because of its lower AHu, its melting point in 
these copolymers remains higher only for relatively 
high trans contents (X,,> 0. 72). This composition 
range is of no relevance in the present 
investigation). 
The line to the left in the Figure represents the 
melting point depression curve for the trans units, 
and that to the right the one for the cis units. Thus, 
except for very high cis content, the maximum 
melting point of a cis-trans copolymer is that of the 
trans sequences. 

The above considerations are relevant to a recent 
experimental study on butadiene elastomers by 
Dossin and Graessley, 13 in which elongation moduli 
were used to estimate the effect of inter-chain 
entanglements. It was there assumed that network 
crystallization was totally absent at 25°C, in spite of 
the fact that the extraordinarily long periods of time 
required13 to reach elastic equilibrium strongly sug
gest14 network crystallization, with annealing oc-

effect even small crystallites could have by increas
ing the effective degree of crosslinking in the net
work. The butadiene elastomers investigated had 
average values of X, of 0.38, 0.45, and 0.51; the 
remaining units were cis (0.55, 0.47, 0.40) and vinyl 
(0.07, 0.08, 0.09)_13 According to Figure 1, these 
compositions would give melting points of approx
imately 30, 40, and 50°C, respectively. In addition, 
there could be a tendency for trans-sequence re
plication in butadiene copolymers (p >X,,), and 
even if there isn't, there is of course a range in values 
of the trans sequence lengths in any butadiene 
copolymer. Thus, thermodynamics, 12 as embodied 
in the results shown in Figure I, clearly indicates 
that a butadiene cis-trans copolymer having an 
average composition corresponding to X,,=0.5 
could have some crystallites persisting up to tem
peratures well above 60°C. As is well known 
stretching of such a network would cause 
increases in Tm. 9 •16·17 

The present investigation addresses several of 
these issues. Specifically, two butadiene elastomers 
having X,;s=0.985 and 0.430 are studied in elon
gation, in both the swollen and unswollen states, over 
the temperature range - 30 to 95°C. The experi
ments involve measurements of both the elastic force 
and birefringence (which is extremely sensitive to 
crystallization), 18 - 22 primarilyunderthecondition of 
constant length. The results are scrutinized for 
evidence of network crystallization, and how it 
depends on chemical composition, degree of cross
linking, temperature, elongation, and presence of a 
swelling agent. (Such crystallization was readily 
detected by such measurements on several ethyl
ene-propylene chemical copolymers.23 It should be 
considerably less pronounced in the present case 
judging from the differences in the melting points of 
the two systems, and differences in the discrepancy 
(probably from network crystallization)23 between 
theoretical24,25 and observed13 •26 values of the elon
gation modulus.) The data obtained under con
ditions where there is no evidence of cyrstallization 
are used to calculate values of the temperature 
coefficient of the unperturbed dimensions of the 
network chains, and values of the optical
configuration parameter. These values are then 
compared with the other experimental results and 
with the predictions of rotational isomeric state curring during these extended periods of time. 15 

This is a serious assumption in view of the large theory. 
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EXPERIMENTAL DETAILS 

Materials 
The first butadiene polymer employed was gen

erously provided by Professor S. Cesca of the 
Snamprogetti Laboratories (Milan, Italy). It was a 
high molecular weight sample which had been 
prepared with a special uranium catalyst27 •28 so as 
to have an extremely high cis content of 98.5%.29 

The second polymer was a commercial sample 
(SOLPRENE® 255 polybutadiene) kindly contri
buted by Dr. G. Kraus of the Phillips Petroleum 
Company, and was prepared using a standard n

butyl lithium catalyst in the non-polar solvent cy
clohexane.30 This polymer was a cis-trans copoly
mer having 47% trans, 43% cis, and 10% vinyl 
groups30 and should be very nearly identical to 
the samples used in the previous investigation. 13 

Both samples were purified by precipitations into 
a non-solvent followed by extensive drying under 
vacuum. These samples were designated polymers 
A and B, respectively. 

The solvents chosen for the networks to be 
studied were reagent-grade 1,3,5-triethylbenzene 
and decalin, chosen for their relatively high boiling 
points31 (low volatility). More than one solvent was 
chosen since it was known that different solvents 
can have different effects on the optical properties of 
a swollen network.21 ·32 - 37 

This information is summarized in the first five 
columns of Table I. 

The Density and Index of Refraction 
The values of the density p at 20°C for the two 

polymers and two solvents were obtained from the 
literature,31 ·38 - 40 and are given in column six of 

Table I. Similarly obtained values39·41 of the cubical 
thermal expansion coefficient f3 for the two (un
swollen) polymers in the vicinity of 25°C are given 
in the following column. 

The index of refraction of the high-cis polymer 
was taken from the literature,39 but had to be 
experimentally determined in the case of the cis
trans copolymer. A thin film of the B sample was 
therefore obtained using a hydraulic laboratory 
press with plates heated to l00°C. A precision Abbe 
refractometer was used to determine its values of 
the index of refraction n0 at the sodium D line, at the 
temperatures of interest in the present investigation. 
Similar measurements were carried out on the two 
solvents. All the results, expressed in terms of the 
constants a and b in the expression n0 =a- bt (°C), 
are given in the last two columns of Table I. 

Preparation of the Networks 
Portions of the two butadiene samples were 

pressed into aluminum molds at l00°C, and the 
molds were then carefully sealed and irradiated at 
room temperature with y radiation from a 6°Co 
source. One network sheet (AI) was thus prepared 
from the first sample, using a dose of 21 Mrad, 
and two (Bl-2) from the second, using doses of 
12 and 21 Mrad, respectively. Each sheet was 
extracted in benzene for I week and then dried 
under vacuum. Strips having the appropriate 
dimensions 0.1 x 0.5 x 2.0 em were cut from each 
of the sheets for the elasticity measurements. 

Apparatus 
The apparatus employed was standard for these 

types of force-birefringence measurements, and is 
described in detail in the literatureY.42 Briefly, the 

Table I. Characteristics of butadiene polymers and swelling diluents 

% Composition Tba pb 103 /3' 
Materials ad 104bd 

cis trans Vinyl oc g cm- 3 K-1 

Polymer Ae 98.5 1.5 0.0 0.960h· i 0.68' 1.5341' 3.560' 
Polymer B' 43.0 47.0 10.0 0.896i 0.75k 1.5241 3.966 
1 ,3,5-Triethylbenzene 216" 0.863" 1.5004 4.712 
Decalin 190g 0.896" 1.4832 4.714 

a Boiling point, at 1 atm pressure. b Density, at 20oC. ' Cubical thermal expansion coefficient. d Constants for index 
of refraction n0 =a-bt, with tin °C. e Snamprogetti laboratory sample.' Phillips SOLPRENE® 255. g Reference 
31. h Reference 38. ' Reference 39. i Reference 40. k Reference 41. 

Polymer J., Vol. 13, No. 6, 1981 545 



1. E. MARK and M.A. LLORENTE 

light source was a 3mW 632.8nm He-Ne laser 
(Oriel Corporation), the polarizer and analyzer 
were Glan-Thompson prisms (Karl Lambrecht 
MGT 25EIO), the compensator was the Babinet
Soleil type (Karl Lambrecht BS0-13-1), the de
tector was a Photometer/Radiometer working with 
a silicon light probe (Karl Lambrecht 1030 and 
PllOlS), and the optical bench and accessories were 
obtained from the Oriel Corporation. The glass 
sample cell had a double-wall jacket, thus per
mitting temperature control by circulation of a 
water-methanol solution through those parts of the 
cell not in the path of the laser beam. Temperatures 
were measured by a thermocouple located as close 
as possible to the sample strip. The elastic forces 
were measured using a Statham "strain" gauge, the 
signal of which was monitored by a Linear 
Corporation recorder. 

Mechanical and Optical Measurements 
The network strip being studied was mounted 

between two clamps within the cell, the lower one 
fixed and the upper one attached to the strain gauge. 
In the case of the unswollen samples, the strip was 
extended to the lowest desired value of the elon
gation rx=L/Li, at 40-50°C. Typically, about two 
days were required to establish equilibrium at this 
temperature. The temperature was then increased 
to the highest value to be employed, generally 90°C. 
Equilibrium was re-established after approximately 
2 h, and the values of the elastic force f and bire
fringence An were recorded. The temperature was 
then decreased, equilibrium re-established (after 
approximately 0.5 h), and the new values of/ and 
An recorded. After the lowest temperature desired 
was reached by this scheme, the temperature was 
increased in several steps to check the reversibility 
of the experiments. Although this type of regimen at 
constant length is considered the most reliable,36 a 
few experiments were conducted by varying the 
length at constant temperature. 

In the case of the swollen networks, it was more 
convenient to reverse the above basic procedure, by 
beginning the measurements at the lowest of the 
temperatures to be employed. 

One strip of network B2 was studied using a 
Rheovibron Viscoelastometer in order to see if there 
were any viscoelastic losses which might be in
dicative of network crystallization. In the case of the 
swollen networks, the usual length-temperature 
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measurements were used to obtain values of the 
thermal expansion coefficient {3. 

RESULTS AND DISCUSSION 

All of the force-temperature ("thermoelastic") 
results were interpreted in terms ofln(f*/T), where 
f* = f I A* is the nominal stress, A* is the uncle
formed cross-sectional area of the sample, and Tis 
the absolute temperature. Typical results for the AI 
networks are shown in Figure 2, and the cor-
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Figure 2. Typical thermoelastic results, at constant 
length, for AI networks (of high-cis polybutadiene). The 
open symbols show the results obtained upon decreasing 
the temperature, and the filled symbols, the results 
obtained upon subsequent increase in temperature to 
check for reversibility. Each curve is labelled with the 
volume fraction of polymer present in the network, and 
the elongation at 25oC. Additional details are given in 
Table II. 
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Figure 3. Thermoelastic results for the (unswollen) Bl 
and B2 networks (of the cis-trans butadiene copolymer). 
See legend to Figure 2, and the corresponding entries in 
Table II. 
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responding results for the B 1 and B2 networks in 
Figure 3. Values of the volume fraction v2 of 
polymer in the networks during the measurements, 
and values of the elongation a used in all of the 
experiments are given in columns three and four of 
Table II. The curves obtained are seen to be highly 
reversible, as is required for the subsequent thermo
dynamic and molecular analysis. The observed de
viations from linearity in the case of the Al net
works correspond to marked decreases in the force, 
and are clearly due to network crystalli
zation.17·43-45 Very similar decreases infhave been 
reported for highly crystallizable networks of na
tural rubber46 as well as high-cis polybu
tadiene.17·47·48 As shown in Figure 2, the anomalous 
behavior is suppressed in the case of the networks 
containing diluent, which acts to decrease the 
amount of crystallinity through decrease in Tm.49 

This thermoelastic method is however apparently 

not sensitive enough to detect any crystallinity in 
the B 1 and B2 networks. 

In view of the above analysis, only the linear 
portions of the thermoelastic curves could be used 
to obtain values of the fraction felf of the force 
which is energetic in origin and the temperature 
coefficient dIn (r 2 ) 0ldT of the unperturbed dimen
sions.7 The average values of the (absolute) tempera
ture for these regions are given in column five of 
Table II. The slopes of these linear portions of the 
curves were interpreted using the standard 
equations, 50 - 52 

lei!= Tdln (r 2 ) 0 ldT 

=- T[8ln(f*IT)18T]p.L (2) 

- f3TI(a 3 - 1) 

The values of felf and 103 dIn (r 2 ) 0ldT thus ob
tained are given in the last two columns of Table II. 

Table II. Thermoelastic results 

Dose f 
Network v' 2 

C(b 

Mrad K 

AI 21 1.00 1.270 313.2 
1.364 313.2 
1.618 313.2 
1.517 313.2 

B1 12 1.00 1.311 298.2 
1.414 298.2 
1.622 298.2 

B2 21 1.00 1.330 298.2 
1.370 298.2 
1.619 298.2 

AI' 21 0.218 l.i91 298.2 

B2' 21 0.196 1.207 283.2 

B2d 21 0.555 1.238 283.2 
0.443 1.231 283.2 
0.310 1.176 283.2 
0.277 l.i21 283.2 
0.184 1.205 283.2 

' Volume fraction of polymer in the network during elasticity measurements. 
b Elongation at 25°C. 
' Swollen with 1,3,5-triethylbenzene. 
d Swollen with decalin. 
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103 d ln<r2 ) 0 /dT 

loll 
K-' 

0.44 1.42 
0.26 0.84 
0.17 0.53 
0.29 0.94 

0.23 0.77 
0.12 0.39 
0.01 0.03 

0.06 0.21 
0.10 0.34 
0.04 0.14 

0.17 0.58 

0.06 0.22 

0.09 0.31 
0.28 0.98 
0.19 0.67 
0.23 0.80 
0.03 0.08 
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For the high-cis polymer, the data yield the average 
result 103 dln(r 2 ) 0 /dT=0.86 (±0.32), in satisfac
tory agreement with values reported in some other 
experimental studies,53 •54 and with the results4 •6 of 
rotational isomeric state calculations. The positive 
values of fe/ f are primarily due to the fact that 
stretching a high-cis polybutadiene network re
quires transitions from relatively compact ± 60°, 
± 60° conformational states about CH-C2H2-CH 
bond pairs to more extended ± 60°, oo and oo, ± 60° 
states of higher energy.4 Similarly, (r 2 ) 0 increases 
with increase in temperature primarily because the 
absorption of the thermal energy requires an in
crease in the number of higher-energy confor
mations, and these are the more extended states.4 

The average values of !elf and 103 dIn (r 2 ) 0/dT for 
the cis-trans copolymer were found to be 0.12 
(±0.09) and 0.39 (±0.32) K- 1 , respectively. These 
values are thus significantly smaller than those 
obtained for the high-cis polymer, an observation 
which is also in agreement with rotational isomeric 
state calculations.6 

The birefringence results obtained on some of the 
unswollen AI newtworks are presented in Figure 4, 
and all of the results on the unswollen Bl and B2 
networks in Figure 5. These results generally show 
the same high degrees of reproducibility found in 
the thermoelastic results. As expected,21 - 23 !1n in
creases markedly when crystallization occurs, and 
then frequently exhibits considerable hysteresis. The 
changes in !1n are generally considerably larger than 
those observed for the force, and thus, !1n is found 

3.2 

2.8 
c: 
<I 
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1.6 
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t ,°C 

Figure 4. Strain birefringence shown as a function of 
temperature for some (unswollen) AI networks, includ
ing reversibility checks. The increase in J}.n and the 
hysteresis exhibited at low temperatures are characteris
tics of network crystallization. 21 •23 
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to be a much more sensitive measure of network 
crystallization. Some crystallization is now clearly 
in evidence in the case of the cis-trans polymer and, 
on the basis of Figure 1, may be attributed to trans 
sequences. It is interesting to note that this occurs 
approximately 45° above its occurrence in the high
cis polymer, which is consistent with crystallization 
of trans rather than cis sequences, as expected. In 
any case, it is important to note that the cis-trans 
copolymer exhibits some departures from linearity 
at temperatures as high at 40°C. The viscoelastic 
losses observed in this temperature range are quite 
ambiguous, but are suggestive of network crystal
lization. 

These results were also used to calculate the 
values of the optical-configuration parameter de
fined by36 •55 

1'1a= (45 kT/2n)[n/(n2 + 2)2][1'1n/(f/ A)] (3) 

where k is the Boltzmann constant, and A is the 
cross-sectional area of the stretched sample (and 
f/A is thus the "true" stress). Representative values 
for both the B networks in the unswollen state are 
given in Figure 6, and are seen to be independent of 
both the degree of cross-linking and elongation. 

c: 
<I 

Q 

-20 0 20 40 60 80 

t • oc 
Figure 5. Strain birefringence shown as a function of 
temperature for the (unswollen) Bl (0) and B2 (,6) 
networks, including reversibility checks for both net
works. The short extensions of the linear portions of the 
curves help locate the values of the temperature at which 
deviations from linearity first become discernible. 
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Figure 6. The optical-configuration parameter, for re
presentative elongations of the (unswollen) B I and B2 
networks. 
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Figure 7. The optical-configuration parameter for net
work AI in the unswollen state (Lj.) and swollen with 
1,3,5-triethylbenzene (volume fraction of polymer 
v2 =0.218) ( J\), and network B2 in the unswollen state 

(0) and swollen with the same diluent (v2 =0.196) (U). 
The corresponding values of the elongation are given in 
Table III. 

Typical values of !1a for the AI and B2 networks in 
the unswollen and swollen states are shown in 
Figure 7. Both types of network give clear evidence 
for crystallization in the unswollen state; it is not as 
pronounced in the case of the cis-trans copolymer, 
which is consistent with a lower degree of crystal
linity. This quantity is particularly sensitive to 
crystallization, which increases 11n and decreases j; 
since these two quantities appear in the numerator 
and denominator, respectively in the defining re
lationship for 11a. The presence of diluent is seen to 
suppress the crystallinity in both cases, as expected. 

All of the above results indicate that significant 
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Figure 8. More detailed comparisons between the 
optical-configuration parameter for the swollen and 
unswollen B2 networks. In the case of the network 
swo.ilen with 1,3,5-triethylbenzene, the value of the vol
ume fraction v2 of polymer in the network was 0.196; for 
the decalin-swollen networks the three representative 
curves correspond to v2 = 0.555 (0), 0.310 (U), and 
0.184 (e). Values of the elongation for all of the curves 
are given in Table III. 

amounts of crystallization are present in the cis
trans copolymers, at low elongations, and can per
sist to relatively high temperatures. If present in 
small crystallites, in relatively small amounts, this 
crystallization would probably not be detected by 
less sensitive techniques such as X-ray diffraction 
or differential scanning calorimetry. In addition, the 
thermodynamic analysis summarized in Figure I 
indicates that such crystallization is very likely to be 
present even in the unstretched networks. Similar 
comments have been found to apply23 to ethylene
propylene networks.26 These results therefore 
strongly support Flory's contention14 that the un
usually high values of the modulus reported13 •26 for 
some networks should be attributed to reinforcing 
effects from network crystallization rather than to 
highly speculative contributions from inter-chain 
entaglements.56 - 63 It would thus seem to be ex
tremely difficult to use cis-trans butadiene13 or 
ethylene-propylene26 elastomers for evaluating the 
molecular theories of rubberlike elasticity, at least 
when the networks are in the unswollen state. Far 

549 



J. E. MARK and M. A. LLORENTE 

Table III. Temperature dependence of the strain birefringence 
and optical-configuration parameter• 

Network Vz ()( 

AI 1.00 1.270 
1.364 
1.618 
1.517 

Bl 1.00 1.311 
1.414 
1.622 

B2 1.00 1.330 
1.370 
1.619 

AI 0.218 1.191 

B2 0.196 1.207 

B2 0.555 1.238 
0.443 1.231 
0.310 1.176 
0.277 1.121 
0.184 1.205 

a See footnotes to Table II. 

better in this regard are poly(dimethylsiloxane) 
networks,62 - 64 which have extremely low melting 
points, 11 or poly( ethyl acrylate) networks/ 4 which 
have never been reported to crystallize at allY 

The effect of swelling on for the B2 networks is 
explored in more detail in Figure 8. The lowest 
values of are considered the most reliable.32 - 37 

and thus the ones to be used for comparisons with 
the results of rotational isomeric state calculations. 
Therefore, for example, the preferred value of 
for the cis-trans copolymer at 50°C is 5. 78 x 10- 24 

cm3 . Frequently the temperature dependence of a 
configuration-dependent property is of greater in
terest than the property itselC For this reason, the 
values of the temperature coefficients of and 
are separately presented in Table III. 

A final quantity of interest is the stress-optical 
coefficient, which is defined by21 "22 '36 '42 '55 

(4) 

and is thus simply the slope of a plot of the 

550 

-106 d !injdT -1026 d !iajdT 

K-1 cm3 K- 1 

1.66 -0.31 
1.87 -0.31 
1.43 -0.37 
1.59 -0.35 

1.69 0.74 
1.79 0.90 
1.47 0.71 

2.96 0.71 
2.74 0.57 
2.41 0.29 

0.51 -0.49 

0.53 0.19 

0.89 0.24 
1.21 0.22 
0.60 0.07 
0.69 0.01 
0.38 0.14 

birefringence against the true stress. Typical results 
for the Al networks are presented in Figure 9. The 
complete set of values of C thus obtained are given 
in Table IV, and representative values are shown as 
a function of temperature in Figure 10. They are 
seen to be independent of degree of cross-linking, as 
expected.21 •42 It is interesting to note, however, that 
the dependence of C on temperature for the B 
networks is non-linear over essentially the entire 
range investigated. This is presumably due to the 
fact that the stress-optical coefficient (like the 
optical-configuration parameter) is extremely sen
sitive to crystallization because of simultaneous 
increases in the numerator and decreases in the 
denominator in the defining relationship C= 

The present results are compared with other 
experimental results in the literature39 •40 in Table V. 
The agreement is seen to be very good. The most 
reliable (lowest) values of 1024 for the high-cis 
and cis-trans copolymer at 50°C are 6.52 and 5.78 
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Figure 9. Typical results (obtained on network AI) 
showing the dependence of the birefringence on the true 
stress, from experiments carried out by varying the 
temperature at constant length. The slope of each curve 
is the stress-optical coefficient C. 

Table IV. Values of the stress-optical 
coefficient C' at various temperaturesb 

Network 0 

AI 3.39 
Bl 4.22 
B2 4.06 

a In 10- 3 (N/mm2)- 1 • 

b In "C. 

20 

3.16 
3.73 
3.70 

40 60 

2.97 2.82 
3.33 3.07 
3.34 3.11 

80 

2.67 
2.89 
2.92 

;;...... 
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-  
6 

(.) 
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3.0 

0 20 40 60 80 
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Figure 10. The temperature dependence of the stress
optical coefficients for the AI (6) and (the averaged) B1 
and B2 ( 0) networks. 

cm3 , respectively. They are in good agreement with 
the (minimum) values of 5.35 and 5.68, respectively, 
reported by Stein and coworkers21 for some poly
butadiene networks having similar compositions, 
and swollen in a variety of solvents. They are also in 
satisfactory agreement with the corresponding 
values calculated from the rotational isomeric state 
theory, specifically 5.88 and 5.83, respectively.6 The 
experimental values of the temperature coefficients 
of /',.a will require separate interpretation in a later 
investigation. 

A few final experiments were carried out by 
varying the network length at a constant tmperature 
of 2SOC. These results were interpreted in terms of 
the modulus or reduced stress [/*]= f*/(rx-rx- 2 ), 

as is illustrated in Figure 11. In the case of the high
cis network, the abrupt decrease and subsequent 
increase in [/*] are due to strain-induced crystalli
zation.17·44·45.47·48.65 Of greater interest, however, 
are the values of the low deformation modulus 

Table V. Comparisons with results of other birefringence experiments 

a Reference 39. b Reference 40.' In 10- 3 (N/mm2)- 1. d In 10- 24 cm3.' Swollen networks. 
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Figure 11. Stress-strain isotherms for the A I (6) and 
B2 ( 0) networks at 25oC. Abrupt changes in modulus in 
the case of network AI are due to strain-induced 
crystallization.' 7 .47 •48 •65 

2C1 + 2C2 of the cis-trans copolymer. Swelling these 
networks in decalin to very small values of v2 was 
found to decrease the modulus from approximately 
0.6 to 0.1 N mm- 2 . Although difficult to interpret 
quantitatively, this decrease is much larger than 
would be expected,24 •25 •59 and is consistent with the 
presence of crystallization and crystallite reinforce
ment in the case of the unswollen networks. 
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