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ABSTRACT: Model networks of the polyurethane-type were prepared by end-linking 
hydroxyl-terminated poly(s-caprolactone) chains with an aromatic triisocyanate. The chains had 
number-average molecular weights M. in the range 570-1950g mo1- 1 , and the reactions were 
carried out in the undiluted state. The trifunctional networks thus obtained were studied with regard 
to their stress-strain isotherms in both the unswollen and swollen states, in elongation at 25°C. 
Values of the high deformation modulus fell between the limits predicted for the non-affine 
deformation of a "phantom" network and the affine deformation of a network in which the cross
links are firmly embedded in their surroundings. As expected, the values of the low deformation 
modulus were much closer to the affine limit. 
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"Model" polymer networks are those which have 
been prepared with careful control over the cross
link functionality </J and the average molecular 
weight Mc between cross-links.1 This is usually 
achieved by synthesizing bifunctionally-terminated 
chains, measuring their number-average molecular 
weights M., and then end-linking them essentially 
quantitatively with a cross-linking reactant of 
functionality three or greater. The resulting net
works thus have cross-links of functionality equal to 
that of the cross-linking agent, and values of Mc 
corresponding to the values of M. of the chains 
prior to their end-linking into the network structure. 

Elastomeric networks of this type may be used to 
test the molecular theories of rubber-like elas
ticity ,2-6 particularly with regard to the very 
important modulus in elongation. The values 
predicted for this modulus depend on how closely 
the elongation deformation approaches the ideali
zation of an affine deformation, in which the 
displacements of the cross-links are assumed to be a 
simple linear function of the macroscopic strain. 
Comparisons of experimental and theoretical values 
of the modulus can thus be used to elucidate the 
nature of the elastic deformation in the regions of 

high and low elongations. 1·7 

Such comparisons between experiment and 
theory have been carried out in the present 
investigation, using model networks of the poly
urethane type 7 - u prepared by end-linking poly(e-

0 
II 

caprolactone) (PCL) chains12 [(CH2)sCO] with a 
specially prepared triisocyanate. This polymer is 
crystallizable, with a (maximum) melting point of 
approximately 60°C. 13 Strain-induced crystalli
zation14 was suppressed, however, at least for small 
and moderate deformations, by incorporation of a 
non-volatile diluent in the networks during the 
stress-strain measurements.15 

EXPERIMENTAL DETAILS 

The PCL bifunctional polymers employed were 
four samples generously provided by Dr. J. V. 
Koleske of the Union Carbide Corporation, S. 
Charleston, WV. Their designations were NIAX 
Polyols PCP 200, 210, 230, and 240, with specified 
approximate values of M" of 530, 830, 1250, and 
2000 g mo! -i, respectively. More accurate values 
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Table I. Elastomeric properties and structural characteristics of the poly-
(a-caprolactone) networks 

10-3 Mn 
Isotherm 

2C1 2C2 

v;c vb A3 A; 2 designation 
g mol- 1 Nmm- 2 Nmm- 2 

0.570 0.999 1.000 2.47 1.23 0.530 0.794 
0.775 2 2.87 0.6IO 0.615 
0.558 3 2.98 0.491 0.639 

0.910 0.992 1.000 4 2.15 0.375 0.740 0.871 
0.853 5 2.06 0.424 0.709 
0.459 6 2.19 0.152 0.754 

1.31 0.984 1.000 7 1.40 0.779 0.698 1.09 
0.766 8 1.39 0.802 0.693 
0.394 9 1.33 0.664 0.663 

1.95 0.972 1.000 10 0.957 0.850 0.718 1.36 
0.623 11 0.861 1.01 0.646 
0.450 12 0.788 1.05 0.591 
0.402 13 0.800 0.992 0.600 

• Volume fraction of polymer incorporated in the network structure by the end-linking reacti@n. 
b Volume fraction of polymer in the network (swollen with phenyl acetate) during the stress-strain measurements at 

25°C. 

were obtained using a Knauer 1001-A vapor 
pressure osmometer which had been calibrated 
using solutions of highly purified benzil. All 
measurements were carried out at 36°C, with 
chloroform as solvent. The concentrations of the 
PCL solutions ranged from approximately 0.3 to 
5.0g d1- 1, and the resulting values of 10- 3 Mn are 
given in the first column of Table I. 

These hydroxyl-terminated chains were end
linked using the aromatic triisocyanate 

OCN-@-cHr-©c·NCO 

CHr@--NcO 

which had been specially prepared and generously 
provided by Dr. D. H. Chadwick of the Mobay 
Chemical Company, New Martinsville, WV. The 
urethane end-linking is an addition reaction, which 
may be represented schematically as 

O=C=N N=C=O 
""'-/ X + 3 HO=OH ----> 

9 9 
HOvv-.OC-Hrl \ /NH-CO-OH 

X 
I I 
N=C=O NH-CO-OH 

' 0 

(1) 
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Both the polymer and the triisocyanate were 
exhaustively dried by heating under vacuum. 
Amounts of the two components corresponding to 
stoichiometric equivalence of OH and NCO groups 
were then mixed and placed into Teflon-lined 
aluminum molds. The end-linking reaction was then 
carried out under vacuum at 95°C, for 50 h, as 
described previously.7 

The resulting networks were extracted with gently 
stirred benzene for 6 h at 60°C and were then dried. 
The soluble portion amounted to approximately 1% 
of the original weight of a network; the precise 
values of v2c, the volume fraction of polymer 
incorporated in the network structure, are given in 
the second column of the Table. The stress-strain 
isotherms were obtained on strips cut from the 
various network sheets, using standard tech
niques, 16·17 at a temperature of 25°C. For each 
polymer, one isotherm was determined in the 
unswollen state, but all of the others in the swollen 
state, in order to suppress strain-induced crystalli
zation. The diluent used for this purpose was phenyl 
acetate; its relatively high boiling point (196°C) 
assured only negligible losses of diluent during the 
stress-strain measurements at 25°C. The extent of 
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dilution was characterized by v2 , the volume 
fraction of polymer in the swollen network. The 
values employed are given in column three of the 
Table. The strips had unswollen cross-sectional 
areas A* of approximately 3 mm2 , and the lengths of 
the central test portions of the strips were approx
imately 20 mm. Stress-strain measurements were 
made using a sequence of increasing values of the 
elongation or relative length of the sample (J. = L/ 4 
with some inclusions of values out of sequence to 
test for reversibility. Values of the elastic force f 

were recorded only after they had become sensibly 
constant, and the elongation was generally m
creased to the rupture point of the sample. 

RESULTS AND DISCUSSION 

The stress-strain data were treated in the usual 
manner. 16 - 18 Specifically, the values of the elastic 
modulus or reduced stress, 

(2) 

were plotted against reciprocal elongation, as 
suggested by the semiempirical equation of Mooney 
and Rivlin, 

(3) 

in which 2C1 and 2C2 are constants independent of 
(J.. 19 Typical isotherms are shown in Figure I. 
Several isotherms show an upturn in [/*] which is 
presumably due to strain-induced crystallization, as 
is generally15 (but not always)20•21 the case. The fact 
that the other isotherms showed no upturn indicates 
that at these values of the network chain length, 
rupture occurred before the reinforcing effects of 
the crystallites became large enough to be discern
ible. The decrease in [/*] just prior to its increase, 
which was very pronounced in one case, has been 
observed previously for other crystallizable polymer 
networks. 14 Also, as expected, the desired elastic 
reversibility was obtained only for elongations 
below the value producing a discernible amount of 
crystallization. In any case, the only point of direct 
relevance here is the fact that there are sufficient 
data in all cases to provide values of the constants 
2C1 and 2C2 characterizing the linear portions of 
the isotherms. These values were obtained by least
squares analysis, and are given in columns five 
and six of the Table. The constant 2C1 respresents 
the value of the modulus in the limit at large 
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Figure 1. Representative stress-strain isotherms for 
the PCL networks in elongation at 25°C; the labels on 
the curves are the isotherm designations in Table I. 
Results obtained using a series of increasing values of the 
elongation ex are located by the open symbols. The other 
results, shown by the filled symbols, were obtained using 
values of ex out of sequence in order to test for 
reversibility. All isotherms were located by least
square analysis, and the vertical lines locate the rupture 
points of the networks. 
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Figure 2. The modulus in the limit at very high 
elongation shown as a function of reciprocal molecular 
weight. The filled and unfilled circles refer to results 

obtained in the unswollen and swollen states, re
spectively. The two additional lines show the theoretical 
prediction for the non-affine deformation of a "phan
tom" network, and the affine deformation of a network 
in which the cross-links are firmly embedded in their 
surroundings.2 •6 

deformation ((J.- 1 ---->0), and 2C1 + 2C2 its value in the 
limit at small deformation ( (J.- 1 ----> 1). 

The values of 2C1 are shown as a function of 
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reciprocal molecular weight in Figure 2. The two 
theoretical curves shown were calculated from the 
equation1 - 3 

(4) 

in which A3 is the "structure factor" for the 
trifunctional networks, p is the density of the 
network, R is the gas constant, and T is the 
absolute temperature. The value of A3 is predicted 
to be unity in the case of an affine deformation and 
(1-2/4>)=1/3 in the case of the very non-affine 
deformation associated with a phantom net
work.2-6 The experimental results are seen to be 
intermediate to these two extremes. This suggests 
that at least over this molecular weight range, the 
network cross-links do undergo some fluctuations, 
but apparently not to the extent of those in a 
phantom network. It is also conceivable, of course, 
that some strain-induced crystallization occurred 
even in the linear portions of the isotherms, thereby 
increasing the observed values of 2C1 •14 In any case, 
the experimental values of A3 calculated from eq 4 
are given in column seven of the Table, and yield the 
results A3 =0.66 (±0.06). 

It is also of interest to consider the 2C1 intercept, 
which corresponds to an infinite molecular weight 
between cross-links. Of particular importance is the 
comparison of the experimental value of the 
intercept with that predicted on the asumption that 
"inter-chain entanglements" which are "trapped" in 
a network structure contribute as effectively to the 
equilibrium modulus as they do to the plateau 
modulus observed in dynamic, viscoelastic measure
ments on the uncross-linked polymer. This would 
add to the modulus a contribution given by 

(5) 

where the entanglements are considered to be 
tetrafunctional and separated by the average molec
ular weight M 00 • 22·23 An experimental value of M 00 

for PCL is not available and, since this quantity 
does not correlate with structure in any obvious 
manner, it would be very difficult to predict one. 
Nonetheless, a reasonable guess would be that PCL 
has a value of M. 0 similar to that for poly-

0 0 
II II 

(decamethylene adipate) [(CH2 ) 10CO(CH2 ) 4 CO]. 
If M 00 is approximated as one-half of the critical 
molecular weight for entangling,22 then its 

838 

value would be 2500 g mo1- 1 Use of this value 
in eq 5 would predict a 2C1 intercept of 0.16 N 
mm- 2• The intercept observed from Figure 2 
is only 0.16N mm- 2 and, as has already been 
mentioned, may be due to strain-induced crys
tallization. The relatively small value of this inter
cept supports the conclusion1•7 •11 •17 that inter
chain entanglements do not make very large con
tributions to the equilibrium modulus of a net
work. 

In the case of the unswollen networks, it is also 
possible to provide a similar interpretation of the 
modulus in the limit at small deformation. The 
relevant structure factor A3 is defined by24 

2C1 +2C2 =A3pRTv~fM;; 1 (6) 

and should have values significantly larger than A3 ; 

in the limit of a perfectly affine deformation, A3 
should be equal to unity. 2 - 4 The experimental 
values for the four relevant isotherms gave A3 = 1.03 
( ± 0.22), in good agreement with theory. Thus, 
neither the high deformation nor the low defor
mation equilibrium moduli of the PCL networks 
provides any evidence for large contributions from 
inter-chain entanglements. 
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