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SYNOPSIS

A series of poly (ester-urethane) block copolymers were prepared via a two-step polymer-
ization process. The prepolymer composition was kept constant in all the samples, while
the NCO/OH ratio during extension was varied from 0.9 up to 1.2. By this way, chemical
and physical cross-links were constructed into the materials. Equilibrium stress-strain
measurements have been carried out for the examination of the elastomeric behavior of
the materials tested. Calculation of an extra entropy term resulting from the network
deformation is based on a first-principles derivation of the distribution function, taking
into account a new type of network constraints. The process yields the Mooney-Rivlin
equation and the constant C, as a function of physical cross-links.

INTRODUCTION

An important class of thermoplastic elastomers are
the segmented polyurethanes. These polymers have
the general structure (A—B), where B (the soft
segment ) is usually formed from a polyester or poly-
ether macroglycol of molecular weight up to 2000.
The hard segment A is formed by extending an ar-
omatic diisocyanate with a low molecular weight diol
such as 1,4-butanediol. The soft and hard segments
are relatively short blocks that alternate n times to
give a polymer of high molecular weight.!?

The segmented structure of polyurethanes is
characterized mainly by hydrogen bonding between
adjacent urethane groups. Hydrogen bonding causes
relatively strong interactions even when the hard
segments are very short. The polar nature of the
hard urethane segments results in their strong mu-
tual attraction, leading to domain formation. When
the diisocyanate content is in excess, chemical cross-
linking through allophanate linkages is also intro-
duced into the copolymer.? Both the existence of
hard domains through hydrogen bonding, namely,
the physical cross-linking and the chemical cross-
linking, are responsible for the elastic behavior of
polyurethanes.
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In this study, by keeping the molar ratio of OH
of polyester to NCO of aromatic diisocyanate con-
stant, prepolymer of same chain length is obtained.
By using different values of the NCO/OH ratio be-
low and above the stoichiometric one, linear ther-
moplastic and cross-linked polyurethane block co-
polymers have been prepared.

The purpose of this work is to study the elastic
behavior of all the above types of materials for the
determination of the influence of physical and
chemical cross-links as well as the contribution of
the amount and type of hard domains.

From the stress-strain data, the Mooney-Rivlin
curves are plotted and the values of constants C,
and C, are obtained from these plots.

The second term of the Mooney-Rivlin equation
has not been predicted by the classical theory of
rubber elasticity or the more contemporary theo-
retical approaches.*® Therefore, the molecular origin
of constant C, is still not known. It should be
stressed here that this term is not just a small cor-
rection term to the classical rubber elasticity term
since it has a substantial value because it is found
from the material tested.

In a recent work, Flory” attempted to calculate
C; by introducing an entropic term resulting from
the imposed constraints on the phantom network
junctions. This term is controlled by a ratio k of the
mean square fluctuation of a junction about its mean
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position in the phantom network to the mean-square
fluctuation allowed by the domain of constraint in
the state of reference. This analysis led to an extra
term that accounted approximately for C, but did
not give the Mooney-Rivlin strain dependence.

In the present work, the calculation of the en-
tropic term resulting from the network deformation
is based on a first-principles derivation of the dis-
tribution function, taking into account a new type
of network constraints. This process led exactly to
the Mooney-Rivlin equation and to the constant C,
strongly connected with the number of physical
cross-links. The amount of physical cross-links that
are constructed out of hydrogen bonding may be
studied by infrared spectroscopy, primarily in the
N—H stretching region. The N—H stretching re-
gion contains separate infrared bounds attributed
to “free” and hydrogen-bonded N—H groups. The
hydrogen-bonded N—H stretching mode displays
characteristic spectral perturbations such as fre-
quency shift and changes in intensity and band-
width.? These changes are indicative of the effect of
the introduced chemical cross-links on the physical
network.

THEORY

The constitutive theory of an incompressible elastic
body is based on the concept of the strain energy
density function, W. The problem of determining
the form of this stored energy function for rubberlike
materials has been examined from both the theo-
retical and experimental point of view by a large
body of research starting with the original work of
Rivlin and Saunders.*°

Many representations of W have been proposed.
Among these, the Mooney-Rivlin equation has
probably received the most attention. The form of
W as a function of the three principal extension ra-
tios, A1, Az, and Ag, has not been chosen completely
arbitrarily; but for a particular class of materials
that are considered to be isotropic in the unstressed
state and incompressible under whatever the stress,
the stored energy function W, which has been found
of particular interest, can be represented in terms
of two strain invariants, I; and I,, by the following
form'':

W= Ci(I, —3) + Co(lz — 3) (1)
where

L=M+N+ N (2)

1 1 1
L=NMN+MNME+MN=5+5+5 (3)

MOAN N
given that the third I3 invariant satisfies the con-
dition of incompressibility or constancy of volume:

Iy = NNA = (4)

This expression, which represents the most gen-
eral first-order relationship in I;I;, was originally
used by Mooney in 1940." This form of stored energy
function reduces to the equation furnished by the
statistical theory for C; equal to zero, but gives a
better fit to the experimental stress—strain curves.
Apart from the fact that this approach has not yet
been established theoretically,'? a lot of fundamental
objections exist about the way of attempting to asses
the significance of constant C,. First of all, the
Mooney-Rivlin constants obtained from uniaxial
tension experiments do not agree with those deter-
mined in other modes of deformation.!®!* Subse-
quent literature is very rich in data indicating that
C, depends on a lot of variables, 1*!6 such as the type
and extent of deformation, the time scale of exper-
iment, the temperature, the degree of swelling, the
degree of cross-linkage, the physical entanglements,
and the chemical nature of the polymer. However,
despite of the above-mentioned objections, we be-
lieve that some of those could be removed if a theo-
retical work based on first principles attempts to
calculate the entropy change of network deforma-
tion, taking into account the various constraints
imposed on the network chains.

For obtaining the complete form of the strain en-
ergy function W, we will follow a similar process
with the classical rubber elasticity theory based on
the Gaussian distribution function for the free ori-
enting chain. We start with an amorphous network
containing cross-linked long-chain molecules. In the
undeformed state, the network is assumed to occupy
a unit cube, which consists of N chains each with n
links and each link has an effective length b, and in
the undeformed state, the »th chain has an end-to-
end distance given by a vector R, having components
(x,, ¥,, 2,), connecting two junction points. Under
homogeneous strain, the unit cube is transformed
into a rectangular parallelepiped with edge lengths
equal to the principal extension ratios A;, Az, and
As. According to the affine deformation assumption,
each chain of the network will be deformed into the
state vector r, having components (x,, ¥;, 2,) given
by

x:) = )\lxm y; = >\2yw Z:, = A..">zv (5)



By calculating the total entropy of deformation for
the whole assembly of chains, classical rubber elas-
ticity theory yields finally the following result:

AS = —1/2Nk(I; — 3) (6)

Introducing further the usual assumption that there
is no internal energy change of the system under
deformation, the Helmholtz free energy of defor-
mation is obtainable directly from the above equa-
tion. Hence, we have W = —TAS, and, thus:

W =1/2NRrT(I, — 3) (7)

In obtaining the above equation for the strain
energy density function, a number of fundamental
assumptions were made. Apart from the incom-
pressibility of the rubber and the affine deformation
of the network, these assumptions also include the
fact that all the network chains are Gaussian with
the same molecular weight and number of links in
the unstrained state. Moreover, following carefully
the elementary calculation of the entropy, we are
compulsed to accept that also in the deformed state
each individual chain of the network obeys a Gauss-
ian function for the end-to-end distance. The root
mean square (rms) distance between cross-links is
kept constant in both the deformed and undeformed
state, given that the number of links n and the
equivalent chain length b are constant. In the next
step of the AS calculation, when a summation is
carried out for the whole assembly of the network
chains, the sum of the squares of the components
(= x!2, = ¥'2, = 2'%) in the strain state of the net-
work should be derived from the sum of the squares
(Zx2, T 2, T 22) in the unstrained state by apply-
ing the affine transformation,

N N
Z =N,
v=1 v=1

N N N N
ZyE=MN2Ty: ZT2E=AM2X22 (8)
v=1

v=1 r=1 »=1

so that for a random network in the unstrained state
all directions of the R, vector are considered to be
equally probable for the whole assembly. Hence,

N N N N
Zxi=2yi=22/=1/32Z R} (9)
v=1 v=1 v=1 v=1

Furthermore, the summation over the whole assem-
bly is given by
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RZ = N{(R}),
1

v

M=

r2=1/3N(\+ A + A2)R? (10)

-
i
o

The above-mentioned remarks can be summa-
rized as follows: During deformation, the network
junctions transform affinely, leading to a summation
of squares [see eq. (10)], so that each individual
chain has a mean square end-to-end distance equal
to that of the undeformed state. These assumptions
for the chemical cross-link network are plausible if
the main body of each chain between junctions is
free to orient without any constraint from the
neighbor chains. Apart from the fact that many at-
tempts have been directed in removing some of the
above assumptions,!” the nonideal behavior of the
rubberlike materials is still not predicted. This result
is an indication that the above-mentioned simpli-
fication is not a possible source for a nonideal be-
havior. However, as many authors have previously
suggested, there is still a fundamental assumption
that introduces a source of perturbation in the ideal
behavior of rubbers. This extra assumption concerns
the fact that in the Gaussian statistical theory the
network chains are free to choose configurations in-
dependently from the configurations of neighboring
chains. However, the configuration available to any
chain depends on the topological relationship with
neighboring chains.’® Among the causes that con-
stitute important steric obstructions resulting as to-
pological constraints of the chains are physical en-
tanglements.’® Starting from the above remark,
many efforts have been made in the direction of
quantitative conclusions for the deviations from the
Gaussian statistical theory. However, before any at-
tempt to improve the freely orienting Gaussian
chain, we believe that there is still enough “room”
inside the Gaussian statistical theory (for additional
entropy change) if we take into account the nature
of constraints imposed from the network itself.
Therefore, instead of modifing the single-chain dis-
tribution function, we introduce a “pseudonetwork”
to account for the topological constraints imposed
on the chains of the ideal network.

Consequently, we will assume that the available
configuration space around each individual chain
will not remain unaffected under the imposed de-
formation. The way in which the above idea is in-
troduced is the following: Each x-component of the
freely orienting chain in the unstrained state oc-
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cupies a cubic volume with edges of length equal to
the roots of the following expressions:

(23 ={ys) =(22) =1/3nb? (11)

After the imposed affine deformation, because of
topological constraints, this cubic volume is trans-
formed into a rectangular parallelepiped having now
three unequal edges. The new mean square length
for each individual component of the chain in the
deformed state is given by

(*) = M=),
Py =N, (2 =Nz (12)

This new configuration space that is now avail-
able for each chain results in a change of entropy
for a certain group of chains N’ of the real network
that is considered to be under topological constraint.
The above-mentioned assumption modifies the cal-
culation process of the elementary rubber elasticity
in accepting that apart from the chemical cross-
linked network formed by N chains there is another
“pseudonetwork” consisting of N’ topologically
constrained chains. Under deformation, each indi-
vidual chain of this “pseudonetwork” of N’ chains
is now oriented in each x-component with a non-
equal root mean square value so that

(r3y=1/3(M + M + M)(R?) (13)

The “pseudojunctions” of this “pseudonetwork” are
considered to be rearranged in such a way so that
the summation over the assembly of network chains
N’ is unaffected by the imposed affine transforma-
tion. This is a reasonable assumption because the
nature of the “pseudonetwork” is transient, and at
equilibrium, the “pseudojunctions” are no longer
active. Therefore, after summation, we have

ZRZ Zr,, N'(R?) (14)

The total entropy change of the whole assembly
is a result of adding two terms. One term is obtained
from the transformation of the chemical cross-linked
network, and another term is obtained from the
transformation of the “pseudonetwork.” This second
additive term of entropy is very easy to calculate,
keeping in mind the fact that the entropy of the free
orienting chain is given by the following equation:

xZ x? 22

,=C— +
5= 0= 1/2M{ g+ ks 2
where the size of the volume element is absorbed in
the constant C. If the available space for each com-
ponent is transformed according to eq. (12), the
corresponding entropy after the imposed pertuba-
tion will be

) (15)

2 2 2
Xy Yy

NG=Dy NG T Ny

Subtracting eqs. (16) and (15) and summing over
N’ chains that are under topological constraints, the
total entropy change AS’ for this group of chains is
obtained:

S, 1/2k( ) (186)

N’ 2 N 2
y 1 v
X 3 2 +<——1) zz] (17)

AS =—1/2k]\7(>\2 X_3

3] a®)

where in obtaining the above formula the following
relations have been used:

N’ N’ N’
Zx =2y, =2z =1/3N'(R*) (19)

(x0) = (¥) =<z) = 1/3(R?) (20)

and (C — C’'), a small logarithmic contribution equal
to zero for incompressible rubbers.

As follows from the preceding phenomenological
approach, the form of stored energy function W for
an incompressible isotropic elastic material is still
well defined by the Mooney-Rivlin form as ex-
pressed by eq. (1). The second term of this equation
corresponds to the additional free energy change due
to a new kind of nonpermanent network called the
“pseudonetwork.” This network is considered to be
formed from a number of chains N’ that are imposed
by a new type of constraints. The physical entities,
which are responsible for such constraints, are



mainly the elastically effective trapped entangle-
ments. Apart from the entanglements, however,
steric obstructions imposed by neighboring chains
or physical cross-links that are not permanent inside
the network during deformation could be taking part
in the formation of the so-called pseudonetwork.

In the segmented polyurethanes, the existing po-
lar groups are free to align themselves and form
physical bonds. The number of these physical cross-
links that are made out of hydrogen bonds are con-
trolled by altering the NCO/OH ratio.

The dependence of constant C, on the amount of
physical bonds of polyurethane elastomers is a
strong indication for the correctness of the above-
mentioned assumptions.

MATERIALS

The materials tested were prepared in a two-step
polymerization process by reacting the symmetric
diphenylmethane diisocyanate (MDI) with a hy-
droxyterminated polyester to form a soft block seg-
ment. The polyester used was a polyethylene adipate
(PEA) with an average molecular weight of 2000.
The resultant polymer was then extended with a
low molecular weight diol (1.4-butanediol, BDO) to
form a hard block segment.

The whole polymerization process is as follows:
The polyester has been dehydrated under vacuum
at 130°C for 2 h. The dry polyester was then heated
at 120°C with mechanical stirring, the MDI was
added, and the stirring was continued for 30 min.
Then, the dry butanediol was added to the mixture
under vigorous agitation. This hot thickening mix-
ture was stirred for 1 min and poured into hot plates.
The final product was compression-molded into
sheets and postcured in an oven for 24 h at 110°C.

The polyester urethane elastomers involved in
this study were varied by altering the NCO/OH ra-
tio, while the hard segment content was maintained
at 30% and the prepolymer composition was kept
constant with the ratio MDI/PEA equal to 2.8/
1.0 (mol/L).

The values of the NCO/OH ratio are varied below
and above the stoichiometric one, resulting in four
different types of block copolymers with a varying
number of physical and chemical cross-links. More-
over, the hard segment distribution, the domain
morphology, and their contribution to the elastic
behavior is different for all materials prepared.?’
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EXPERIMENTAL

Stress—Strain Test

Equilibrium stress—strain measurements were made
in simple extension on dumbbell specimens of an
average cross-sectional area (2 X 3.75) mm?). Ref-
erence marks were made on each specimen about 27
mm apart and clamps applied to both ends.

The measurements were carried out with a con-
ventional Instron, type 1121, tested at room tem-
perature, at a crosshead speed of 20 mm/min. The
distance between the reference marks was measured
with a cathetometer 15 min after each application
of load. In this period, the load achieved an approx-
imately equilibrium value.

Infrared Spectroscopy

The IR spectra were obtained using a Perkin-Elmer
567 infrared spectrophotometer. Normal slit width
and slow scanning speed were employed.

Thin films of the order of 10 ™* m of the materials
tested were prepared as follows: After each poly-
merization and while the material was still viscous,
a small amount of capillary was compressed between
two thin KBr plates. The samples were then placed
in a vacuum over at 110°C for 24 h. The spectra
were obtained under a dry nitrogen flow to avoid
moisture condensation onto the KBr plates.

When analyzing characteristic infrared bands of
the isocyanate group at 2265 cm™, no residual iso-
cyanate groups were detected in any of the materials
tested.

The frequency shift is defined as

AU=Ub—l)f

where vy and v, are the frequencies of maximum ab-
sorption for the free and hydrogen-bonded N—H
groups, respectively. The shift, Av, in the stretching
frequency of the hydrogen-bonded N—H group is
considered as a measure of the strength of the hy-
drogen bond. As the hydrogen-bond strength in-
creases,the (N—H - - - O=C) distance, measured
in the solid state by X-ray crystallography, de-
creases, and this decrease is usually accompanied
by an increase in the difference between the asso-
ciated N— H stretching frequency and the nonas-
sociated N— H stretching frequency.?
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Figure 1 Mooney-Rivlin plots for polyurethanes with NCO/OH ratio values 0.9, 1.0,

1.1, and 1.2.

RESULTS AND DISCUSSION

From the stress—strain data, the Mooney-Rivlin
curves are plotted in Figure 1. In this figure, the
division of the materials into two different groups
can be observed. In the first group with deficient
stoichiometric MDI content, the hard segments
probably are forming large domains irregularly dis-
tributed into the soft matrix, resulting to a rein-
forcing action on the material. Due to this fact, the
Mooney-Rivlin curves appear to have a linear be-
havior in a narrow region of elongation, deviating
at lower values of A.

In the second group, because of the excess diiso-
cyanate, chemical cross-links in terms of allophanate
linkages are formed during the postcuring process.
The diisocyanate links across the chains reduce their
mobility, resulting in a morphology with less effec-
tive packing between macromolecules, looser hy-
drogen bonds, and, consequently, smaller hard do-
mains. Therefore, a network with fewer defects is
developed and the Mooney-Rivlin curves exhibit a
linear behavior over a wide region of A. This result
reinforces the assumption that the second group of
materials has stress—strain behavior close to that of
an ideal rubber. These general conclusions are fur-
ther supported by using infrared spectroscopy to
study the shifting of the hydrogen-bonded N—H
stretching peak.®%

The frequencies and frequency shifts of the hy-
drogen-bonded N—H stretching modes for the
various values of the NCO/OH ratio are given in
Table 1.

The N — H stretching region contains mainly two
infrared bands attributed to “free” and hydrogen-
bonded N — H groups. The latter primarily reflects
the distribution of the strength of the hydrogen
bonds. The “free” N— H stretching band occurs at
3450 cm™ in all the samples and appears as shoulder
on the high-frequency side of the hydrogen-bonded
band. The hydrogen-bonded N — H stretching mode
shifts to higher frequency in going from a NCO/OH
ratio value 0.9 to 1.2, respectively.

This result reinforces the assumption that the
average strength of the hydrogen bonds decreased
for the second group of materials tested. From this

Table I Changes of the N—H Stretching Mode
as a Function of the NCO/OH Ratio

Vs vy Av
NCO/OH (cm™) (cm™) (cm™)
0.9 3450 3325 125
1.0 3450 3330 120
1.1 3450 3330 120
1.2 3450 3345 105
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Figure 2 Mooney-Rivlin plots reduced with the use of the strain amplification

factor X.

result, we conclude that physical cross-links are less
effective for polyurethane elastomers.

We are coming now to the next step of calculating
the Mooney-Rivlin constants C; and C; in order to
test the validity of our original assumption. Before
calculating constants C; and C,, however, we will
try to deliver the stress—strain results from the in-
fluence of the hard domains that are distributed in-
side the soft matrix of the formed network.

The deviation from the Mooney-Rivlin equation
of curves in Figure 1 is also due to the reinforcing
effect of hard domains that is more intense in the
case of NCO/OH ratio values 0.9 and 1.0. The pres-
ence of hard domains prevents the soft matrix to
deform uniformly, resulting to an overall lower ap-
parent strain than the strains occurring locally. The
ratio of stress to strain is increased by a factor X
that takes into account both this disturbance of the
strain distribution and the absence of deformation
in the fraction of hard domains at the initial elon-
gations.

This factor has been shown?>?® to be

X =1+ 25+ 14-1uf
where uy, the filler (hard segment) content, is about

30% by weight of the total polymer for all the sam-
ples tested.

Although X was derived for unattached spheres,
the use of this correction describes better the effect
of the filler on the measured properties.

With the use of the strain amplification factor
X, the Mooney-Rivlin plots have been replotted in
terms of ¢/(A — 1/A?) versus A™}, where A = 1
+ X, o is the applied stress, and ¢ is the strain. As
is shown in Figure 2, the Mooney-Rivlin equations,

0'/(A" 1/A2) = CzA_l"l"C]

are reduced to linear forms for all types of specimens.

The values of constants C; and C, are obtained
from these plots and are presented in Table II for
all values of the NCO/OH ratio.

Table II Values of Constants C, and C,
with Varying the NCO/OH Ratio

Cl C2
NCO/OH (1072 K, /mm?) (107 K, /mm?)
0.9 1.97 9.59
1.0 1.72 9.17
1.1 3.68 2.99
1.2 3.89 3.06
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The first group of materials, corresponding to
physically cross-linked block copolymers, appears
to have lower values of C; than does the second
group, which is mainly chemically cross-linked. In-
versely, the values of C, are higher for the first group.

All the materials prepared are characterized by
the existence of physical and chemical cross-links.
With the NCO /OH ratio values of 0.9 and 1.0, where
the MDI content is below or equal to the stoichio-
metric one, the number of chemical cross-links is
almost negligible and the rubber behavior is totally
due to the physical cross-links.

The physical cross-links that are introduced by
hydrogen bonding may be disrupted at higher elon-
gations, resulting in lower values of C, for the first
group of the materials tested.

For the second group with ratio NCO/OH values
1.1 and 1.2, where a sufficient number of chemical
cross-links is expected to be formed in addition to
the physical ones, higher values of C; have been ob-
served.

Constant C, is explicitly related to the number
of mechanically effective cross-links into the net-
work. More specifically, C, is linearly related to the
number of permanent cross-links following the
equation

C, = Vg RT

where Vg is the effective cross-link density in mol /
cc; R, the gas constant; and T, the absolute tem-
perature.

Inversely, constant C, as it is extracted from the
reduced Mooney-Rivlin equations is less than C,
for the second group of materials tested.

This is a strong indication that constant C, is
explicitly related with the nonpermanent physical
cross-links of the formed network. This result rein-
forces the assumption mentioned at the beginning
of this work, which integrates the process of the el-
ementary rubber elasticity by accepting that apart
from the chemical cross-linked network formed by
N chains there is another “pseudonetwork” con-

sisting of the topological constraints on the body of
a number of chains N’ that follow a different kind
of restriction under deformation.
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