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ABSTRACT: Results of segmental orientation in uniaxially stretched bimodal poly(dimethylsiloxane)
networks are reported. Measurements are carried out by Fourier transform infrared dichroism
spectroscopy. Bimodal networks were formed by tetrafunctionally end-linking low molecular weight (M,
= 5600) deuterated chains with high molecular weight (M, = 20000) hydrogenated chains. Independent
measurements of segmental orientation of the short and the long chains showed that the short (long)
ones orient less (more) than the corresponding chains of the unimodal networks, in conformity with the
predictions of the theory developed in the preceding paper. Furthermore, the change in segmental
orientation of short and/or long chains in bimodal networks relative to their unimodal counterparts,
expressed by the ratios Sg/Ss° or S/SL°, is in reasonable quantitative agreement with the theory.
Experiments show that the orientations of the short and the long chains in bimodal networks are
approximately equal to each other. On the other hand, the theory based on the phantom network model
predicts that the long chains should orient less than the short ones. In fact, some departure between
theory and experiments is observed in the case of longer chains, whose behavior does not conform with
the phantom network model underlying the theory. The differences between theory and experiments
are attributed to the effects of entanglements which operate to different extents for different chain lengths.

Introduction

Recent Fourier transform infrared measurements of
Hanyu and Stein! and deuterium NMR measurements
of Chapellier et al.? on segmental orientation in uniaxi-
ally stretched bimodal networks have shown that the
orientations of the short and the long chains are
approximately equal. Under the light of previous
theoretical work, this result does not conform with
earlier theoretical evidence by Higgs and Ball® based
on the phantom network model which indicates that the
short chains should orient more than the long ones. In
the interest of pursuing this subject further, we have
performed a detailed theoretical investigation of seg-
mental orientation as well as an experimental study.
The theoretical work,* constituting the first part of this
study presented in the previous paper, has indicated,
in agreement with the predictions of Higgs and Ball,
that the short chains should orient more than the long
ones in the bimodal network. The theory is based on
the phantom network model whereas the real networks
studied in the experiments, and the long chains in
particular, depart to some extent from that model and
are subject to the effects of entanglements. The con-
tributions from entanglements5~2 might affect the de-
formations of the long and the short chains of the
bimodal network to different extents, resulting in
departures from the expected orientational behavior of
phantom bimodal networks.

To check the predictions of the theory for bimodal
networks,? it is necessary to measure the molecular
orientation of the long and the short chains indepen-
dently. Among the techniques used to characterize
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molecular orientation, infrared dichroism seems to be
the most suitable for this purpose. By deuterating one
type of the chains, the technique of Fourier transform
infrared dichroism is able to measure the orientations
of the two types of chains independently. This is
possible effectively because of the mass dependence of
the vibrational frequency, as a result of which pro-
nounced frequency shifts result upon isotopic substitu-
tion.

In the following, we report results of Fourier trans-
form infrared dichroism measurements performed on
bimodal and unimodal poly(dimethylsiloxane) networks
in which the short chains are deuterated and the long
ones are hydrogenated. Results are compared with the
predictions of the theory developed in the preceding
paper. Departures between theory and experiments will
be discussed by invoking the constraints from entangle-
ments.

Experimental Section

The use of specific chemical reactions for the cross-linking
process permits control of the network structure. End-linking
polymer chains by means of a multifunctional cross-linking
agent provides an ideal way for obtaining elastomeric networks
of any desired distribution of chain lengths. Of specific interest
are bimodal networks prepared in this study by end-linking
hydrogenated long chains (M, = 20000) and deuterated short
chains (M, = 5600), each having a polydispersity index of 2.
Exact stoichiometric amounts of 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane were used as a tetrafunctional
cross-linking agent.” The syntheses were performed in the
bulk in the presence of chloroplatinic acid used as a catalyst.
The reacting mixture was cast onto a Teflon plate, and the
cross-linking reaction was carried out there at 80 °C for 5—10
h. Three different samples with weight fractions of short
chains w = 0.26, 0.34, and 0.53, denoted respectively B-1, B-2,
and B-3, were prepared. Unimodal networks of long (U-L) and
short (U-S) chains were also prepared (See Table 1).
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Table 1. Characteristics of the Networks Used in the

Experiments
sample® wt fraction of short chains, w
U-L 0.0
U-8 1.0
B-1 0.26
B-2 0.34
B- 0.53

¢ M, of long chains in both the unimodal and bimodal networks
= 20000; M, of short chains in both the unimodal and bimodal
networks = 5600.

The specimens (8 mm x 35 mm x 0.2 mm) were stretched
with a manual stretching machine that allows symmetrical
uniaxial deformation, and infrared spectra were obtained with
a Fourier transform infrared Nicolet 7199 spectrometer, using
a resolution of 2 cm™! and 100 scans.

Segmental orientation S in a network submitted to uniaxial
elongation may be conveniently described by the second
Legendre polynomial S = 1/3((3 cos? # — 1)), where 6 is the
angle between the direction of extension and the local chain
axis of the polymer. The dichroic ratio R, defined as R+=
aya, (a; and a, being the absorbances of the investigated band,
measured with radiation polarized parallel and perpendicular
to the stretching direction, respectively), is the parameter
commonly used to characterize the degree of optical anisotropy
in stretched polymers. S is related to the dichroic ratio R by
the expression

S =[2/(3 cos® o — IR — /(R + 2)] (1)

where a is the angle between the transition moment vector of
the vibrational mode considered and the local chain axis of
the polymer or any directional vector characteristic of a given
chain segment.

For the hydrogenated chains, we have investigated the band
at 2500 em™!, ascribed to the overtone of the symmetrical
bending vibration. The orientation of the short deuterated
chains was determined through the dichroic behavior of the
band at 2126 cm™1, which was attributed to the symmetrical
stretching mode of the deuterated methyl groups. The transi-
tion moment associated with both vibrational modes lies along
the CH3—Si (or CD3—Si) bond, which is a symmetry axis of
the methyl group. The angle o between this transition
moment and the segment joining two successive oxygen atoms
chosen as the directional vector thus equates to 90°. A more
detailed description of the technique and its application to
poly(dimethylsiloxane) networks is given in previous work.”¢

Experimental Results

The dependence of the orientation function S on the
deformation term (42 — 171) is presented in Figure 1 for
the bimodal network with w = 0.26. Here, A denotes
the extension ratio, defined as the ratio of the final
length of the sample to that in the undeformed state.
The open triangles and circles represent the experimen-
tal data for the networks U-S and U-L, respectively.

The experimental data for short and long chains in
bimodal networks are shown by the filled triangles and
circles, respectively. The upper curve represents the
best fitting line for segmental orientation in the uni-
modal network of short chains, and the lower curve
represents that for the unimodal network of long chains.
The middle two curves represent the segmental orienta-
tion of the short and the long chains of the bimodal
network. Similar graphs are presented in Figures 2 and
3 for networks with w = 0.34 and 0.53, respectively. The
scatter in the data points is intrinsic to the optical
technique. Effectively, one of the problems in the
standard way of measuring linear infrared dichroism
is the lack of sensitivity in the determination of small

Macromolecules, Vol. 28, No. 1, 1995

0.025 <
A/
e
B
0.02 * e
L
Y 3
- e,
0.015 s i
w» ¥ [ 2
0.01 NN
. !
A
FeE
0.005 ' u-L
./*O"
0

AT - 1A

Figure 1. Dependence of the orientation function on the
deformation term (4> — A™!) for the two unimodal networks
U-L and U-S as well as those of the long and short chain
segments of the bimodal network B-1. The solid straight line
is the best fitting line through the data points (open triangles)
of U-S, and the dotted line is that through the data points
(open circles) of U-L. The short dashed line goes through data
points (filled triangles) for the short chains of B-1, and the
long dashed line goes through the data points (filled circles)
for the long chains of B-1.
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Figure 2. Dependence of the orientation function on the
deformation term (42 — A1) for the two unimodal networks
U-L and U-S as well as those of the long and short chain
segments of the bimodal network B-2. (See legend for Figure
1)
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Figure 3. Dependence of the orientation function on the
deformation term (12 — A7!) for the two unimodal networks
U-L and U-S as well as those of the long and short chain
segments of the bimodal network B-3. (See legend for Figure
1)

dichroic effects. This is the case for films under low
deformation or in the polymers exhibiting slight orien-
tations, which is exactly the case for the PDMS chains.
In this case, the magnitude of Aa = (a) — ay) is small
and R = ay/a, is close to unity. On the other hand, the
standard dichroism measurements require two different
spectra of the sample to get the polarized absorptions
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Figure 4. Comparison of the orientation functions of the long
and short chain segments in the B-2 bimodal network with
those of a unimodal network of M. = 10000. Open triangles
and filled circles represent data points for the long and short
chains of B-2, respectively. Open circles are for the unimodal
network.

parallel and perpendicular to the stretching direction
in order to form either the dichroic ratio R or the
dichroic difference Aa. Some errors can be generated
by repositioning the sample or the polarizer for the
second measurement. At the present time, for samples
where the dichroic ratio is nearly unity, only a polariza-
tion—modulation approach can yield measurements of
small dichroic effects with a very high sensitivity. This
technique allows a direct evaluation of the dichroic
difference Ac in a single measurement. Moreover, it
obviates the need for rotating either the sample or the
polarizer when recording dichroic spectra.

It can be seen from Figures 1—3 that the segmental
orientations of short and long chains of the two bimodal
networks with w = 0.26 and 0.34 differ from those of
the unimodal networks. In these two samples, the
segmental orientation of the short (long) chains of the
bimodal network is less (more) than that of the short
(long) chains of the unimodal network. In the third
bimodal network with w = 0.53, the orientation of short
chains approximately equals that of the unimodal
network U-S, while the long chains orient more than
the chains of the corresponding unimodal network.

In the first bimodal network (Figure 1) containing
nearly the same number of long and short chains, the
orientations of the two types of chains are approximately
equal. A similar conclusion can be drawn for the
network containing a higher content of short chains
(Figure 2). In the third network with w = 0.53, the
orientation of the short chains is higher than that of
the long chains. Our experimental results differ, in
part, from those obtained by Hanyu and Stein! on model
bimodal networks of poly(tetrahydrofuran) where the
short and long chains exhibit equal segmental orienta-
tion irrespective of network composition.

The equality of the orientation functions led Hanyu
and Stein! to the suggestion that the long and short
chain segments are not equally strained at the molecu-
lar level. Following the work of Hanyu and Stein,
results of segmental orientation measurements of the
short and the long chains of the bimodal network with
w = 0.34 are compared in Figure 4 with the results of
measurements on a uniaxial network of molecular
weight of 10000, which is equal to the average molecular
weight of the bimodal network. Close agreement of the
two results suggests the possibility of estimating seg-
mental orientation of bimodal networks from unimodal
networks of an equivalent molecular weight. The
results are not conclusive, however, and more thorough
experiments are needed.
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Figure 5. Ratio Sx/Sx° of segmental orientation of short (X
= 8) or long (X = L) chains in bimodal networks compared to
those in unimodal networks as a function of weight fraction
of short chains. The empty and filled circles represent
experimental data for long and short chains, respectively.
Symbols with a “+” sign and the dashed curves represent the
corresponding theoretical results based on eqs 35 and 36 of
the preceding paper.

Our results reveal the occurrence of somewhat dis-
tinct orientations in the two components of the network
only when the network has a high content of short
chains. By increasing the amount of short chains, an
enhancement in the orientation of the long chains is
observed while the short chains become less and less
sensitive to the presence of long chains. Static!® and
dynamic!! light scattering studies performed on bimodal
PDMS networks suggest heterogeneous structures with
small mesh domains formed by many short chains
instead of a homogeneous structure where long and
short chains are randomly end-linked to each other. The
formation of such heterogeneous structures could be due
to a higher probability of end-linking of short chains
than that of the long chains. Despite these consider-
ations on heterogeneous systems, it is interesting now
to compare our experimental results with the theoretical
approach based on the model of the regular bimodal
phantom networks developed in the preceding paper.

Comparison with Theory and Discussion

Figure 5 displays the ratio of the segmental orienta-
tion in bimodal networks to that observed in unimodal
networks as a function of weight fraction of short chains.
These ratios are denoted Sg/Sg° for short chains and St/
S1° for long chains. The empty circles represent mea-
surements of orientation of the long chains, and the
filled circles are for the short chains. The dashed curves
are obtained from eqs 35 and 36 of the preceding paper
using the experimental value of & = 5600/20000 = 0.28.
According to the theoretical model of regular tetrafunc-
tional bimodal networks, the composition may take only
three values of mole fraction of short chains: 0.25, 0.50,
and 0.75 for S;L3, SgLs, and SsLi, respectively. These
values correspond to the weight fractions w = 0.085,
0.22, and 0.45 when the molecular weights of the short
and long chains are taken as 5600 and 20000, respec-
tively. The points obtained by the theory on the two
curves of Figure 5 are shown by the squares and circles
filled with “+” sign. In addition to the three values of
w for the bimodal networks, the points correspond-
ing to the unimodal network are also shown on each
curve.

It is to be noted that the theoretical curves of Figure
5 are obtained for a phantom network whereas the
experimental data correspond to real networks. Despite
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this difference, a fairly good agreement is obtained
between the experimental data and theory. In the
interest of establishing a connection between real net-
works and the theory presented in the preceding paper,*
we base our subsequent theoretical interpretation on
the approximation

SX _ SX,ph
SXo SX,pho

(2)

which is suggested by the experimental results dis-
played in Figure 5. Here, X is either L or S and the
superscript “°” denotes the unimodal network. Writing
eq 2 separately for L and S and taking ratios lead to
the following expression:

SL _ (SL,ph/SL,pho)SLo

= slas (3)
SS SS,ph/SS,ph SS

The terms in parentheses are given by eqs 35 and 36 of
the preceding paper. The ratio Sp°/Sg° on the right-
hand side refers to the orientations of real unimodal
networks with long and short chains.

Equation 3 allows for the calculation of the ratio S1/
Ss for real bimodal networks in terms of the orientations
of the bimodal phantom networks, calculated by the
theory, and the ratio S.°/Ss° of real unimodal networks.
Segmental orientation in unimodal networks has been
studied extensively, both theoretically and experimen-
tally. Comparison of experimental data on unimodal
networks with various theoretical expressions has shown
that the essential features of the phenomena may
satisfactorily be presented by adopting the constrained
junction model® of rubber elasticity. Here, we adopt this
model in expressing the ratio S1.°/Ss° that appears in
eq 3. According to the constrained junction theory,? the
orientation for the unimodal network is

1- —)D fiz -+ ng_z(le -By| @

Here, ¢ is the junction functionality and Dx° is the
configurational front factor for the unimodal network
chains of type X. Dx° is inversely proportional to the
molecular weight M, of a network chain between cross-
links. An additional term in eq 4 which has been
attributed to the deformation of constraint domains has
been omitted®'21% in this first approximation. The
function B;x is given as

By = k20 = Dty + A2 (5)

Here, i = 1 for the direction of stretch and 2 for the
lateral direction. Accordingly, A1 = A, and 43 = 1/AY2,
kx is the interpenetration parameter of the constrained
junction model for the unimodal network of species X.
According to the theory,’5 « scales with M 2. In the
extreme limit of networks with very large M., « becomes
infinitely large. In this limit, the behavior of the
network is close to that of the affine model. In the
opposite extreme of networks with very small M., the
value of ¥ approaches zero and the behavior of the
network is close to that of the phantom network model.
According to this discussion, one expects «r, to be larger
than «s.
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Figure 6. Ratio of the orientation of long chains to that of
short chains. The filled circles represent experimental data.
The curves are calculated from the theory. The phantom
network model is adopted for short chains; accordingly, «s is
taken as zero. For the long chains three cases corresponding
to (a) the affine network model (i, = ), (b) the intermediate
constrained junction model with «;, = 15, and (c) the phantom
network model (x;, = 0) are shown.

Substituting eqs 35 and 36 of the preceding paper into
eq 3 and using eq 4 lead to the following expression:

Sy
5=
(A~ 1BE+1) D (@2~ 1DA* -~ A7) + By, — By,
(A+1DBE - 1 Dg® (¢/2 — 1042 = A™Y + Byg — Byg
(6)

Results of experiments are compared with results of
calculations based on eq 6 in Figure 6. The ordinate
represents the ratio of the orientations in the long
chains to that in the short ones for the bimodal network,
and the abscissa is the weight fraction of short chains.
The circles denote experimental results and the curves
are from the theory. Like the results of Hanyu and
Stein! and Chapellier et al.,2 the experimental points
indicate, approximately, equal orientations in the long
and the short chains of the bimodal networks studied,
although there is a slight decrease in the ratio with
increasing w. As stated above, calculations are per-
formed for the regular tetrafunctional bimodal network
only at three values of w (0.085, 0.22, and 0.45). The
curves shown in Figure 6 are obtained by calculating
the ratio S1/Ss at these values of w and connecting them
by straight lines. In previous experiments, the segmen-
tal orientation in unimodal network chains of molecular
weight 5600 was observed to conform closely with the
predictions of the phantom network model. Accordingly,
kg is taken as zero in the present calculations. For the
long chains three cases corresponding to (a) the affine
network model (k, = «), (b) the intermediate con-
strained junction model (0 < k1 < ), and (¢) the
phantom network model (xi, = 0) have been considered.
These three cases are indicated by the labels (a), (b),
and (c) appended to the curves. The upper curve may
have a close connection to reality if the bimodal net-
works have extremely long and extremely short chains,
resulting in affine-like behavior for the long chains and
to phantom-like behavior for the short ones.!415 In this
sense, the two solid curves form the upper and the lower
bounds for S1/Ss. The dashed curve is calculated for
exploratory purposes to see how close one may get to
the experimental data by modifying the interpenetration
parameter. The value of k1, = 15 has been used in curve
b. The curve calculated in this manner approximates
the experimental data points satisfactorily.
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As a concluding remark, we would like to point out
that our interpretation of segmental orientation dis-
agrees with that of Chapellier et al.2 According to their
model, segmental orientation results predominantly
from intermolecular orientational coupling between
neighboring segments. These segment—segment cou-
plings are attributed to local steric effects. Our model
is based on intramolecular effects rather than intermo-
lecular effects, which is widely supported by experimen-
tal evidence:>~8 In fact, experiments on unimodal net-
works unequivocally show that segmental orientation
is well described by the expression § = Dy(42 — 171),
This equation is derived on the assumption that the
network chains may take all possible configurations
when their ends are fixed at separations consistent with
the macroscopic strain. The front factor Dy contains
contributions from intramolecular effects only and var-
ies inversely with chain length. Contributions from
intermolecular effects to segmental orientation are
observed to be negligible in swollen PDMS networks.?
Dy might be written in the presence of intermolecular
contributions as D = Dy + Diy:. Experiments show that
D;n is approximately zero for PDMS networks. There-
fore, we conclude that segmental orientation in bimodal
PDMS networks predominantly reflects intramolecular
contributions resulting from network topology, the

Molecular Orientation in Deformed Bimodal Networks. 2 235

effects of bimodality, the constraints affecting junction
fluctuations, and the state of macroscopic strain.
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