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ABSTRACT: Amorphous poly(diethylsiloxane) (PDES) elastomers undergo a transition to an aligned
mesomorphic state when subjected to uniaxial tension. The structural changes associated with this
transition and the Kinetics of its formation have been investigated by in-situ synchrotron wide-angle and
small-angle X-ray scattering. In the mesomorphic state, the PDES elastomers are biphasic, consisting of
aligned mesophase domains and amorphous material. Because of the well-defined structure of the networks
used, we were able to determine that the mesophase domain size is governed by the precursor chain
length and is unaffected by trapped entanglements. The observed increase in mesophase content with
increase in extension ratio in a fully necked sample is caused by an increase in the number of mesophase
domains rather than an increase in domain size. In the extended state, PDES elastomers attain a very
high degree of segment orientation comparable to that of mesogen-containing liquid crystalline elastomers.

Introduction

The physical properties of elastomers that undergo a
strain-induced phase transition from an amorphous
state to an aligned mesomorphic state have attracted
attention because these materials could potentially be
applied in such devices as stress—optical switches,
strain—temperature devices, or certain membrane ap-
plications.! Others have suggested the use of such
elastomers as possible materials to model muscle tis-
sue.? Spontaneous alignment under extension is typi-
cally exhibited by chemically complex cross-linked
nematic liquid-crystalline polymer networks and is
unusual for a pure homopolymer such as poly(diethyl-
siloxane) (PDES) with no obvious rigid “mesogens”. The
ability of PDES to form a mesophase appears to stem
from the existence of multiple conformational isomers
of similar energy that allows part of the chain to be
rigid, with a flat backbone as in its crystalline phase,
and part of it flexible as in its amorphous phase.® As in
the case of isotactic polypropylene that also exhibits a
mesophase due to different helical conformation in the
crystalline structure,* the mesophase of PDES has been
classified as a conformationally disordered (or condis)
crystal.> We shall use the term mesophase throughout
this article to mean conformationally disordered crystal-
line phase and shall use the tools developed for crystal-
line polymers to analyze the data from our samples.

An amorphous PDES network placed under uniaxial
extension will form a “neck” at a moderate extension.16
The neck region consists of a mixture of an aligned
birefringent mesophase and an amorphous phase. Mea-
surements of optical microscopy, dynamic mechanical
analysis, and 2H NMR spectroscopy have provided a
clear picture of mesophase formation and orientation
process in carefully synthesized PDES networks sub-
jected to uniaxial extension. PDES networks subjected
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to uniaxial extension remain amorphous until a critical
elongation when spontaneous alignment takes place,
resulting in a contracted neck region of decreased cross-
sectional area. The mesophase content and segment
orientation in the neck region were recently probed by
deuterium NMR at various extension ratios.” As the
overall extension ratio of the sample is increased, the
neck region grows at the expense of the single-phase
amorphous regions on either side of the neck. The local
extension ratio of both the neck and the single-phase
amorphous region remain constant as the sample
elongates by converting single-phase amorphous mate-
rial in the transition region into the mesomorphic neck.
Once the entire sample is necked, its mesophase content
increases with the increase in the extension ratio
through conversion of the amorphous material in the
neck into the mesophase.”

X-ray scattering measurements and differential scan-
ning calorimetry thermograms have been reported on
PDES networks synthesized by random cross-linking of
precursor chains using peroxide vulcanization® or by
hydrosilylation end-linking of precursor chains.® In both
these cases, the structure of the networks was not well
characterized either due to the wide distribution of
strand size between cross-links or due to imperfections
caused by high soluble fractions. Nonetheless, the
structure of the unit cell and its dimension in the
mesophase were established to be identical to those
observed in the mesophase of un-cross-linked high
molecular weight PDES and similar to the monoclinic
oy crystal phase present at low temperatures.® In the
present work, the networks were formed from low
polydispersity, low molar mass precursors that lead to
amorphous samples when end-linked. We used in situ
synchrotron wide-angle X-ray scattering (WAXS) and
small-angle scattering (SAXS) from the mesophase
formed by stretching these well-characterized PDES
networks to address issues that have remained unre-
solved. In particular, is the increase in mesophase
content in the fully necked sample caused by an increase
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Table 1. Characteristics of PDES Samples?

sample ID in ref 11 precursor My precursor My d spacing
sample (Hedden et al.) (kg/mol) (kg/mol) M (kg/mol) of 110 (A) L (A)
1 Opt-d»-2¢c 19.9 24 12.8 7.73 270
2 Opt-4 20.8 25.4 12.6 7.80 260
3 Opt-2 25.7 32.8 135 295
4 Opt-1 345 48.7 13.1 7.94 380

a M is given by pRT/Ge, where p is the density of the polymer and Ge is the equilibrium elastic shear modulus of the network. L is

calculated from SAXS.

of the extension ratio due to an increase in mesophase
domain size or an increase in the number of domains
that have a constant size? By using networks with well-
defined structures, we are able to investigate the role
of the structural parameters of the network on the
mesophase domain size. Finally, we are also able to
examine the kinetics of mesophase formation as deter-
mined from in situ SAXS measurements.

Experimental Procedures

Sample Preparation. Networks were prepared by hy-
drosilylation end-linking of telechelic precursor chains having
vinyl ends with the tetrafunctional cross-linker tetrakis-
(dimethylsiloxy)silane. The synthesis of the precursors and the
cross-linking procedure were described in earlier publications.®
The soluble fractions extracted in toluene had values of about
1% or less, indicating that the networks can be considered as
optimal with small amounts of defects.’® The samples were
cut out in the form of rectangular films of approximately 2
cm by 0.5 cm and a thickness of 1.25 mm. The samples used
are listed in Table 1, and their elastic moduli were previously
determined using a Perkin-Elmer DMA 7e in uniaxial exten-
sion at 25 °C at a strain of approximately 1%.* The values of
M. reported in Table 1 are the molar mass of elastic strands
between effective cross-links and are obtained using the simple
inverse relation between M. and equilibrium shear modulus
G, of ideal rubber elasticity, M. = pRT/G., where p is the
density and R and T have their usual meaning.

X-ray Measurements. The measurements were carried out
at the Cornell High Energy Synchrotron Source (CHESS) at
the D1 beamline, using a wavelength of 1.41 A. The initial
beam was trimmed down with three slits to a width and height
of about 200 um. The sample-to-film distance for WAXS was
set to 84 mm and for SAXS to 1333 mm. Images were collected
with a CCD (charged couple device) camera that produced
native 16 bit images. A Matlab routine was used to analyze
the X-ray patterns. Because of an additional high-energy X-ray
component, second harmonics were observed for intense Bragg
reflections during X-ray diffraction experiments. As outlined
in the Introduction, the goal of the X-ray experiments was not
to characterize the structure of mesomorphic PDES, which is
already established, but to understand the Kkinetics and
morphological changes at the transition from the amorphous
to the mesophase. Wide- and small-angle X-ray scattering
(WAXS, SAXS) were used to study the structure as a function
of position in the stretched samples and the time evolution of
the mesophase upon elongation of the samples.

Extension Device. An aluminum extension device was
used to stretch the samples in the beam. The PDES samples
were mounted in between clamps. A caliper was used to
measure the length of the sample under different stretch
conditions. To obtain local extension ratios, ink dots were
marked onto the sample and images taken at each extension
ratio with a digital camera. Changes in distances between ink
dots were analyzed to determine the local extension ratio a.
It was found that when the sample was tightly clamped,
preventing any slippage at the clamps during the experiments,
and the entire sample is fully necked, the local extension ratio
o along the length of the sample equaled the overall extension
ratio of the entire sample. However, if the sample was partially
necked, a varied along the sample with higher values in the
neck and lower values in the amorphous region. Sample 3 was

therefore scanned along the extension direction (x-axis) as well
as in the transverse direction (z-axis), and WAXS patterns
were taken about every 20 min over a period of 8 h. The sample
was stretched by almost 3-fold and was immediately mounted
on the sample stage for X-ray exposures at ambient temper-
ature. Several points marked by ink dots were selected so that
the development of the mesomorphic phase could be observed
at some specified sample point. Exposures were taken at these
ink dots as time evolved. Slight movements of these points
would not affect the measurements since the beam size of
X-ray is 200 um, which turns out to be much larger than the
size of domains detected by WAXD (~300 A).

Data Analysis. To obtain a value for the extent of me-
sophase formation from the WAXS patterns, we applied the
internal method that does not require a reference sample.
Since X-ray diffraction gives distinct patterns for the me-
sophase and the amorphous phase, the diffraction from the
mesophase and amorphous phase can be easily distinguished
in general. If the background and the noise are subtracted,
the diffraction intensity is essentially the superposition of the
diffraction intensity from the mesophase, I, and the diffrac-
tion intensity from the amorphous phase, l.. It is therefore
natural to take the mesophase as the fraction of crystalline
diffraction intensity*?

P =1/l + 1) @

It is important to note that percent of mesophase or crystal-
linity (as the case may be) of a given sample determined by
different physical techniques may be different.'® Fiber patterns
of unoriented polymers show rings on the X-ray pattern. A
characteristic feature of an oriented X-ray pattern is the
formation of arcs. The azimuthal width of the arcs provides
information about the degree of the orientation. A value for
the degree of orientation was developed for three dimensions
by Hermans and is called the Hermans orientation parameter.
The orientation parameter is computed by integration of
intensity along the azimuthal direction at a given 26 value of
a reflection. Background azimuthal scans at the same 26 angle
were subtracted after correcting for differences in incident flux.
The distribution in intensity (1) as a function of the azimuthal
angle (p) for a given quadrant of the azimuthal scan was
obtained. Peaks in intensity were made to reside at an angle
of = 90°. Conversion of the I(f) data to I(¢) is accomplished
using the following relationship from spherical trigonometry

cos(f) cos(0g) = cos(¢) )

where 65 is the Bragg angle and ¢ is the angle between the
normal to the scattering plane (defined by the incident and
scattered beams) and the stretching direction. Note that for
moderate to small Bragg angles the angle of inclination of the
plane normal to the uniaxial direction, ¢, is practically equal
to the azimuthal angle § as directly measured on the image.
To calculate the average cosine squared of ¢, integration of
the 1(¢) data vs ¢ is performed using eq 3

[771(9) cos(g) sin(g) do
[719) sin(@) dg

Bos’ p0= (3)
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Figure 1. Neck formation upon elongation of elastomers
(arbitrary scale).

The director orientation parameter, Sy, is then calculated
using the Hermans orientation function:

3os? p1— 1
So=—% — 4

Orientation parameters reported here are the averages of
the four orientation parameters calculated from each quadrant.
These were found to differ at most by 10% from each other.

We will assume that the well-accepted two-phase model for
semicrystalline polymers by Hosemann'4 can be applied to the
present siloxane system. Since the order in the mesophase is
not high enough to form crystallites with well-defined three-
dimensional order (diffuse scattering on WAXS patterns), the
term “crystallites” in the Hosemann model has to be redefined
as “domains” for the PDES system. Chains are oriented
parallel to each other upon alignment (stretching) and form
domains that are separated by amorphous regions. If the
domains are of uniform size and shape, small-angle scattering
maxima can be observed. The d spacings calculated from these
SAXS maxima were attributed to the long axis of the crystal-
lites including adjacent amorphous regions connecting the
crystallites and were called “long period” (L). On the other
hand, we can use Scherrer’s equation?? given below to calculate
a correlation length L' of crystallites (domains) for semicrys-
talline polymers from WAXS patterns:

ki
r — - 5
p' cos O max ©)

Here, k is a material constant, commonly 1 for polymers, 1
the wavelength of the X-ray, ' the full width at half-maximum
of a WAXS reflection, and ©max the scattering angle of the
reflection under investigation. We are using the 110 reflection
in the following, which will give us information about the
lateral domain size of the scattering units. This classical
approach treats the mesophase structure as a perfect three-
dimensional lattice with limited grain sizes and uses ap-
proximations from general diffraction relationships.'®

Results and Discussion

WAXS. When PDES elastomers are uniaxially
stretched, a neck forms. Pictures of the neck region
taken through crossed polarizers during the transition
and after stabilization were published previously.” Here,
we simply show an illustration in Figure 1 of the
stabilized neck under different extension ratios. The
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sample was mounted in the stretching device and
stretched to form a neck. Typical WAXD fiber patterns
from a stretched PDES elastomer sample (sample 3)
initially and after neck stabilization for about 8 h are
shown in Figure 2. Note that the quality and appearance
of the X-ray patterns are determined by the mesophase
of the PDES that is induced by stretching the sample.
Formation of a neck requires some time and depends
on temperature, elongation ratio, and characteristics of
sample. The kinetics in this experiment was slow
enough to follow the neck formation in WAXS and
SAXS. Two effects were studied: changes of domain size
and degree of mesophase with time at fixed locations and
variations along the sample in the direction of extension
(amorphous—transition—neck). The goal is to answer
the question of whether smaller domains are formed
that increase in size over time or whether domains of a
certain size are formed and the number of these scat-
terers increases over time. During the experiment, the
neck was observed to propagate through the fixed
points. The experiment lasted 8 h until the neck stopped
propagating and the WAXD pattern did not change
noticeably. The WAXD pattern changed gradually with
time from an amorphous ring to sharp reflections as
expected. Figure 2 shows the WAXD patterns for one
fixed point on sample 3 after 25 min and 8 h. The
sample was uniaxially stretched in the direction of o
marked in the figure.

The sample-to-film distance has been chosen to show
the weak diffuse 111 reflection which reflects three-
dimensional order to some degree in the fully stretched,
well-aligned samples. The 110 reflection is very strong
and consists of amorphous and mesophase scattering,
depending on the elongation and thermal history.
Although the 110 reflection exhibits a rather broad
azimuthal arc, a calculation of the orientation param-
eter reveals values up to 0.9, which is extremely high
for an elastomer. (Generally, a nematic phase of a well-
aligned liquid crystalline low molecular weight com-
pound shows values up to 0.6.) The broad appearance
is a result of the amorphous scattering. The 110 is
strong enough to make its second harmonic appear in
the pattern, which is a sharp spot toward the beamstop.
d spacings for the 110 reflections are about 8 A (see
Table 1), which is in agreement with values found in
other references.1617

Degree of Mesophase and Mesophase Forma-
tion. Figure 3 shows intensities along horizontal line
scans through the middle of the X-ray patterns taken
from the images as a function of time. A broad peak from
scattering of the amorphous region dominates the
pattern in the beginning. A sharp mesophase peak
emerges at the expense of the broad amorphous peak
over time. The two peaks are very close to each other,
and at intermediate times the amorphous peak appears
as a broad shoulder toward smaller angles of the
mesophase peak. The oriented amorphous region has a
d spacing of 8.1 A while the mesophase has a d spacing
of 7.9 A, consistent with previous studies.

A peak fit of the 26 scans in Figure 3 allows us to
obtain the extent of mesophase formation as the area
fraction of the total area that is under the mesophase
peak. We assume that very weak scattering from
reflections out of this range can be neglected. A sample
fit is shown in the inset of Figure 3. The obtained extent
of mesophase was further analyzed in terms of the
Avrami equation.® According to this equation, when a
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Figure 2. (left) X-ray pattern of amorphous part of sample 3. (right) X-ray pattern of mesomorphic sample 3 after 8 h under
constant strain deformation. Also shown are line intensities along the equator and along the azimuth at 6 = 5°.
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Figure 3. Equatorial line slices from the kinetic study on sample 3. Top curve obtained from azimuthal average. Inset shows

fitting procedure for sample 3 at 2 h.

polymer crystallizes from a melt, the degree of crystal-
linity, C; %, is related to time, t, in the form of

C,%
C._.%

=g (6)

max

where Cmax% is the maximum crystallinity in the
material, Z is the crystallization rate constant contain-
ing nucleation and crystal growth rate constants, and
n is an integer constant related to the crystallization
mechanisms. In particular, n = 2 implies either a rod
shape or a lamellar shape two-dimensional crystal

growth. We shall use this approach here to describe the
condis crystal mesophase formation of PDES.

Based on the assumption that the integrated intensity
of the peak due to the mesophase is directly proportional
to the amount of mesophase, a log—log fit of the
intensity data using eq 6 yields a slope, i.e., the power
n, to be 1.98 (rounded off to 2) as shown in Figure 4.
This implies that the mesophase has a two-dimensional
shape, either a rodlike shape in the case of thermal
nucleation or a lamellar one in the case of athermal
nucleation. Optical microscopy observations revealed a
lamellar morphology in mesomorphic PDES in previous
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Figure 4. Fitting of Avrami equation for the mesophase
formation of sample 3: open triangles from line slice data;
filled circles from azimuthal averaged data.

studies.’® Our WAXS results confirm the kinetics of
lamellae formation. Papkov et al. fitted their Kinetic
results from DSC measurements of PDES mesophase
formation to the Avrami equation and obtained a power
n of about 1.75.1° If we use azimuthal averaged intensi-
ties instead of a line slice along the equator, the results
shown in Figure 4 give a somewhat lower slope of 1.8.
The better agreement with the DSC results is not
surprising because we are now also including scattering
data from the amorphous direction of the sample
(c-direction). In other words, a line slice along the
equator allows us to monitor the mesophase along one
particular direction, and the formation of the mesophase
does not necessarily follow the same kinetics in all three
dimensions, particularly in a uniaxially stretched sample.

Two positions were chosen to study the dynamics of
the mesophase formation, one in the neck region (A) and
another in the transition region (B) as illustrated in
Figure 1. In addition to the orientation parameter and
the correlation length, the integrated intensity of the
reflections was plotted vs time; the latter gives informa-
tion about the number of scattering units. As can be
seen from Figure 5a—c, the maximum orientation,
domain size, and integrated intensity are reached within
100 min for position A, which moves into the neck after
a few minutes. Further development of mesophase in
position B does not change values in position A. Position
B stays in the transition region throughout the experi-
ment, and full orientation is not reached even after 8
h. It can be concluded from the results at position B
shown in Figure 5 that domains of a certain size are
formed quickly, but the number of domains (intensity
plot) only changes gradually. This implies that the
mesophase formation starts with domains of about 350
A, calculated from WAXS data via the Scherrer equa-
tion, and the size does not change over the course of
crystallization. The more gradual increase in intensity
indicates that the number of domains increases as they
are formed from material that is being pulled from the
amorphous region over time. We discuss below the
relation between domain size and the network structure.
We note for now that an orientation parameter of 0.85
is extremely high for an elastomer, which is probably
due to a very homogeneous distribution of cross-link
sites and domains throughout the sample (see Figure
2, azimuthal scan to the left of the X-ray pattern).

Poly(diethylsiloxane) Elastomers 1979

SAXS. Calculation of domain sizes from the WAXS
pattern via the Scherrer equation assumes a perfect
two-phase system and an ideal 3-dimensional packing
and may lead to deviations for systems that are more
complex such as elastomers with cross-link sites. The
calculated value of 350 A for sample 3 in the previous
section is therefore an estimate and is good for com-
parison to other samples but is not a true representation
of domain size (especially since we are using the 110
reflection which reflects the lateral domain dimensions).
Sometimes it is possible to obtain domain sizes from a
SAXS experiment directly. Limited to constraints in the
hutch at the D1 station at CHESS, we used the
maximum sample-to-detector distance available to us
of 1333 mm. SAXS patterns for sample 2 from the neck
region and the transition region are shown in Figure 6.
There is a slight tilt of the two-point pattern visible from
the transition region, which is due to the curvature of
the sample at this point. A z-scan through the sample
shows that the tilt intensifies as one approaches the
curvature of the sample/air interface as one moves in
the z-direction from point B toward the interface (see
Figure 1). d spacings for the domain size calculated from
the SAXS patterns are listed in Table 1. This domain
size here is an average size of the repeat unit consisting
of the ordered part as well as the amorphous part of
the polymer. There is almost no difference between
samples 1 and 2, which should be expected since the
molecular weight of the precursor chains and M. are
almost identical.

Results from experiments with sample 4 under par-
tially necked conditions are summarized in Figure 7.
They show that the d spacing of the domain size changes
along the x-direction from the amorphous to the me-
sophase region, x = 0 being the transition region. There
is a substantial increase from 260 A in the transition
region up to 380 A in the neck. A further step scan along
x toward the amorphous region shows that there is little
variation in the d spacing.

Sample 4 was used to study the effect of the local
extension ratio on the structures in the sample. Ink dots
were placed on the sample, and digital images were
taken of the sample before and after the extension. The
local extension ratio was calculated by taking the ratio
of the distances before and after stretching between the
closest two ink dots that bracket a point of interest. The
resulting Figure 8 shows a much larger extension ratio
at point A than at point B. Similar to sample 3, points
A and B are taken in the neck region and in the
transition region, respectively. The increasing d spacing
of point B with increasing extension indicates that the
domains grew with increasing strain. Point A located
within the neck region has practically constant d
spacing, indicating that the size of mesophase domains
within the neck was independent of the local extension
ratio when o exceeded 3.2. In a partially necked PDES
sample, the SAXS d spacing increases with increasing
local extension ratio as demonstrated in Figure 8. As
the local extension ratio increased above 3.3, the
increase in d spacing, and hence the distance between
domains, including the amorpous part, reached satura-
tion. The results in Figure 7 reflect therefore the local
extension ratio in the samples considered.

The extent of orientation calculated from the SAXS
experiment via eqs 2—4 agrees very well with that
calculated from the WAXS experiment and confirms the
high value of 0.85 for the order parameter in this
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Figure 7. Step scan along stretching direction for samples 1
and 4.

elastomer. SAXS d spacing in the fully necked samples
1 and 2 is about 270 A, whereas it reaches 380 A in the
partially necked sample 4. The main difference between
these samples is the number-average molecular weight
of the precursor chains forming the end-linked network.
Samples 1 and 2 were formed from precursors of about
20 kg/mol whereas sample 4 was formed from precur-
sors of 34.5 kg/mol. It indicated that the polymer chains
near the cross-link points could not form a mesophase
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Figure 8. Domain size vs local extension ratio for sample 4.

due to a starlike structure. As a result, longer precursor
chains allow for the formation of larger domains. Sample
3 with a precursor molecular weight of 26 kg/mol results
in a domain size in the neck region of almost 300 A and
fits well in the postulated correlation between molecular
weight and domain size (Figure 9). Note that the
absolute value of domain size observed in the SAXS is
smaller than the value calculated from the WAXS
pattern via the Scherrer equation for sample 3, which
is due to assumtpions made in the model and geometry.
It is obvious from this plot that domain size does not
depend on the molecular weight between effective cross-
links given by M, and obtained from the equilibrium
elastic modulus of the network that takes into account
trapped entanglements. The latter contribute to the
value of the equilibrium elastic modulus!® but do not
play a role in the size of the mesophase domains formed
here. This is consistent with recent Monte Carlo simu-
lations that indicate that in uniaxial extension the
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effects of trapped entanglements are important at small
deformations (such as in the value of the equilibrium
elastic modulus) but become less important at high
deformation because of entanglement slippage.2°

Conclusions

The X-ray results obtained here are consistent and
complement previous deuterium NMR studies.” The
D-NMR peak splitting of the mesophase in the neck
region remained constant at 19 kHz as a function of
extension ratio, indicating that the orientation param-
eter does not change in the mesophase as a function of
extension. X-ray measurements allowed for a quantita-
tive measurement of the order parameter. Once a full
neck was achieved, an increase in degree of mesophase
with increase in extension ratio was observed by NMR,
and it was concluded that amorphous material in the
neck was converted into the mesophase. The present
X-ray results enable us to determine that the increase
in the extent of mesophase is due to an increase in the
number of the domains and not in their size. Further-
more, we find that the size of the domains remains
constant in the neck as a function of extension ratio
(data of point A in Figure 8) and that the size of the
domains is governed by the size of the precursor chains
used in the end-linking. The measured size of the
mesophase domains correlates well with the average
size of the precursor chain between covalent cross-links
(Figure 9). This result was hinted at qualitatively on
the basis of the D-NMR study as the samples with the
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highest degree of chemical cross-linking led to the lowest
mesophase content. The samples with the highest molar
mass of their precursors yielded the highest extent of
mesophase content.
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