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Deformation of a Polydomain, Smectic Liquid Crystalline Elastomer
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ABSTRACT: A main-chain, polydomain, smectic liquid crystalline elastomer (LCE) was prepared by
reacting the LC epoxy monomer, diglycidyl ether of 4,4'-dihydroxy-o-methylstilbene, with the aliphatic
diacid, sebacic acid. When deformed in uniaxial tension, a “polydomain-to-monodomain” transition took
place leading to bulk, macroscopic orientation. With this process was associated a plateau in the nominal
stress-versus-strain curve and a dramatic change in optical properties from opaque to translucent.
Polarized optical microscopy showed that the transition took place by an elongation of the LC domains
and a rotation of the local director orientations along the stress axis. The strain and orientation of the
deformed samples were retained upon unloading, even after annealing above Ty for extended periods.
Upon heating, the oriented LCEs disordered at the same temperature as the undeformed polydomains
and “remembered” their original polydomain microstructure and sample dimensions when subsequently

cooled from the isotropic state.

Introduction

Liquid Crystalline Elastomers (LCEs) are loosely
cross-linked networks that have rigid-rod, LC molecules
incorporated directly into the polymer backbone (i.e.,
“main-chain” LCESs) or attached to the polymer back-
bone via a flexible spacer group (i.e., “side-chain” LCESs).
These materials typically have low glass transition
temperatures (Tg < 35 °C) and low moduli (E ~ 0.5
MPa), deform at nearly constant volume, and exhibit
liquid crystalline phase transitions due to the high
mobility of the network strands. The networks used in
this study were ordered locally into a smectic phase, on
a scale less than 1 um; i.e., the molecules exhibited
orientational order along a unit vector called the direc-
tor, N, in addition to positional order in two-dimensional
planes or sheets (Figure 1a). On a larger scale (>1 um),
the LCEs exhibited both a continuous reorientation of
f as well as abrupt discontinuities in A, line defects
called disclinations. This unique isotropic “polydomain”
microstructure (Figure 1b) results in a finely scaled
Schlieren texture,® when viewed under the polarizing
optical microscope. These brushes emanate from dis-
clinations and are visible where f is oriented along the
polarizer or analyzer axes. The characteristic length
scale of the texture or LC “domain size” can be ap-
proximated by the mean distance between disclinations,
and since this parameter is typically about the wave-
length of light, the material appears opaque in bulk
form.

The unique properties of LCEs?? originate from the
coupling between an applied mechanical stress and the
LC director(s). One of the most remarkable character-
istics is the ability to undergo a polydomain-to-mono-
domain transition; i.e., stress-induced macroscopic ori-
entation leading to the formation of a “liquid single-
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Figure 1. Aliquid crystalline elastomer with (a) smectic-type

local order and a (b) polydomain microstructure (as viewed
under the polarizing optical microscope).

crystal elastomer.” The average degree of orientation
of the LC domains with respect to the tensile direction
can be represented by the orientation parameter, S,
which is defined according to eq 1:

3os? p—1
s==—— &

where ¢ is the angle between the individual domain
directors, A, and the tensile direction and < > denotes
an average of cos?g over all the LC domains. S =1 for
a perfectly uniaxially oriented sample; S = 0 for a
completely random, isotropic sample; and S = —0.5 for
a planar orientation.

The polydomain-to-monodomain transition is a well-
known, universal phenomenon and has been reported
for side-chain LCEs based on siloxanes,*® side-chain
polyacrylate and polymethacrylate networks, a main-
chain polymalonate, a combination of these to form side-
chain/main-chain networks,5-18 a main-chain, epoxide-
based network,!® and main-chain, semirigid, epoxide-
based networks.2%21 Most experimental work to date
has focused on side-chain, nematic LCEs. In 1989,
Schatzle et al.1 conducted uniaxial tensile experiments
on a side-chain, nematic, methacrylate-based elastomer
just below the nematic-to-isotropic (“clearing”) transition
temperature. They found a three-region nominal stress-
versus-nominal strain curve and a unique relationship
between orientation parameter, S, and nominal stress
(Figure 2).
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Figure 2. Schematic of (a) nominal stress-versus-nominal
strain curve and (b) orientation parameter-versus-nominal
stress of a polydomain LCE; region (I) is the linear elastic
deformation of the polydomain, region (I1) is the polydomain-
to-monodomain transition, and region (I11) is the deformation
of the monodomain.

Region I: At small strains, the polydomain elastomer
deformed in a linear elastic manner with a typical
rubber modulus, corresponding to a small nonlinear
increase in the orientation of the material with nominal
stress.

Region Il: At intermediate strains, a reversible
polydomain-to-monodomain transition took place in
which the sample was converted from turbid to optically
transparent, and the mesogens became aligned parallel
to the stress axis. The transparency of the sample is
thought to result from the strong suppression of thermal
fluctuations of the director by coupling to the network.?
The transition led to a plateau in the stress-versus-
strain curve and corresponded to a dramatic increase
in S at a critical threshold stress, otnreshold- The drop in
apparent elastic modulus in this region was attributed
to chain relaxation during local director reorientation.??

Region I11: At large strains, the modulus increased
again (although to a different value), and only a small
amount of additional orientation was achieved.

The stress-induced molecular orientation could be
“frozen in” by cooling the sample below the glass
transition while retaining the applied stress. When
stretching was done in the isotropic state, the plateau
in the stress-versus-strain curve was absent, and the
orientation induced by the same strain was much
smaller. This corresponds to the situation in non-LC
elastomers, for which strains up to 1000% are necessary
to achieve considerable orientation.

There is much speculation on exactly how the poly-
domain-to-monodomain transition takes place.?2-26 Theo-
retical formulations of side-chain LCEs are difficult
because the backbone/mesogen coupling may depend on
several factors; e.g., the number of units in the attaching
polymer chain® and the stiffness of the backbone.”
Main-chain LCE systems are much more straightfor-
ward and convenient to analyze. Hence, we have chosen
to use the main-chain, smectic, epoxide-based LCE
reported in ref. 19 in this study. In the first section of
this article, we explore the mechanical behavior in
uniaxial tension over a broad temperature range. One
great advantage of the network used in this study is
that it possesses large enough LC domains to allow us
to observe the in situ response to a mechanical field
under the polarizing optical microscope. We also de-
scribe our observations of domain deformation and
reorientation and quantify these results using image
analysis techniques. Last, we discuss the results of
dynamic mechanical analysis on unoriented and ori-
ented samples. We feel that these experiments will
provide a more concrete basis for theoretical comparison
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and also give clues to recent findings on increased
fracture toughness in smectic LC thermosetting net-
works.2728

Experimental Section

Characterization Techniques. The monomer composi-
tion was determined by NMR using a Varian XL-200 'H NMR
and Fourier transform infrared spectroscopy using a Galaxy
Series 2020 FTIR with 64 scans at a resolution of 4 cm™ in
KBr. Differential scanning calorimetry (DSC) was performed
using a Perkin-Elmer DSC-7 at a heating/cooling rate of 10
°C/min under continuous nitrogen flow to determine thermal
transition temperatures. Decomposition temperatures were
measured using thermogravimetric analysis on a Perkin-Elmer
TGA-7 at a heating/cooling rate of 10 °C/min. Liquid crystal-
line textures were examined using a Nikon Optiphot-2 polar-
izing optical microscope (POM) model 284678 equipped with
a Mettler FP-82 HT hot stage (heating/cooling rate of 10 °C/
min), Mettler FP-80 temperature controller, photomonitor, and
Canon AE1 35-mm camera. A Scintag X-ray generator was
used to carry out wide-angle X-ray diffraction (WAXD) experi-
ments. The generator was operated at 40 mA and 45 kV and
produced copper Ky X-rays with a wavelength of 1.54051 A.
The X-rays traveled through a pinhole collimator into a Statton
flat film camera equipped with a heater that was connected
to a calibrated temperature controller. The sample-to-film
distance was 49 mm. A flat film cartridge containing Kodak
DEF-5 film was exposed for 4—8 h. The setup is shown
schematically in the appendix (Figure 22). The orientation
parameter, S, of the mechanically deformed samples was
calculated from WAXD patterns as described in the Appendix,
Section 1.

The LC Monomer, Curing, and Network Character-
ization. The liquid crystalline epoxy monomer used in this
study, diglycidyl ether of 4,4'-dihydroxy-a-methylstilbene
(DGDHMS), was synthesized in a manner similar to ref. 29.
The procedure is described in the Appendix, Section 2.
Characterization was accomplished via thin-layer chromatog-
raphy (TLC), FTIR, and '*H NMR. DSC and POM results
showed that the DGDHMS is a monotropic nematogen which
exhibits an LC phase upon cooling from the isotropic melt at
Tin = 106 °C. The monomer was mechanically mixed with
decanedioic (sebacic) acid (SA, 98% purity, Aldrich Chemical
Co.) in a molar ratio of 1:1.1° The finely ground mixture was
placed in a glass mold, which had been previously coated in a
3 mM solution of octadecyltrichlorosilane in 80%/20% hexa-
decane/carbon tetrachloride to provide a nonreactive, nonstick
coating and then cured in the isotropic phase of the mixture
at 180 °C for 1.5 h.

Figure 3 outlines the proposed reaction mechanism? for the
reaction between DGDHMS and sebacic acid. The first reac-
tion is an epoxide esterification reaction and involves opening
of the epoxy ring by the carboxyl group. The resulting hydroxy
groups can then undergo a condensation esterification with
excess carboxylic acid molecules or through a homopolymer-
ization etherification reaction with unreacted epoxy molecules
(where proton donors can catalyze the reaction). The prevail-
ing reaction path is not clear.’® The FTIR spectrum of the
cross-linked network (Figure 4) shows the complete disap-
pearance of the epoxide ring stretching band (918 cm™1) as well
as the appearance of the ester stretching C=0 band (1734
cm™1) and the —OH stretching band (3450 cm™2). The network
was found to have a decomposition temperature of approxi-
mately 418 °C by thermogravimetric analysis.

DSC scans of the elastomer (Figure 5) show that the
network possesses a glass transition temperature of ~36 °C
and a broadened clearing transition, T; (LC to isotropic phase
transition), relative to the DGDHMS monomer, at ~98 °C on
heating. When observed under the polarizing optical micro-
scope, the networks exhibit a Schlieren texture (Figure 1b)
with larger domains than those observed in the fine-grained
texture of densely cross-linked DGDHMS-based thermo-
sets.?%27 A WAXD pattern of the network (Figure 6) displays
two uniform rings typical of an unoriented, polydomain
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Figure 3. Cross-linking reaction of DGDHMS with sebacic acid: (a) epoxide esterification reaction, (b) condensation\esterification

reaction, and (c) etherification reaction.
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Figure 4. FTIR spectrum (KBr) of the network formed from
DGDHMS and sebacic acid.
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Figure 5. DSC scans of the network formed from DGDHMS
and sebacic acid.

sample. The sharp, inner ring corresponds to the distance
between smectic layers (d = 14.5 A), and the diffuse outer ring
corres%onds to the lateral spacing between the mesogens (d
=43 A).

For comparison, experiments were also performed on cross-
linked polyisoprene samples prepared in the following manner.
Polyisoprene (84 wt %), sulfur (3.9 wt %), “Altax” accelerator
(3.9 wt %), and “Age-Rite” (inhibits high-temperature degrada-
tion, 7.7 wt %) were masticated and cured at 175 °C under
pressure for 15 min. The Ty of the network was approximately
—60 °C.

Figure 6. WAXD pattern of the network formed from
DGDHMS and sebacic acid where k = 2sinfg/A, where K is
the reciprocal space scattering vector, g is the Bragg angle, 1
is the wavelength of the incident X-ray beam, ~1.54 A.

Uniaxial Tension. Experiments were performed on 0.25
cm x 0.1 cm x 1 cm samples using an Instron (model 1125)
mechanical testing machine equipped with a CCF A20 Ib load
cell at a displacement rate 0.5 cm/min. Temperature control
was achieved with an environmental chamber and tempera-
ture controller (Applied Test Systems MTF 310). Force, F,
versus displacement, ¢, data were converted into nominal
stress, on, versus nominal strain, en,

Stress-Optical Experiments. A minimechanical tester
was connected to a stepper motor (Motomatic, Electrocraft
Corp.) and strain controller (Electrocraft Corp, Model E-552-
S) set at 0.25 Krpm (displacement rate, doé/dt = 0.5 cm/min).
Straining was conducted in uniaxial tension (gauge length, L,
~0.4 cm) under the polarizing optical microscope at 45° to the
polarizer or analyzer axes. Temperature control (£2 °C) was
achieved with a hot-air gun connected to a Digi-Sense tem-
perature controller (Cole-Parmer Instruments) and type K
thermocouple which was placed adjacent to the sample. The
sample area, hot-air gun, thermocouple, and objective lenses
were enclosed in aluminum foil to minimize temperature
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gradients and background light. A Mettler photomonitor was
connected to a Mettler FP82HT hot stage and automatically
recorded light intensity, I, versus time, t, which was then
converted into nominal strain (e, = [te(dd/dt)]/L,) and subse-
guently nominal stress (by comparison with the stress-versus-
strain data obtained using the Instron mechanical tester). The
degree of macroscopic orientation (and hence, S) is directly
related to the light intensity measured under the polarizing
optical microscope at 45° to the polarizer/analyzer axes. The
orientation parameter calculated from X-ray diffraction studies
was used to calibrate the light intensity measurements.

Polarized Optical Microscopy. Thin films (30 um in
thickness) of the LC elastomer were prepared by curing the
DGDHMS/SA between polished NaCl crystals. The crystals
were floated off in a water bath yielding free-standing films
which were subsequently strained under the polarized optical
microscope at 45° to the polarizer/analyzer axis. Photos were
taken at increasing strain values, scanned in as black and
white *.tiff files, converted to binary format, and analyzed with
a image analysis program written in Fortran.3® The size
distributions of the bright (oriented) domains were measured
parallel and perpendicular to the stress direction. Because
some of the distributions were multimodal, the average domain
sizes and standard deviations were calculated manually using
approximately 50 data points.

Dynamic Mechanical Analysis (DMA). The small strain
dynamic mechanical behavior was investigated using a Perkin-
Elmer dynamic mechanical analyzer (DMA7Y) in an extension
mode configuration. The sample dimensions were 20 mm x
2mm x 1 mm. The testing was carried out at a frequency, w,
of 1 Hz, a static stress of 10 kPa, a dynamic stress amplitude
of 5 kPa, and a heating rate of 5 °C/min in a He atmosphere.
Storage moduli (E'), loss moduli (E"), and loss tangent (tan-
(0)) were recorded as a function of temperature from 20 °C to
300 °C in stress-controlled mode. The glass-to-rubbery transi-
tion temperature was recorded as the peak of the tan(d) curve.

Results and Discussion

Uniaxial Tension. Polyisoprene: The mechanical
deformation of the cross-linked polyisoprene in uniaxial
tension on loading and unloading at room temperature
is given in Figure 7. The large strain, nonlinear, elastic
behavior, and resulting S-shaped form of the nominal
stress-versus-strain curve represents behavior typical
of isotropic, amorphous elastomers. A large increase in
stress occurs at high extensions because of the finite
extensibility of the network strands and macroscopic
orientation of the network. It has been shown that
classical rubber elasticity theory, using the phenom-
enological formulation of Mooney and Rivlin,32 cannot
accurately describe the mechanical deformation of con-
ventional elastomers.3334 Recent modifications to this
theory have been successful in fitting such data.3® The
nominal strain to failure, ¢, for the polyisoprene was
~250%. The rubbery shear modulus, Gg (1.5 MPa),
can be calculated by fitting the data of Figure 7 to

o, = Gg(1 — 1/2?) 2)

From this fit, it is possible to estimate the degree of
cross-linking with reasonable accuracy using eq 2 from
classical rubber elasticity theory32:

0= 28T )
R

where M[Ois the average molecular weight between
cross-links, p is the density of the network, T is the
absolute temperature (K), and R is the universal gas
constant. The result is a value of IM,~3000 g/mol.
Another characteristic of isotropic, amorphous elas-
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Figure 7. Nominal stress versus nominal strain for polyiso-
prene elastomer in uniaxial tension on loading (O) and
unloading (O).
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Figure 8. Nominal stress-versus-nominal strain curves for
the DGDHMS/SA LCE in the smectic phase.

tomers is the presence of a small amount of mechanical
hysteresis (i.e., the unloading curve does not follow
exactly the same path as the loading curve). The area
between the two curves is equivalent to the amount of
energy per unit volume dissipated during the deforma-
tion cycle.

LC Elastomer: Figure 8 shows the nominal stress-
versus-nominal strain curves for the LC elastomer at a
series of temperatures within the smectic phase; the LC
elastomer appears very different from the polyisoprene.
In general, the smectic LCE exhibits a three-region plot
similar to that described in the introduction for nematic,
side-chain elastomers. At small ¢, (region 1), there is a
linear elastic increase in stress with strain, giving the
elastic modulus of the polydomain. At intermediate ¢,
(region I1), the curve becomes nonlinear and then
quickly exhibits a plateau region from ¢, ~10%—100%.
At this point, the initially turbid samples become
optically translucent, indicative of a polydomain-to-
monodomain transition. The translucency of sample
suggests that orientation is not complete. The transi-
tion begins at the center of the gauge length and slowly
propagates toward the grips. A narrowing of the sample
cross-sectional area is observed (corresponding to an
extension along the stress axis) in the region where the
transition has taken place. Similar to the process of
“necking” in many amorphous, glassy polymers, this
inhomogeneous deformation is thought to be one of the
primary factors contributing to stress plateau. At large
en (region I11), the stress begins to increase again with
increasing ¢, (i.e., this is the flow stress of the oriented
sample) until failure ensues at ¢, ~300%. The same
temperature dependence is observed as for the nematic
side-chain elastomers,8° i.e., a dramatic decrease in the
critical threshold stress and Young's modulus with
increasing temperature from o, = 3.5 MPa, E = 16.5
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Figure 9. Modulus, E, and threshold stress, inreshold, @S a
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Figure 10. Nominal stress versus nominal strain for the
DGDHMS/SA LC elastomer in the isotropic compared with the
smectic phase.
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Figure 11. Mechanical hysteresis of the DGDHMS/SA LC
elastomer in the smectic phase (T = 55 °C). Samples were
loaded up to nominal strains of (a) ~40%, (b) ~90%, and (c)
~290%.

MPa (45 °C) to 0, = 0.4 MPa, E = 1.2 MPa (85 °C), as
shown in Figure 9.

Figure 10 compares the deformation behavior of the
elastomer in the smectic phase with that in the isotropic
phase. It is interesting to note the absence of the
plateau in the isotropic phase and also the dramatic
decrease in nominal strain-to-failure (e < 100% for the
isotropic phase). By fitting eq 2 to the data of Figure
10, we obtained a value of Gr ~0.24 MPa, which yields
a value of IMy[1=13,100 g/mol (=20 monomers) from eq
3.

Samples were loaded up to different values of nominal
strain (~40%, 90%, and 290%) at 55 °C and then the
strain direction was reversed to observe recovery on
unloading. As shown in Figure 11, the samples exhib-
ited a large mechanical hysteresis, recovering only 1%—
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Figure 12. Light intensity measured under the polarizing
optical microscope (sample positioned at 45° to the polarizer/
analyzer axes) versus (&) nominal strain and (b) nominal stress
for DGDHMS/SA LC elastomer in the smectic phase.
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Figure 13. X-ray diffraction patterns of mechanically oriented
DGDHMS/SA smectic elastomer; (a) wide-angle region and (b)
small-angle region; k = 2sinfg/A, where Kk is the reciprocal
space scattering vector, 6g is the Bragg angle, 1 is the
wavelength of the incident X-ray beam, ~1.54 A.

Figure 14. Variation in polydomain texture of DGDHMS/SA
smectic liquid crystalline elastomer: (a) 20% nominal strain,
(b) 60% nominal strain, (c) 200% nominal strain, and (d) 300%
nominal strain (T = 55 °C) as viewed under the polarizing
optical microscope.

2% nominal strain. On removing the samples from the
grips, the orientation and strain were “frozen in”
permanently, even when the sample was annealed
above T4. This behavior is reminiscent of a semicrys-
talline polymer between T4 and T, because it indeed
possesses a “yield point” (the critical threshold stress),
followed by plastic deformation. The large mechanical
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Figure 15. Distributions of LC domain lengths in smectic LCE parallel and perpendicular to stress axis: (a) 0% nominal strain,
(b) 60% nominal strain, and (c) 190% nominal strain (stress axis for micrographs in inset is vertical).

hysteresis of the smectic phase could be of great tech-
nological importance because large amounts of energy
dissipation during deformation typically lead to materi-
als with extremely high fracture toughness. It may also
explain the recent findings of increased fracture tough-
ness in smectic LC thermosetting networks.2.28 |n
addition, mechanical alignment of these samples can be
used for easily preparing oriented smectic LCEs, similar
to magnetic or electric field alignment, which can then
be subjected to future experiments. On heating, the
oriented elastomers exhibited a clearing transition at
approximately the same temperature as the polydomain
samples (98 °C) and, when subsequently cooled from the
isotropic phase, recovered their original polydomain
microstructure and sample dimensions.

Stress-Optical and Wide-Angle X-ray Diffrac-
tion. Figure 12 plots the increase in light intensity
under the polarizing optical microscope with nominal
strain and stress from the stress-optical experiments.
A continual increase in light intensity (and hence,
orientation) is observed with increasing nominal strain
until a plateau is reached at large strains. The poly-
domain-to-monodomain transition shifts to lower strains
with increasing temperature; from ~100% (T = 45 °C)
to ~25% (T = 85 °C). The same data plotted against
nominal stress are more dramatic; a large jump in light
intensity is observed at the critical threshold stress,
which shifts to lower values with increasing tempera-
ture. This is different from conventional elastomers
where the relationship between orientation and stress
is approximately linear.8? However, this behavior is
analogous to the stress-optical response of semicrystal-
line polymers, where the birefringence develops rapidly
as a function of strain at constant stress (the yield
stress).

A typical X-ray diffraction pattern of the mechanically
oriented smectic elastomer (strained to failure, ¢; ~2.75)
is given in Figure 13 and shows orientation in both the
wide-angle and small-angle regions. The molecular d
spacings for the oriented samples were observed to be
the same as the unstrained polydomains within experi-
mental error. The local order was observed to stay
intact upon straining. Azimuthal scans produce values
of the orientation parameter, S, between 0.5 and 0.6.

Polarized Optical Microscopy. Figure 14 shows
the variation in polydomain texture of the thin-film
LCEs in the smectic phase as viewed under the polar-
ized optical microscope during uniaxial tensile deforma-
tion at 55 °C and 45° to the polarizer/analyzer axes.
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Figure 16. Domain lengths as a function of nominal strain
(@) and nominal stress (b) for smectic LCE parallel and
perpendicular to stress axis.

Image analysis was used to quantify these results
further as shown in Figure 15. Figure 15a is a plot of
the distribution of domain lengths parallel and perpen-
dicular to the stress axis in an unstrained polydomain
sample. It is clear that the sample exhibits a uniform
distribution (as indicated by a low amount of scatter)
which is isotropic with an average domain size of ~2.0—
3.0 um. On straining, the distribution parallel to the
stress axis broadens, changes shape (becoming multi-
modal), shifts to higher values, and becomes noisier.
This result indicates that the domains elongate along
the stress axis and that the texture becomes much more
nonuniform. The distribution perpendicular to the
stress axis does not change significantly until high
strains, at which time it also starts to broaden slightly
and becomes noisier. This point is clarified further in
Figure 16, which plots the average domain size parallel,
dy, and perpendicular, dp, to the stress axis as a function
of nominal strain and stress. Here, the d, exhibits a
nonlinear increase with nominal strain and stress,
whereas dp shows a nearly linearly increasing trend.
dp increases at a much slower rate than d,. A higher
magnification polarized optical micrograph (Figure 17)
shows that even in the highly oriented samples, many
defects are present running along the stress axis.
Figure 18 is a schematic which illustrates the changes
in texture more clearly.

Dynamic Mechanical Analysis. Recently, some
work has been published on the dynamic mechanical
properties of liquid crystalline elastomers.?6—38 Figures
19a—c plot the storage moduli, E’, the loss moduli, E",
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Figure 17. Polarized optical micrograph of oriented DGDHMS/
SA smectic LCE (P = polarizer axis; A = analyzer axis).
®
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Figure 18. Schematic of the deformation an reorientation of
the LC domains in a smectic LCE under the polarizing optical
microscope: (a) unstrained polydomain and (b) oriented sample
(P = polarizer axis; A = analyzer axis).

and the loss tangent, tan(d), as a function of tempera-
ture for the unoriented (polydomain) and oriented
(“monodomain”) DGDHMS/SA LCE along the directions
parallel and perpendicular to the stress axis. For the
polydomain LCE, the glassy storage modulus E' (=1
GPa) exhibits a large drop near T4 to 10 MPa and a
corresponding peak in the tan(o) curve. There is also a
significant drop in modulus near the clearing transition
(2.5 MPa), suggesting a large effect of liquid crystalline
order. Similar to polydomain, smectic LC thermosets
above Ty,26 the smectic phase of the LCE above Ty,
exhibits a modulus that decreases slowly with increas-
ing temperature. The oriented samples are highly
anisotropic. The entire curve is shifted up (to higher
modulus values) for the experiments conducted parallel
to the stress axis and shifted down (to lower modulus
values) for the samples that were tested perpendicular
to the stress axis. Also, there is a shift in peak of the
tan(d) curve for the oriented samples; by ~+5 °C for
the samples parallel to the stress axis and by ~—5 °C
for the samples tested perpendicular to the stress axis.

(@)
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Literature Comparison. It is interesting to note
that the mechanical behavior of the epoxide-based,
main-chain, smectic LCE used in this study is qualita-
tively similar to that of the nematic, side-chain LCEs,
suggesting that the polydomain-to-monodomain transi-
tion is a universal phenomenon. However, a quantita-
tive comparison (e.g., the critical threshold stress) is not
accurate for several reasons. The smectic LCE presum-
ably has a higher degree of local order and chain
anisotropy,3® as well as a lower cross-link density and
slightly larger domain size. In addition, the measure-
ments of the side-chain, nematic network were per-
formed under thermodynamic equilibrium.

Terentjev and co-workers?22526 assert that the LC
polydomain microstructure corresponds to a highly
frustrated state of global thermodynamic equilibrium
caused by the presence of “random, quenched disorder”4°
in the system possibly due to cross-links, chain en-
tanglements, synthesis defects, etc. A continuum model
is formulated from this basis by taking into account the
competition between a random, disordering field and an
external, aligning field (e.g., a mechanical stress). The
resulting predictions given in Figures 20a—c are com-
pared qualitatively with our experimental results. The
theory predicts a discontinuous change in a “mean order
parameter” (e.g., in our case, the orientation parameter,
S) at a critical stress value oinreshold, @nd a flattening of
the stress-versus-strain curve near Oihreshold,*> Which
agrees qualitatively with the experimental results of
this study and others. Experiments on LCEs yield a
well-developed plateau region in the stress-versus-strain
curve rather than a slight flattening, which most likely
is due to inhomogeneous deformation as the transition
occurs. The characteristic LC domain size, &, is pre-
dicted to remain roughly constant with the applied
external field,*2 suggesting that the increase in orienta-
tion takes place primarily through the rotation of
individual domains rather than by the growth of a few
favorably oriented domains. Although we find that
there is a substantial elongation of the domains along
the stress axis and a corresponding significant increase
in domain size, the concept of local director rotation is
clearly substantiated (Figure 21). From the POM
results of the mechanically oriented LCEs used in this
study, it is obvious that the smooth, “delocalized”
domain boundaries (disclination brushes) of the un-
strained polydomain become sharp, “localized” domain
walls in the strained state as predicted.?® These defects
are neither destroyed nor removed from the sample by

(b) (c)
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Figure 19. (a) Storage modulus, E’, loss modulus, E", and loss tangent tan(d), as a function of temperature for the unoriented

and mechanically oriented DGDHMS/SA elastomer.
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Figure 20. Qualitative predictions of the random field
theory?® as applied to polydomain LCEs (—) compared with
experimental trends (- - -); schematics of (a) orientation pa-
rameter versus nominal stress, (b) nominal stress versus
nominal strain, and (c) characteristic LC domain size versus
nominal stress.

(a) (b)

disclination brush

domain wall

director rotation

Figure 21. Schematic of the elongation and reorientation of
a single smectic LC domain (a) before the application of stress
and (b) after the application of stress.

straining. The domains do not deform in an affine
manner, i.e., if this were the case, then d; = d,4, where
d, is the original (unstrained) domain size and dp =
doA~Y2 from volume conservation.

Conclusions

We observed a “polydomain-to-monodomain” transi-
tion in a smectic, main-chain LCE deformed in uniaxial
tension. The o, versus e, and orientation versus oy
behavior were similar to that reported for side-chain,
nematic LCEs!® and to that predicted theoretically,?®
which suggests that this transition is a universal
phenomenon.

Polarized optical microscopy showed that the transi-
tion took place by an elongation of the LC domains and
a rotation of the local director orientations along the
stress axis. Even in the highly oriented “monodomain”
samples, orientation was incomplete and many defects
were still present running along the tensile axis,
indicating that the former smooth, “delocalized” domain
boundaries or disclination brushes became sharper,
“localized” domain walls.

The deformed smectic samples exhibited an almost
complete mechanical hysteresis within the smectic
phase, i.e., the strain and orientation were retained on
unloading even after annealing above Ty for extended
periods of time, as long as T < T;. Upon heating, the
oriented samples cleared at approximately the same
temperature as the undeformed polydomains and, when
subsequently cooled from the isotropic state, “remem-
bered” their original polydomain microstructure and
sample dimensions.

Dynamic mechanical analysis shows large differences
in mechanical properties between the smectic and
isotropic phases and also between oriented and unori-
ented samples. In particular, the smectic phase exhibits
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Figure 22. Schematic of wide-angle X-ray diffraction experi-
ment on a deformed polydomain, smectic LCE.

a large storage modulus above Ty, possibly due to the
restricted motion of the cross-links within the smectic
layers.

Appendix

1. Calculation of Orientation Parameter, S,
from WAXD patterns. The experimental setup for
conducting WAXD experiments is shown schematically
in Figure 22. All of the angles needed for the calculation
of S and referred to in the following section are also
defined in Figure 22. S was calculated from azimuthal
scans passing through the diffuse, wide-angle reflections
by the Hermanns’ method*® using a Fortran program.*
The distribution in intensity (1) as a function of the
azimuthal angle (8) for a given quadrant of the azi-
muthal scan was obtained, and the intensity maxima
were set to an angle of 8 = 0°. Conversion of the I(5)
data to I(a)) was accomplished using the relationship
from spherical trigonometry:

cos(a) = cos(B)cos(6g) (4)

where 6z is the Bragg angle and a is the angle between
the normal and the scattering planes and the individual
domain directors, A. To calculate the average cosine
square of a, integration of the I(o)) data versus o was
performed using eq 5:

J 7210 sin(a) cos*(a) dox
[Gos® o= (5)
721 (o) sin(o) da

From the sample geometry, the summation of the
average angles between the x, y, and z axes and the
director equals 1. If cylindrical symmetry of the mo-
lecular long axis is assumed, one can relate [dos2ollto
the average angle of interest [Gos?gplusing eq 6.

[Bos’p= 1—2Gos’al] (6)

S can then be calculated from eq 1 and represents
the average of the four orientation parameters calcu-
lated for each image quadrant.

2. Synthesis of Diglycidyl Ether of 4,4'-Dihy-
droxy-a-Methylstilbene (DGDHMS) LC Monomer.
Five grams (0.0663 mol) of 4,4'-dihydroxy-a-methylstil-
bene (DHMS), 61.35 g (0.6630 mol) epichlorohydrin, 5.4
g H20, and 33 g 2-propanol were added to a reaction
flask and heated to 55 °C (bath temperature, 75—80 °C)
while stirring under nitrogen. When the bath temper-
ature reached 75 °C, 4.80 g (0.1194 mol) NaOH dissolved
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in 19.2 g H,O are added dropwise during a 40-min
period. After completion of the NaOH solution, the
reaction mixture was stirred for another 10 min. Stir-
ring was stopped and the aqueous layer pipetted off.
After this, stirring was resumed and after a total of 20
min following the completion of the first NaOH addition,
a second solution of 2.13 g (0.0528 mol) NaOH in 8.4 g
H,O was added to the reaction mixture for a 20-min
period. After completion, stirring was continued for an
additional 30 min. The reaction mixture was poured
into 100 mL cold H,O and then 300 mL ice-cold
methanol. The clear white product was filtered through
a Buechner funnel, washed five times with cold water,
and then two times with ice-cold methanol. A clear,
white, crystalline product was isolated (yield ~90%).
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