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ABSTRACT: Past research in the field of shape memory polymers has led to significant advancements in the
areas of so-called one-way and two-way (reversible) shape memory. While one-way shape memory polymers
allow indefinite fixing of a temporary shape until triggered thermally to recover to an equilibrium shape, two-
way shape memory polymers feature muscle-like contraction on heating and expansion on cooling under tensile
load, the latter anomalous elongation occurring due to an ordering transition. Previously, reversible actuation has
been reported for liquid crystalline elastomers featuring a monodomain (uniformly aligned) structure, suggesting
that such alignment is required for actuation. In this work, we have prepared a glass-forming polydomain nematic
network that combines reversible actuation associated with a polydomain—monodomain transition with lower
temperature one-way shape memory centered at T,. To test separability of these phenomena, distinct deformations
were achieved and temporarily fixed by (1) cooling through the isotropic—nematic transition under tensile load,
(2) further bending the sample isothermally above T}, and (3) cooling below T,. Subsequent heating led to complete
and sequential recovery of the same deformations in reverse order. Applications in multistage deployment of

structures are envisioned.
Introduction

Shape memory polymers (SMPs) are an exciting class of
materials receiving increasing attention during the past two
decades due to their utility as soft actuators, and diverse reviews
have appeared that examine this field from various perspec-
tives.'~” Currently, two distinct, but equally important, types
of shape memory materials are most widely studied. The first
kind of SMP, termed “one way”, features a chemically or
physically cross-linked structure that is capable of “memorizing”
its permanent shape and a “fixing/triggering temperature”, Ty,
which could be the glass transition or melting point. (The
interested reader is referred to one of the review articles, which
details many examples of both SMP types.?) At temperatures
higher than T, the constituent network chains gain enough
mobility to allow significant and reversible deformation upon
application of stress. If such a deformed sample is then cooled
to a temperature below T, the same network chains become
highly constrained, resulting in a fixing of the deformation such
that it remains even after stress release. At this point, the material
exists in a dormant, metastable state. When the material is
reheated back to a temperature exceeding 7., the constituent
polymer chains regain their mobility and the sample recovers
to the original shape, driven by entropic elasticity.®’

In the one-way shape memory effect, only the recovery step
(e.g., length contraction) is spontaneous, while the deformation
step (e.g., elongation) requires external intervention involving
force application that overcomes entropic elasticity. Before
deformation, each network chain exists in an entropy-maximiz-
ing configuration consisting of spherical Gaussian coils con-
formations. In response to deformation, the same network chains
elongate, decreasing conformational entropy and increasing
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elastic free energy. As a result, some resistance to deformation
is apparent, adding in total to the material’s elastic modulus, E,
following the form E ~ 3NkT, where N is the number density
of nework chains (cross-link density), k is Boltzmann’s constant,
and T is the absolute temperature.” Quite recently, Bellin and
co-workers'®!" have prepared copolymer networks with two
distinct one-way shape memory fixing mechanisms (either glass
transition and crystallization or both crystallization-based) built
into the same material. Interesting “triple shape” phenomena
were reported.

A second type of shape memory phenomenon for polymers
exists, termed “two-way shape memory”, wherein mechanical
activity occurs during both heating and cooling. Most reported
two-way shape memory polymers are nematic liquid crystalline
elastomers, although we have recently reported on a two-way
shape memory effect in a cross-linked semicrystalline polymer.'?
Unlike conventional elastomers, nematic liquid crystalline
elastomers (NLCESs) are capable of chain conformation changes
apparently without the need of any external stress.'’ The
polymer coil in the nematic state thermodynamically favors a
prolate or oblate ellipsoidal conformation (depending on the
macromolecular architecture) over a spherical conformation. As
it is presently understood, heating an NCLE through the
nematic—isotropic (NI) transition causes the constituent prolate
network chains characteristic of the nematic state to contract to
the spherical configuration of the isotropic phase. Collectively,
a large macroscopic contraction in excess of 100%'* ' is
realized, and this contraction is reversed upon cooling back into
the nematic phase. While this phenomenon is commonly referred
to as “reversible contraction/extension”, in the context of shape
memory we prefer the term “two-way shape memory” to
indicate that activity occurs both on heating and cooling without
user intervention and in line with terminology of shape memory
alloys (SMAs).'>'®!” Two-way shape memory in a polydomain
NLCE is possible but requires application of a finite (~50 kPa)
stress, as we will describe in this paper. We note that not all
LCEs feature two-way shape memory response; indeed, one
report has revealed one-way shape memory behavior in a
smectic-C LCE featuring mesogen glass formation.'®
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Scheme 1. Preparation Strategy of the Glass-Forming Nematic
Network (P5tB-LCN)“
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P5tB-LCN

“ P5tB is first prepared by ADMET polymerization, and then this
unsaturated polymer is cross-linked by dicumyl peroxide (DCP) cure.

Here, we report on our observations of both one-way and
two-way shape memory effects in a single cross-linked com-
position that exhibits a polydomain and glass-forming nematic
phase, allowing very unique shape fixing and recovery phe-
nomena. Characterization of the phase behavior and micro-
structure exhibited by the material revealed the underlying
mechanisms responsible for shape memory behavior.

Experimental Section

Materials. A newly synthesized liquid crystalline diene, 2-fert-
butyl-1,4-bis[4-(4-pentenyloxy)benzoyl]hydroquinone (5tB) was po-
lymerized to an unsaturated liquid crystalline polyester (P5tB)'® using
acyclic diene metathesis (ADMET) polymerization and subsequently
cross-linked with dicumyl peroxide (DCP) at 150 °C to yield P5tB-
LCN. In contrast to NLCEs, a glass-forming nematic network
(noncrystalline and 7, > room temperature) was obtained. This two-
step preparation strategy of P5tB-LCN is shown in Scheme 1.

5tB Synthesis. While a detailed description on the synthesis and
characterization (NMR, DSC, and polarized optical microscopy)
of 5tB was published in our previous paper,?® we would like to
briefly restate the synthesis of 5tB here for reader convenience.
5tB was synthesized by esterification reaction between 5-penete-
nyloxybenzoic acid and fert-butylhydroquinone in the presence of
1,3-dicyclohexylcarbodiimide. The 5-pentenyloxybenzoic acid was
prepared by reaction between 4-hydroxybenzoic acid and 5-bromo-
1-pentene and then purified by recrystallization from ethanol. All
reagents involved were reagent grade and used as purchased. The
only exception is the zert-butylhydroquinone, which was recrystal-
lized from toluene multiple times (usually three times) until colorless
crystals were obtained. After synthesis, 5tB was purified by column
chromatography with a mixed solvent of hexanes and ethyl acetate
(volume ratio: 7:1) as the eluent. After the column chromatography
treatment, some of the product was found to have crystallized out
from the solvent. Nevertheless, the product was collected by
evaporating almost all the solvent and then filtering to collect the
solid compound. "H NMR in ds-acetone gave J: 8.16 (4H, m), 7.33
(1H, s), 7.22 (2H, t), 7.14 (4H, m), 5.95 (2H, m), 5.04 (4H, m),
4.16 (4H, t), 2.28 (4H, m), 1.93 (4H, m), 1.39 ppm (9H, s). DSC
studies revealed that 5tB is a slowly crystallizing substance with
the phase sequence on heating of crystal (80.6 °C) nematic (91.4
°C) isotropic.

P5tB Synthesis. P5tB was prepared and purified on a relatively
large scale. The procedure was similar to the one described in
ourpriorreport.'° Monomer, benzylidene—bis(tricyclohexylphosphine)-
dichlororuthenium (first-generation Grubbs catalyst), and solvent
(anhydrous toluene) amounting to 7.5 g, 0.22 g, and 18 mL,
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respectively, were charged into a dry and oxygen-free glass
reactor. The polymerization system was stirred for 6 h at 55 °C
under a continuous flow of nitrogen. The resulting polymer
solution was diluted and later precipitated in methanol. After
drying under vacuum at 50 °C, the crude polymer was dissolved
in chloroform and purified with trithydroxymethyl)phosphine,
though without first cleaving by vinyl ethyl ether (see ref 19).
Accordingly, 5.0 mL of THP solution (22 vol % in 2-propanol)
was added, and the mixture was stirred at 55 °C for 24 h. A
thin layer of dark-brown liquid formed on the surface of the
chloroform solution, which we understood to be the 2-propanol
solution of the hydrophilic ruthenium species generated by the
reaction between catalyst residual and THP. Without further
separation, the mixture of both layers was then precipitated in
a cosolvent of methanol and water (volume ratio: 90:10) to obtain
a pure white polymer. The yield after all the purification steps
was 6.0 g (~80%). Gel permeation chromatography (GPC)
showed the number-average molecular weight to be 7.9 kDa with
a polydispersity of 1.4, relative to polystyrene standards, while
differential scanning calorimetry (DSC) and polarizing optical
microscopy (POM) characterizations revealed the T, and Ty to
be 64.8 and 177.4 °C, respectively. '"H NMR in CDCl; gave 9:
1.38 (tert-butyl, 9H), 1.90 (aliphatic, 4H), 2,22 and 2.26
(aliphatic coupled with trans and cis C=C double bond, 4H),
4.06 (CH; next to the oxygen, 4H), 5.53 and 5.49 (trans and cis
internal C=C double bonds, 2H), 5.05 and 5.86 (terminal double
C=C bonds, trace), 6.98 (aromatic, 4H), 7.12 (aromatic, 2H),
7.23 (aromatic,1H), 8.16 (aromatic, 4H). The trans/cis ratio was
determined to be about 68/32, and no isomerized structure was
detected by 'H NMR. A detailed NMR study, including the
characterization of configuration of the double bond and isomer-
ized structure by 'H NMR, 3C NMR, 'H—'H 2D NMR (COSY),
and 11;[—‘3C 2D NMR (HMQC), appears in our previous re-
port.

P5tB-LCN Synthesis. Cross-linkable blends of P5tB and di-
cumyl peroxide (DCP) were prepared by solvent casting from THF.
As a typical example, a solution containing 0.9 g of P5tB and 0.1 g
of DCP in 10 mL of THF was prepared to yield a homogeneous
and clear solution at room temperature under stirring. The solution
was then cast at room temperature for 24 h, evaporating the most
of the solvent. Residual solvent was further removed by exposure
to vacuum at room temperature for another 24 h. After drying, a
white and brittle film was obtained. The cross-linkable blend
containing 10 wt % DCP was then heated to 150 °C for 20 min to
allow the sample to flow and fill a silicone mold. The sample was
then further degassed for 20 min under vacuum at the same
temperature to remove any trapped solvents. After that, the
precursor, together with the mold, was moved to an autoclave which
was preheated to 150 °C, and high-pressure nitrogen (0.69 MPa)
was charged. The blend was cured under such a pressure and
temperature for 24 h to obtain a turbid white, void-free sample.
The gel fraction was determined to be 85% after extraction with
THEF for 24 h. However, in the present work, the sample was studied
as synthesized without any extraction step.

Thermal and Viscoelastic Analyses. Phase behavior was
analyzed using differential scanning calorimetry (DSC) on a TA
Instruments DSC 2910 unit with a nitrogen purge, heating and
cooling rates of 10 °C/min, and initial thermal history erasure by
heating to 220 °c and back to room temperature. Linear viscoelastic
thermo-mechanical properties of the materials were determined
using dynamic mechanical analysis (DMA). A TA Instruments
DMA 2980 apparatus was employed in tensile mode with a preload
force of 10 mN, static stress/dynamic stress amplitude ratio (“force
tracking”) of 108%, a heating rate of 3 min °C/min, and an
oscillation frequency of 1 Hz. We would like to note that the DMA
test was challenging because the modulus of the material decreased
more than 7000-fold after the glass transition (from 3 GPa at —100
°C to below 0.41 MPa at 151.5 °C, as illustrated in Figure 1b).
Thus, a strain amplitude producing 9 N of force amplitude, which
is the maximum of the instrument, will only generate a 1.3 mN
force amplitude beyond T, which is too small to give a reasonable



Macromolecules, Vol. 42, No. 1, 2009

— N
s H
g S
2
Bof
i
®
[}
T
10 |
10%
E
102 b
E C
§10‘ 3
o E
3 L
2100
e E
=
10"
102 3
5 (i)
10% e 1
-100 -50 0 50 100 150

Temperature (OC)

Glass-Forming Nematic Network 275

Figure 1. Characterization of P5tB-LCN cross-linked by 10 wt % DCP. (a) Second-heating DSC revealing one 7, at ca. 80 °C and two
nematic—isotropic transitions centered at 156.3 and 172.5 °C. (inset) Wide-angle X-ray scattering pattern of an unstretched sample at room temperature,
indicated a nematic glass. (b) DMA: Tensile storage modulus (black), loss modulus (red), and tan 6 (green). Besides the damping peak at 100 °C
due to the glass transition, there is a second damping peak at about 135 °C attributed to dynamic soft elasticity. The valley temperature between
the two tan (0) peaks is 118.5 °C, which later served as the boundary temperature between deformation I and II in our tandem shape memory
experiments. (right) Hot-stage POM micrographs of the P5tB-LCN during heating at the rate of 5 °C/min to 220 °C. A tight, fine texture attributed
to cross-linking was found at low temperatures, 7 < 144.2 °C. Heating from 144.2 to 183.7 °C led to birefringence disappearance, indicating a

transition to isotropic phase.

signal/noise ratio. To overcome this issue, we adjusted the amplitude
during the experiment, using a starting amplitude of 5 um (0.035%
strain) and adjusted to 125 um (0.89% strain). As a result, the force
amplitude was maintained slightly above 0.01 N and a good signal/
noise ratio was achieved. The original sample size was 14.12 mm
x 1.6 mm x 1.38 mm, and the maximum static displacement during
the test was 1000 yum, which corresponded to a strain of 7%.

Microstructural Analyses. Polarizing Optical Microscopy.
Liquid crystalline textures and thermal transitions of the TLCPs
were investigated using hot-stage polarizing optical microscopy
(POM). Samples were cross-linked directly between a glass slide
and coverslip using the same conditions as described above for
sample bars, but without applied pressure. After cooling to room
temperature, the samples were then heated to 220 at 5 °C/min,
removing thermal history, and then cooled to 30 at 5 °C/min. A
second heating to 220 °C was conducted at 5 °C/min for micrograph
collection. POM was conducted using an Olympus BX50 micro-
scope equipped with a CCD camera (Panasonic GP-KR222) and a
temperature-controlled hot stage (Instec STC 200). The samples
were observed between crossed polarizers, allowing imaging of
nematic-phase birefringence.

Wide-Angle X-ray Scattering. A Bruker GADDS-4 unit with a
chromium source (A = 2.291 A) was used to determine the sample
microstructure at molecular dimensions. The scattering patterns were
collected on a HiStar area detector placed at a distance of 6 cm
from the sample and featuring an array of 512 x 512 detection
elements. The sample-to-detector distance allowed for diffraction
data to be measured between 2.4° < 20 < 40°, that is, 54.70 > d >
3.35 A, where d is the spacing of diffraction planes or scattering
units. The X-ray power source was operated at 40 mA and 40 kV.
The data were gathered and analyzed via a General Area Detector
Diffraction System (GADDS) software version 3.317.

Shape Memory Testing. Several types of shape memory
characterization experiments were conducted, including both
qualitative and quantitative observations. Quantitative shape
memory analyses employed a TA Instruments DMA 2980
apparatus operated in controlled (“static”) force mode with

prescribed variation in temperature and applied load and
observation of the responding sample strain, as described for
each experiment in the following.

“Two-Way” Shape Memory Characterization. The two-way
shape memory effect of the P5tB-LCN under different stresses was
characterized multiple times using the following procedure: Initially,
at the high temperature of 162 °C, a prescribed stress was applied
and the sample was annealed for 30 min to ensure thermal
equilibration. Then the sample was cooled down slowly to 110 °C
at the rate of 1 °C/min, during which period the sample was found
to substantially elongate. After the temperature reached 110 °C,
the sample was annealed for another 30 min to eliminate any
possible temperature gradients. Finally, the sample was ramped back
to 162 at 1 °C/min, with clear contraction occurring near Ty, and
annealed there for 30 min to recover any residual deformation. This
protocol was repeated several times with different loads while
recording sample length (and tensile strain) as a function of load
(tensile strain) and temperature.

Two-Stage Shape Memory Characterization. Here, two pro-
cedures were followed: one for qualitative observations and the
other for quantitative observations. (1) Qualitative. A sample was
first heated on a heating plate to 200 °C, removed from the hot
surface with a pair of tweezers, stretched, and cooled to room
temperature. The stretched sample was then placed on another
heating plate set to 100 °C, bent, and then cooled to room
temperature. Sequential recovery of the two deformations was
observed by placement of the stretched and bent sample first on
the 100 °C heating plate and then on the 200 °C heating plate. The
entire procedure was recorded as a digital movie using a CCD
camera. (2) Quantitative. The two-stage shape memory effect was
studied quantitatively with the following protocol. A sample was
first annealed at 160 °C with a preload of 6.4 kPa (sample cross-
sectional area was 1.56 mm?) and then deformed by ramping the
temperature to 118.5 at 1 °C /min. After annealing at 118.5 °C for
30 min, a secondary strain was introduced by increasing the stress
at a rate of 12.8 kPa/min to a prescribed target value. Then, the
sample was quenched to 40 °C and annealed for 10 min to eliminate
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any temperature gradients. Subsequently, the load was removed at
the same rate. For every stage of this protocol, the stress was
prescribed and the strain was measured. Both the strains induced
by (i) cooling below Ty; and (ii) force ramping were recovered
during heating cycle to 160 at 1 °C /min, albeit over different ranges
of temperature.

Nonmonotonic Strain Response Testing. Nonmonotonic strain
response testing was also performed on TA DMA 2980 with
controlled tensile force mode. A sample of 2.19 mm wide, 1.19
mm thick, and 5.34 mm long was used. The sample was loaded at
room temperature to a controlled tensile stress of 20 kPa, following
which the samples was heated from 40 to 180 °C at 1 °C/min while
monitoring the tensile strain.

Results and Discussion

We begin with a description of the phase behavior that
underpins the shape memory phenomena. As synthesized, P5tB-
LCN is a polydomain nematic material with two adjacent
nematic—isotropic transitions (7ni), as indicated by differential
scanning calorimetry (DSC), wide-angle X-ray diffraction
(WAXD), and hot-stage polarized optical microscopy (POM).
The DSC results (Figure 1a) show that P5tB-LCN has a T, of
80 °C and two first-order transitions at centered at 156 and 173
°C, evidenced by two endothermic peaks. We suggest that the
two transitions are both nematic—isotropic (NI) transitions based
on the WAXD and POM data as included as the inset of Figure
la and Figure 1c. In the diffraction pattern of the original P5tB-
LCN in Figure 1la, essentially only a broad halo is present
centered at the 26 angle of 26.0°, which corresponds to the
intermolecular spacing between the rodlike liquid crystalline
mesogens. According to the Bragg equation, the d-spacing is
calculated to be 5.1 A. A weak and diffuse lower angle reflection
(indicated with an arrow) is visible as well; this is common for
nematics and not suggestive of smecticity. The absence of a
diffraction pattern characteristic of any crystalline or smectic
phase rules out the existence of melting, smectic—nematic, or
smectic—isotropic transitions. In addition, POM results (Figure
lc) show the transition from a birefringent phase to an isotropic
phase over the broad temperature range from 144.2 to 183.7
°C, which is the same temperature range of the two endothermic
peaks observed in DSC results (Figure 1a).

Taken with our DSC and WAXS observations, the only
plausible explanation is that P5StB-LCN is a nematic network
that becomes isotropic through the two nematic—isotropic (NI)
transitions. In POM micrographs, we do observe a few black
spots that start to form at 154.8 °C, and those black spots do
not significantly expand for next 15 °C. These observations
suggest two separate nematic phases with different 7y transi-
tions. Indeed, from 154 to 169 °C, the transition during this 15
°C span seems far less significant than the transition that occurs
between 169 and 174 °C, in agreement with the bimodal DSC
result. The biggest black spot is about 5 um in size, indicating
phase separation at that scale. Furthermore, the material is
apparently polydomain in nature, identified by both nonoriented
WAXD diffraction pattern (Figure 1a) as well as the very fine
nematic textures in POM with heterogeneity on the scale of 5
um (Figure 1c). We note that we did not observe the typical
Schlieren textures that are common in low molecular weight
(thus low viscosity) liquid crystals. Instead, we observed a very
fine texture without resolution of disclination lines, as is
commonly reported for thermotropic polymers.*'

We surmise that the origin of a bimodal N—I transition in
our P5tB-LCN system lies in the detailed phase behavior during
cross-linking. According to a study by Warner,?* any fraction
of LCE cross-linked in the nematic phase is anticipated to have
higher Ty than the fraction of sample cross-linked in isotropic
phase. Indeed, we observed under hot-stage POM that the cross-
linking mixture (P5tB and 10 wt % DCP) was in a biphase state
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at the cross-linking temperature of 150 °C, as DCP slightly
lowered the range of clearing temperatures—intrinsically broad—to
span the curing temperature (lower curing temperatures are not
effective with the chosen peroxide). In addition, we compared
cross-linking at 160 and 150 °C, revealing that samples cured
at 160 °C resulted in a larger endotherm for the first (lower
temperature) transition than for the second (higher temperature)
transition. Thus, cross-linking at 160 °C occurs with a greater
portion of the sample in the isotropic state—this portion having
a lower clearing point—further supporting our explanation.
Despite this complication, the existence of two NI transitions
is not essential to our findings, as we explain below.

P5tB-LCN exhibits dynamic mechanical properties typical
(though quite unique) of a nematic network.”® Of particular
interest is a very strong and broad peak in the loss tangent trace
between the T and Tnp. This intermediate peak is taken to be
a manifestation of “dynamic soft elasticity”, described below.
Figure 1b shows the DMA data together with the DSC (Figure
1a) of the P5tB-LCN. At temperatures below 70 °C, the sample
is glassy with the storage modulus (black) as high as 2 GPa. A
small mechanical relaxation is observed, centered at —70 °C,
which we attribute to the onset (on heating) of local molecular
motions involving either the flexible spacer or the fert-butyl
groups. As the temperature reaches 80 °C, the storage modulus
starts to dramatically decrease because of the glass transition.
This transition is also manifested in the peaks of both the loss
modulus (red) and tan 0 (cyan) traces at 80.2 and 99.6 °C (arrow
i), respectively. Beyond the glass transition, the tan & curve
shows a second major peak at 135 °C, which is similar in
intensity (greater than 0.5) and broader than the glass transition
peak. This transition is attributed to a nematic-based mechanical
relaxation. We postulate that at this condition of stress and
temperature the nonaligned nematic ellipsoidal coils undergo
cyclic reorientation (with stress overcoming Frank elasticity of
domains?*) toward the loading direction, dissipating energy. If
a quasi-static stress of the same magnitude as the peak stress
(i.e., exceeding a threshold stress) were applied, the same
nematic domains would stretch and align, resulting in extensive
deformation and a monodomain-like structure. While this
phenomenon may be termed soft elasticity, the transition
corresponding to the peak in tan O curve is referred to as the
polydomain—monodomain “transition” (Tpy) and the phenom-
enon itself “dynamic soft elasticity” after Clarke and co-
workers.”> We note that the PM “transition” is not a first-order
thermodynamic transition in the usual sense, as there is no phase
change involved. Finally, as the temperature approaches 7,
tan O decreases due to the disappearance of the nematic phase
and thus this particular mechanical relaxation.

Compared with glass and polydomain—monodomain transi-
tions, the nematic—isotropic transition is far less prominent in
DMA. Nevertheless, the storage modulus shows two clear
increases with temperature while the loss modulus exhibits two
tiny negative peaks through the two N—I transitions. As a result,
the tan O curve exhibits two “dips” (not peaks) during both Ty
transitions at 156 and 173 °C. Beyond that, the storage modulus
stabilizes at a plateau value of 1 MPa while tan J nearly
vanishes.

We found that P5tB-LCN exhibits a good two-way shape
memory effect despite its polydomain nature. Figure 2 shows
the two-way shape memory cycles under different preload tensile
stresses (the engineering stresses were 3.7, 7.3, 11.0, 18.4, 25.7,
and 36.7 kPa from trace i to vi, relative to the original cross-
sectional area of 2.72 mm?). Maintaining constant load, the
sample elongates spontaneously during the course of cooling
(the lower branch of the looplike curves) to 110 at 1 °C/min.
The amplitude of this two-way actuation, which we calculate
as the strain difference between 162 and 110 °C, is as high as
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Figure 2. Two-way shape memory cycles of P5tB-LCN under stresses
of (i) 3.67, (ii) 7.34, (iii) 11.01, (iv) 18.35, (v) 25.68, and (vi) 36.70
kPa. Inset: maximum strain at 110 °C (closed symbol) and original
strain at 162 °C (open symbol) versus applied stress during the two-
way shape memory cycle. A soft elasticity plateau is apparent at 110
°C. The amplitude of actuation is seen to be about 70%.

70% at a stress of 36.7 kPa. When heated back to 162 °C at the
same rate, the samples gradually recover to their original length.
Hysteresis (temperature breadth at half the actuation strain) in
the response is evident and ranges from 5 to 12 °C, depending
on the applied stress.

As introduced previously, the two-way shape memory effect
usually requires monodomain liquid crystalline structures.
However, during the synthesis of the P5tB-LCN, we did not
utilize any method, such as surface rubbing, magnetic field, or
mechanical stretch/shearing to align the material. Consequently,
the P5StB-LCN obtained was a polydomain liquid crystalline
material as discussed previously in the context of our WAXD
and POM results of Figure 1. Instead, we postulate that the two-
way shape memory effect we observe for P5tB-LCN follows a
different mechanism.

We suggest a mechanism involving the concept of soft
elasticity, discussed above. At the network chain level, as the
temperature decreases through the isotropic—nematic transi-
tions—but before elongation—the spherical network chains
elongate to form an ellipsoidal shape, and their constituent
mesogens align locally as a nematic phase. However, since the
sample is not aligned, this chain-level elongation is macroscopi-
cally (>texture scale) “isotropic” and does not accumulate to a
significant strain. However, when the temperature reaches
conditions for the polydomain—monodomain transition, Tpy =
135 °C (Figure 1b), the applied stress exceeds a threshold stress
(~12 kPa in this case, as we will discuss in next paragraph)
and dramatic elongation occurs. This deformation process can
be regarded essentially the same as the “soft elasticity”, but
achieved by changing temperature, not the stress or strain. To
recover this strain, the sample is heated to above Ty, and the
ellipsoidal nematic coil shrink to the spherical shape of the
isotropic phase, resulting in contraction. This recovery process
is identical to the recovery/contract process observed in the
monodomain nematic networks, despite distinct origins of the
initially aligned state.

The inset of Figure 2 provides supporting evidence to the
above mechanism by revealing the close relationship between
two-way shape memory effect and soft elasticity. In the inset,
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we plot the maximum strain (the strain after cooled to 110 °C)
versus stress (closed symbols). The plot clearly reveals a plateau
characteristic of soft elasticity. The plateau of the curve obtained
from the two-way shape memory cycles has a threshold stress
of about 12 kPa and spans a strain range from 20 to 70%. In
contrast, at temperatures above Tyj, the sample does not display
soft elasticity. The plot of original strain (i.e., before spontaneous
elongation on cooling) at 162 °C (open symbols) is nearly linear
with the stress. By linear regression (dashed line), the modulus
of the sample was measured to be 0.43 MPa at 162 °C, close to
that determined by DMA experiments in Figure 1 (0.57 MPa).
Note that the plot of strain at 110 °C versus the preload stress
does not seem to pass through the origin. We surmise that it is
because of the thermal expansion of the DMA fixture since we
defined the zero position at 162 °C.

Our suggested mechanism is further consistent with the
hysteresis observed between the deformation on cooling and
recovery on heating in the two-way shape memory cycle as
observed in Figure 2. Deformation occurs through the polydo-
main—monodomain transition, which occurs between the 7, and
Tni (135 °C as determined by DMA, but stress-dependent). On
heating, the recovery happens at the nematic—isotropic transi-
tion. Indeed, researchers studying monodomain LCEs reported
that the elongation strain of soft elasticity decreases linearly
with the nematic order parameter and becomes zero at the Ty
temperature.'> As discussed previously, P5tB-LCN actually has
two NI transitions, which we surmise correspond to the portions
of each sample cross-linked in the isotropic and nematic phases.
However, we found that only the first (lower temperature) NI
transition, which is attributed to the part of the sample cured in
the isotropic phase, is found capable of “triggering” the two-
way shape memory effect and soft elasticity. This surprising
observation was also reported by Kuepfer,'> who found that
LCE samples cross-linked in the isotropic phase exhibited better
soft elasticity, in the form of lower threshold stress, than those
cross-linked in the nematic state.

Regarding actuation amplitude, the polydomain P5tB-LCN
exhibits a quite large two-way shape memory effect that is
comparable with monodomain LCEs. Considering the two-way
shape memory mechanism discussed above, a threshold stress
must be exceeded to generate significant deformation in
polydomain LCNs, and there will be a hysteresis between
deformation and recovery. For monodomain LCEs, there are
no such theoretical limitations, although a finite applied stress
is still a practical necessity of experiments to keep the samples
straight for elongation measurements and, more importantly,
to generate some work output during the actuation. For
applications where hysteresis is not a critical issue, polydomain
LCNs may offer a desirable, simplified alternative to their
monodomain counterparts since they do not require alignment
procedures during processing.

P5tB-LCN also features one-way shape memory triggered/
fixed by its glass transition (7}) at 80 °C. Deformations applied
above T could be fixed by cooling below T, and were recovered
completely by reheating. Since the two shape memory effects
have sharply distinct mechanisms and are separated by a wide
temperature gap (>70 °C), the two types of deformation and
recovery proved to function independently. In particular,
separate deformations achieved by soft elasticity on cooling and
by additional stress application (even in a different direction)
between T, and Txp could be completely fixed in combined form
below T, and recovered in reverse order upon heating.

As an example, direct visualization of the two-stage shape
memory effect is demonstrated in Figure 3, which clearly shows
well resolved two-stage recovery. The original sample was a
straight bar with dimensions of 1.5 mm x 1 mm x 20 mm (W
x T x L). Before the experiment, the sample was first heated
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Figure 3. Sequential shape recovery of P5tB-LCN. Series (a): initial unbending recovery where the sample unbent itself at about 100 °C in about
3.7 s but did not shrink at this temperature. Series (b): second shrinking recovery where the sample shrank to its original length (22 mm) in about
2.2 s after the sample heated to 200 °C. Transient thermal gradients caused dramatic, though transient, coiling during shrinkage. All pictures feature
the same magnification, and the equilibrium (and starting) sample length is 20 mm. The original video is shown in the Supporting Information.

to isotropic state by being placed on top of a heating plate
maintained at 200 °C. The sample was next removed from the
hot surface with a pair of tweezers and stretched. During the
stretch step, the sample cooled from 200 °C to below T, and
all the deformations were fixed. Then, the deformed sample was
placed on another hot plate preheated to 100 °C, above T, but
below Tpym. At this stage, the one-way shape memory fixing of
any stress in excess of the stress plateau (Figure 2, inset) was
recovered and observed as a slight contraction of the sample.
While in contact with the heating plate at 100 °C, the sample
was further bent and then cooled below T, allowing fixing of
the combined first and second deformations. Heating of this
sample led to separate and dramatic recovery of the intermediate
and final (equilibrium) shapes. Series “a” of Figure 3 shows
the first stage recovery of the sample. For this, the sample was
place on the top of a hot stage preheated to about 100 °C, a
temperature above T (80 °C) but significantly below Tni. The
sample rapidly unbent (within 4 s) but did not yet shrink. To
trigger the second stage recovery (tensile shrinkage), the sample
was next moved to another hot plate preheated to 200 °C (T
+ 40 °C). At that temperature, the sample shrank to its original
length in less than 2.2 s, as shown in series “b” of Figure 4.
Because of heat transfer asymmetry intrinsic to hot-plate heating,
the sample underwent significant coiling as one face (that
contacting the plate) shrinks more than the other, temporarily.
By the end of the transient event the sample is straight again,
indicating completion of two-stage recovery. A digital video
of the sequential recovery of this sample is available as Sup-
porting Information.

Quantitative Characterization of Sequential Shape Memory
Effects. Figure 4 shows sequential shape memory cycle
performed on a DMA. The cycle starts at 160 °C with a low
stress of 6.5 kPa (arrow). Cooling the sample to 118.5 at 1 °C/
min led to elongation that was annealed isothermally for 30
min (red). This isostress deformation, symbolized as “deforma-
tion I” in Figure 4, follows the two-way shape memory
mechanism. Next, a secondary strain was introduced isother-
mally by increasing the stress to a target value 64 kPa over 5
min. This secondary deformation, symbolized as “deformation
II” (blue), is isothermal and graphically orthogonal to deforma-
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Figure 4. Tandem shape memory effect of P5tB-LCN. Beginning at
160 °C and 6.5 kPa (arrow), the sample elongated during cooling (1
°C/min) to 118.5 °C (red, deformation I). Further stretching occurred
by application of a secondary stress of 58.5 kPa (blue, deformation
II). After cooling to 40 °C, the secondary stress was unloaded (pink)
and the sample was heated (1 °C/min) to 160 °C (black), revealing
sequential recovery of the deformations in reverse order. The strain
recovery rate (orange) shows a bimodal recovery.

tion I. Cooling to 40 °C allowed near-perfect fixing of both
deformations as revealed by strain invariance while unloading
(pink). Heating continuously to 160 °C (1 °C/min); both
deformation I and deformation II were recovered in reverse
order, the strain recovery rate (orange) clearly revealing the dual
recovery behavior since two recovery peaks are present. We
note that such a shape memory cycle gives us less resolved
two stage recovery than shown in Figure 3, which we attribute
to differences in protocol.

The first stage recovery of recovery in Figure 4 is directly
correlated with the second deformation, “deformation II”’. Figure
5 shows the strain recovery rate curves of the dual shape
memory cycles with differing secondary stress increments (0,
6.5,26.0, 58.5, and 91.0 kPa, from (i) to (v), respectively) while
the initial stress was kept constant at 6.5 kPa. For better
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Figure 5. Normalized strain recovery rate curves of the tandem shape
memory effect under different secondary deformation stresses of (i) 0,
(ii) 6.5, (iii) 26.0, (iv) 58.5, and (v) 91.0 kPa. Each recovery rate curve
can be resolved into two Gaussian peaks with high accuracy. In (iv)
the two dashed lines are the two Gaussian peaks while the solid line is
the sum, which overlaps with the raw data very well. Inset: linear
correlation between the “secondary deformation ratio” (the ratio of
deformation II over the total deformation) and the “first recovery ratio”
(the area of the first recovery peak) from the strain recovery rate curve.

comparison, the curves are normalized so that the peak area is
unity in each curve. The bimodal strain recovery persists in all
cases, with clearly larger first recovery peaks for higher
secondary stresses used in the tandem shape memory cycle.

Quantitative analysis of such a correlation was achieved by
fitting the bimodal recovery rate curves with two Gaussian peaks
(Peakfit). For explanatory purposes, the regression result of curve
iv in Figure 5 is shown. The two dashed-line curves are the
two Gaussian peaks of curve iv, while the overall regression
curve (black solid) overlapped almost perfectly with the raw
data. High correlation coefficients (>0.995) were found for all
five of the strain recovery rate curves. By plotting the ratio of
the first stage recovery rate to the total recovery rate versus the
“secondary strain ratio” (defined as the ratio of deformation II
to the sum of deformations I and II), a linear correlation is
revealed (inset of Figure 5). The linear regression (solid line)
produced a slope of 1.01 and a correlation coefficient of 0.989,
indicating that first recovery is selectively derived from the
secondary strain. Thus, the two mechanisms are independent.

Finally, as a second and distinct demonstration of unique
shape memory response, we show in Figure 6 the consequence
of loading P5tB-LCN in the glassy state and then continuously
heating through 7, and Tni. The stress applied, 20 kPa, is very
small but in excess of the stress plateau required for soft
elasticity, as shown in Figure 2. Surprisingly, a nonmonotonic
temperature response was observed: in the nematic phase the
sample elongates to a strain of 85%, peaked near T = Tpy, but
then contracts to a strain of 3.5% during isotropization.
Unloading the specimen removed all tensile strain completely,
while cooling again under load (data not shown) caused
elongation as in Figure 2 and renders the effect incapable of
repeated cycling. This phenomenon is unprecedented to the best
of our knowledge and is attributed to the combination of glass-
forming and soft-elasticity attributes in the same composition.
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Figure 6. Nonmonotonic strain response when P5tB-LCN is heated
under a tensile stress of 20 kPa at a rate of 1 °C/min through 7, (80
°C), Tem (135 °C), and finally Tn; (complete at ca. 180 °C).

It may be useful for autonomous devices, such as a smart valve
that opens for certain temperatures.

In summary, by cross-linking a thermotropic unsaturated
polyester, a glass-forming, polydomain nematic network (P5tB-
LCN) was obtained. This material exhibited both one-way and
two-way shape memory effects related to the glass transition
and polydomain soft elasticity intrinsic to the nematic phase,
respectively. When used in tandem, two sequential and inde-
pendent deformation can be applied and fixed. Subsequent
continuous heating leads to recovery of shapes in the reverse
order of fixing, indicating a novel two-stage shape memory
effect. We envision a wide variety of deployment events possible
through many permutations of the two temporary shapes.
Further, we anticipate additional new phenomena to be possible
through manipulation of the temperatures involved. For example,
if the hysteresis in two-way shape memory (Figure 2) were made
to overlap with T}, then soft-elasticity-based elongation could
be suspended by supercooling below 7, and later activated upon
heating. Consequently, the surprising and entirely new non-
monotonic strain—temperature response of Figure 6 could be
cycled indefinitely.
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