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ABSTRACT: Cooling-induced crystallization of cross-linked poly(cyclooctene) films under a tensile load results
in significant elongation and subsequent heating to melt the network reverses this elongation (contracting), yielding
a net two-way shape memory (2W-SM) effect. The influence of cross-linking density on the thermal transitions,
mechanical properties, and the related 2W-SM effect was studied by varying the concentration of cross-linking
agent dicumyl peroxide (DCP) and using differential scanning calorimetry (DSC), gel fraction measurements,
dynamic mechanical analysis (DMA), and customized 2W-SM analysis. The latter showed that there is
crystallization-induced elongation on cooling and melting-induced shrinkage on heating (2W-SM), with lower
cross-link density leading to higher elongation at the same applied stress. For a given cross-link density, however,
increasing the tensile stress applied during cooling resulted in greater stress-induced crystallization. We further
observed that the onset temperatures for elongation on cooling (Tc) and contraction on heating (Tm) shifted to
higher temperatures with decreasing cross-link density. Similarly, the degree of molecular orientation achieved
upon deformation was found to increase with decreasing cross-link density. The impact of stress on the 2W-SM
effect was examined using wide-angle X-ray diffraction (WAXD), revealing a transition from bimodal to unimodal
orientation. As the crystalline structure evolves from bimodal (low stress) to unimodal (high stress), the
crystallization occurs along a single preferred orientation thus inducing greater elongation along the stretching
direction. We anticipate that the observed 2W-SM property in a semicrystalline network will enable applications
heretofore possible only with costly shape memory alloys and liquid crystalline elastomers.

Introduction

Shape memory polymers (SMPs) are an exciting class of
smart materials that offer the capacity to undergo large and rapid
shape changes under specific and tailored environmental
conditions.1-3 So-called “one-way” shape memory polymers
(1W-SMPs) feature an equilibrium (permanent) shape, dictated
by cross-linking, that can be deformed at either ambient or
elevated temperatures, “fixed” to a temporary and dormant shape
and then recovered to a stress-free condition by heating or
otherwise liberating chain mobility constraints. Uniquely, SMPs
allow molecular design of tailored stiffness and responsiveness
to external stimuli such as heat, pH, electricity, and light. Many
studies have been performed and reported with a variety of
SMPs such as phase separated polyurethanes,4,5 cross-linked
polyethylene,6 polynorbonene,7 styrene-butadiene copolymers,8

and biodegradable shape memory polymers based on oligo (ε-
caprolactone).9 It has been well-documented that heat-sensitive
1W-SMPs can have their stiffness and critical temperature
tailored through compositional variations that control crystal-
linity, the melting temperature (Tm), and/or the glass transition
temperature (Tg). Despite the breadth of 1W-SMP compositions,
the number of two-way shape memory polymer examples is
comparatively small, heretofore being limited to the liquid
crystalline elastomer family. This is discussed more below.

In contrast to SMPs, metallic shape memory alloys (SMAs)
feature a shape change stimulated by a modest temperature
crystal-crystal (martensite-austenite) transition. Furthermore,

it is well-known that a specific thermomechanical treatment,
called “training”, plays a critical role in obtaining a two-way
shape memory behavior from an initial one-way shape memory
alloy. While the native one-way shape memory alloy can only
“remember” the high-temperature shape, the trained two-way
shape memory alloy can “remember” both high and low-
temperature shapes through the creation of a dislocation network.
In comparison to the tensile strains achievable with the SMA-
based one-way shape memory effect (∼ 8%) reversible strains
of only 4% are possible10 for the two-way shape memory effect
and one must resort to geometric strain amplification, as in the
form of a helical spring or bimorph, to achieve reasonable
actuation strokes. Interestingly, reports exist of composite
structures in which an elastomeric polymer is embedded with
SMA wires to yield, following training, a beam with reversible
flexural actuation capacity.11,12In our work, we seek to develop
similar functionality but without the complexity of composite
material fabrication.

Demand has arisen forreVersible actuationin polymers,
especially for artificial muscles or actuators.13,14 Toward this
end, a wide range of materials have been investigated to varying
degrees of success, including the modulated gel technique,15

electroactive polymers,16-18 conducting polymers,19-22 and
liquid crystalline elastomers (LCEs).13,14,23,24 Among these
candidates, LCEs have shown the best potential based on their
fast actuation speed and mechanical properties that can be tuned
and optimized to mimic skeletal muscle. Two-way shape
memory in LCEs features reversible actuation at a single,
generally nonzero, applied stress. In particular, with a tensile
stress applied, elongation is observed during cooling from the
isotropic to liquid crystalline phase, while contraction is
observed upon heating throught the same phase transition. The
surprising elongation upon cooling is attributed to a distinct “soft
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elasticity” characteristic of the liquid crystalline phase,25 while
heating induced contraction is a simple consequence of achiev-
ing the strain associated with tensile modulus of the isotropic
elastomer. The effect is quite dramatic: under a small preload
stress of 6 kPa, a recoverable strain as high as 300% was
observed when traversing the isotropic-nematic transition
monodomain samples.26 The reversible actuation behavior in
liquid crystalline elastomers have been demonstrated by Finkel-
man and others in the form of side-chain LCE architecture.14,27-29

In addition to side-chain liquid crystalline elastomers, recently
main-chain liquid crystalline elastomers have attracted interest
due to their intrinsically high, yet liable, orientational order and
network strain compared to the side chain analogue.29,30Despite
their attractive characteristics, LCEs take multiple steps to
synthesize so that they are intrinsically expensive to produce.
Materials with similar characteristics are needed but with a
simpler synthetic protocol for their production.

In prior work, we reported the synthesis of a 1W-SMP, poly-
(cyclooctene) (PCO), by facile ring opening metathesis polym-
erization (ROMP) of cyclooctene using a Grubb’s catalyst.31

The PCO was then covalently cross-linked by peroxide cure to
form a semicrystalline thermoset polymer possessing a melting
temperature easily adjusted through cross-linking density and
trans/cis composition in vinylene groups. As a 1W-SMP,
excellent fixing to a temporary shape on cooling as well as rapid
recovery to the original, stress-free, shape on heating was
observed.31 To our surprise, we have found that the same
materials exhibit significant two-way shape memory behavior
and this behavior was recently investigated and reported herein.
Moreover, a commercial source for poly(cyclooctene) with
properties similar to our version was identified under the
tradename Vestenamer. In this study, we report on the prepara-
tion and characterization of a simple composition exhibiting two-
way shape memory behavior: cross-linked PCO. In a manner
similar to LCEs discussed above, cross-linked PCO exhibits
tensile elongation upon cooling and complete tensile contraction
on heating under a constant stress. The thermally reversible two-
way shape memory behavior was characterized using a dynamic
mechanical analyzer (DMA) as a function of applied stress as
well as the extent of cross-linking of PCO. In addition, the
crystalline structure was investigated using wide-angle X-ray
diffraction (WAXD) in order to elucidate the origin of cooling-
induced expansion and heating induced contraction.

Experimental Section
Sample Preparation.Poly(cyclooctene) (Degussa Corporation,

Vestenamer 8012 with a trans content of 80%) and dicumyl
peroxide (DCP) (>98% purity, Aldrich) were used as received. All
specimens were prepared using a microcompounder (DACA) and
a Carver press (model C) as revealed in the following processing
protocol example. The microcompounder was first preheated to
80 °C and equilibrated for at least 5 min to ensure a uniform
temperature distribution within the whole chamber. The dried PCO
pellets were next fed into the chamber and mixed with DCP with
different amounts to obtain the desirable composition in the final
products for 5 min at a rotation speed of 50 rpm. Such a process
is capable of melting the polymer and uniformly dispersing the
peroxide, without inducing significant cross-linking. The mixture
was then extruded from the microcompounder and cooled to room
temperature. After adding into a spacer frame made of Teflon
(thickness: 0.4 mm), the extrudate was pressed between two hot
plates preheated to 180°C and then cured for 30 min under a load
more than sufficient to seal the mold periphery (1000 lb). The fully
cured samples were cooled to room temperature. The DCP content
varied from 1 wt % to 2 wt % based on the weight of PCO.

Gel Fraction Measurement. To determine the quality of
cross-linking, network gel fraction values of the cross-linked

PCO samples were measured using extraction and gravimetry. Each
PCO sample was extracted using boiling THF (a good solvent for
linear PCO) in a Soxhlet extraction apparatus for 24 h and then
vacuum-dried at 50°C to remove residual solvent for calculation
of gel fraction. Gel fraction values were calculated using the initial
dry weight, before extraction,Wi, and the dry weight after extraction,
Wd,

For polymers featuring favorable interactions with THF, this
quantity ranges from 0% for a polymer completely soluble in THF
to 100% for a perfect network; i.e., a network featuring no free
polymer chains.

Thermal Analysis. Thermal properties were measured using
differential scanning calorimetry (DSC, TA Instruments, Inc., model
Q100). The samples were heated at a rate of 10°C/min from-50
to 100 °C and were then cooled to-50 °C at a cooling rate of
10 °C/min. Subsequently, a second heating run at the same rate of
10 °C/min was executed to 100°C. The observed melting
temperature (Tm) of each cross-linked PCO sample was determined
from the second heating curve. The melting temperatures and heats-
of-fusion were evaluated from the peak and the areas of maxima
of the appropriate endotherms.

Shape Memory and Dynamic Mechanical Analysis.A Perkin-
Elmer dynamic mechanical analyzer (DMA-7e) was used with
multiple configurations to explore and analyze one-way and two-
way shape memory behavior, as well as the usual linear viscolastic
properties. Samples with different degrees of cross-linking (as
controlled by DCP content) were cut into rectangular strips with
dimensions of 0.4 mm× 2.0 mm× 15.0 mm. Each PCO strip was
placed in tension between a fixed and movable clamp. One-way
shape memory behavior was characterized using a four-step program
that begins at elevated temperature (T > Tm). (1) Deformation: the
PCO strip is elongated by increasing the applied load from 0 to
0.38 N at a rate of 0.05 N/min and atT ) 75 °C. (2) Fixing: the
sample is then cooled at 2°C/min to a temperature belowTm under
constant load, this step was found to fix the temporary shape quite
completely. (3) Unloading: the load was removed at a constant
rate of 0.1 N/min, revealing the quality of fixing through the
resulting final strain. (4) Recovery: Finally, heat-induced recovery
toward the original length was examined by heating to a temperature
aboveTm at a rate of 2°C/min.

In contrast, the two-way shape memory cycle is conducted with
the following three steps, the only difference being the lack of an
unloading step prior to reheating. (1) Deformation: The sample is
stretched at high-temperature (>Tm) by increasing the applied load
from x to y at 0.05 N/min. (2) Cooling: The deformed and loaded
sample is then cooled to low temperature (<Tc) at a rate of 2°C/
min. (3) Heating: After being held for 10 min at 15°C, the sample
is then heated to 100°C at a rate of 2°C/min while the sample
length is measured. This thermomechanical protocol was performed
repeatedly by cooling and heating under a constant applied tensile
stress. Characteristics of the 2W-SM behavior include the actuation
magnitude,Ract(σ) and the strain recovery magnitude (Rrec). Ract(σ)
is the strain increment during actuation, expressed as a percentage
of the baseline strain atT > Tm. These characteristics are calculated
from the observable sample lengths for a two-way shape memory
behavior as follows.

G(%) )
Wd

Wi
× 100% (1)

Ract(σ) ) ∆ε × 100%

) (εlow(σ) - εhigh(σ)) × 100%

)
Llow(σ) - Lhigh(σ)

L(0)
× 100% (2)

Rrec(σ) )
Llow - Lhigh

final

Llow - Lhigh
initial

× 100% (3)
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For eq 2,Lhigh is the length of the sample at high-temperature (T >
Tm) andLlow is the length at low temperature (T < Tm), both with
stress,σ, applied. For eq 3,Lhigh

initial is the original length under
stress and at a high temperature, whileLhigh

final is the final length
under stress after reheating to induce recovery.

For conventional DMA characterization, the tensile storage
modulus (E′) was recorded at a heating rate of 2°C/min using an
oscillation frequency of 1 Hz and a temperature range-80 °C <
T < 100 °C. To remove thermal history prior to such DMA
measurements, samples were first heated in a vacuum oven at
100 °C for approximately 10 min and then cooled slowly to room
temperature.

Wide-Angle X-ray Diffraction. Ex situ wide-angle X-ray
diffraction measurements were employed to aid in the elucidation
of the observed thermomechanical response at the microstructural
level. In particular, following steps 1 and 2 of the 1W-SM protocol
detailed above, samples were collected from the DMA apparatus
and then mounted on the sample support of a Statton camera
WAXD apparatus with the length and width axes perpendicular to
the beam, vertical and horizontal, respectively. A calibrated
sample-detector distance of 7.40 cm was employed, and X-ray
diffraction patterns were recorded on a Fuji image plate measuring
10 cm × 15 cm and processed with a digital reader (Fuji, FDL
5000) to yield pixels of dimension 25µm square. The X-ray patterns
were analyzed using the image analysis software ImageTool v 3.0
(UTHSCSA). Additional X-ray powder diffraction patterns (Rigaku
RINT2200 diffractometer) were obtained with Ni-filtered Cu KR
radiation (λ ) 1.54068 Å) generated at 30 kV and 30 mA with
diffracted radiation collected at a scanning speed of 0.5°2θ/min in
the range of 1-40°2θ and then analyzed using MDI (Jade version
5) software.

Results and Discussion

Poly(cyclooctene), PCO, is a semicrystalline polyolefin with
some unique properties when compared to the more commonly
studied polyethylene and polypropylene. For example, PCO
features unsaturation, a carbon-carbon double bond, at precisely
every eighth carbon. This offers potential for facile cross-linking.
In addition, the cis/trans ratio of the same carbon-carbon double
bond bears influence on the degree of crystallinity and melting
temperature, greater trans levels yielding greater crystallinity.
Finally, for shape memory purposes, the melting temperature
is conveniently close to room temperature (Tm ∼ 55 °C), but
high enough to allow rapid crystallization at room temperature.
We prepared a set of chemically cross-linked PCO films using
DCP as a thermal initiator to investigate shape memory
properties, especially, two-way shape memory behavior. For a
DCP range of 1-2%, we obtained gel fraction values from 85%
to 94%, with the gel fraction,G, increasing monotonically with
DCP content as expected. The results are summarized in Table
1 along with other characterization data to be described later.
While not a direct measure of cross-linking degree, rubber
modulus data will be described below, the values do indicate
quite complete cross-linking in the sense of incorporating all
constituent chains in the percolating network. We now proceed
to describe the basic thermal and mechanical properties.

Thermal and Mechanical Properties.PCO samples cured
with DCP “melt” to a stable rubbery plateau aboveTm that is
void of macroscopic flow, allowing reversible (elastic) deforma-
tions up to several hundred percent without flow (Supporting
Information), as will be revealed with DMA data, below. The
melting temperature (Tm), only slightly modified from the linear
polymer, as we shall show, acts as the transition temperature
to trigger a shape memory behavior of the networks. For 1W-
SM response, cooling belowTm leads to crystallization that
serves as the fixing mechanism of deformed PCO samples, while
heating aboveTm leads to chain mobility that allows strain
recovery to mechanical equilibrium in accordance with the
applied load. As previously reported,31 cross-linking of PCO
with DCP has a critical influence on physical properties such
as the melting and crystallization temperatures,Tm and Tc,
respectively, melting enthalpy, and mechanical properties, all
of which we have investigated.

In order to evaluate the possibility of tuning the transition
temperatures (i.e.,Tm andTc) by cross-linking extent, melting
and crystallization thermograms obtained using differential
scanning calorimetry (DSC) for PCO samples cured with
different DCP concentrations were conducted. The results are
shown in Figure 1 with analysis data summarized in Table 1.
One sees immediately that cross-linking PCO does not quali-
tatively alter the melting and recrystallization behavior relative
to linear PCO, at least not for 1-2 wt % DCP. Instead,
quantitative alterations result. Inspection of Figure 1 and Table
1 reveals that the transition temperatures,Tm andTc, along with
associated latent heats of melting and crystallization (heat of
fusion), modestly decrease with increasing DCP concentration.
In particular, the heat of fusion decreases by∼7% on increasing
the DCP content from 1 to 2%. We attribute this trend to a
constraining effect of cross-link junctions on crystal growth,
specifically the local chain mobility necessary for chain insertion
into a growing crystal is suppressed in the neighborhood of a
cross-link site. This hypothesis is supported by the reduction
in melting enthalpy with DCP content, resulting in the reduction
of crystallinity (Table 1). Indeed, we have reported in the past
a significant alteration in the crystallization kinetics of PCO
due to cross-linking.32 Similar findings have been reported for
the cross-linking of polypropylene33 and polyethylene.34,35

Table 1. Characterization DCP-Cured PCO Samples

samplea
DCP
wt %

Tm

(°C)
Tc

(°C)
∆H
(J/g)

øC

(%)b
G

(%)c
Rr

d

(%)
E′ (80 °C)

(MPa)e

PCO-D1.0 1 48.2 28.7 61.0 28.2 85.0 93.5 0.93
PCO-D1.25 1.25 45.7 27.6 60.1 27.8 90.1 96.0 1.28
PCO-D1.5 1.5 44.6 26.6 57.9 26.8 92.3 97.5 1.49
PCO-D1.75 1.75 43.7 25.9 57.1 26.4 93.6 98.2 1.63
PCO-D2.0 2 41.9 24.2 55.5 25.7 94.1 99.0 2.01

a Cross-linked PCO nomenclature indicates DCP weight percent as the
suffix. b Crystallinities were determined from∆Hcrystal ) 216 J/g.37 c G:
Gel fraction.d Rr: Strain recovery ratio.e Storage modulus at 80°C.

Figure 1. First cooling and second heating DSC thermograms of PCO
cured with various amounts of DCP: (i) pure PCO (ii) 1%, (iii) 1.25%,
(iv) 1.5%, (v) 1.75%, and (vi) 2%. The constant heating and cooling
rate of 10°C/min was used. Upper and bottom line in a pair of DSC
traces indicate first cooling and second heating, respectively.
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From the standpoint of shape memory behavior, increasing
the degree of cross-linking (via increased DCP content) may
simultaneously increase the rubber modulus, enhancing work
capacity during strain recovery, while the degree of crystallinity
is reduced (as indicated by the heat of fusion alteration discussed
above), possibly hampering strain fixing.31 To shed light on such
a tradeoff, dynamic mechanical analyses were conducted for
the series of cross-linked PCO samples. Shown in Figure 2 are
the tensile storage modulus (E′) traces plotted as a function of
temperature for samples spanning the same range of DCP
contents as for the thermal analysis. In the low-temperature
region, we clearly observe the glass rubber transition nearT )
-70 °C where the tensile storage moduli drop from ap-
proximately 1 GPa to a sloped plateau beginning at ap-
proximately 300 MPa (leatherlike) and falling to approximately
50 MPa (stiff elastomer) just prior to the melting transition.
Consistent with our observed slight decrease in crystallinity on
increasing DCP content (Table 1), the tensile storage modulus
for Tg < T < Tm is also seen to decrease, most dramatically
from 1.0% (PCO-D1.0) to 1.25% (PCO-D1.25). Upon traversing
the melting transition for each network sample, the tensile
storage modulus drops sharply, reaching an extended rubbery
plateau aboveTm whose modulus value depends sensitively on
DCP content and may serve as a measure of cross-linking
density. These values are summarized in Table 1 and range from
0.9 to 2 MPa, a range typical for cross-linked elastomers and
coincidentally close in numerical value to DCP content in wt
%. As anticipated from DSC findings, the onset temperature
corresponding to the modulus drop shifted to lower temperature
with increasing DCP content.

In our prior report,31 it was found that cross-linking PCO
with too low a concentration of DCP led to viscous flow above
Tm while cross-linking of too high a DCP content undesirably
broadened the melting and crystallization transitions, impacting
one-way shape memory behavior. Though for different reasons
than one-way shape memory, two-way shape memory behavior
is also impacted by cross-linking, through both the rubber
modulus and melting transition. Indeed, the narrow range of
1-2 wt % was selected from prior experience31 to afford both
a flat rubber plateau and narrow melting transition. For lower

cross-linking densities (0.5 wt % DCP), significant creep occurs
aboveTm, while for higher cross-linking densities (3 wt % DCP)
the melting transition excessively broadens.

Shape Memory Properties.As described in the Experimental
Section, a dynamic mechanical analyzer was used in controlled
force and static mode to characterize precisely the one- and two-
way shape memory effect of the cross-linked PCO samples.
Figure 3 shows repeated one-way shape memory cycles for
PCO-D1.5. Here, the sample was elongated up to 80% at a high-
temperature (75°C) aboveTm (the deformation step) and cooled
down to 5 °C at a constant cooling rate (2°C/min). At low
temperature, the temporary shape was obtained and the applied
load was removed. The PCO sample recovered the original
shape due to entropic elasticity upon heating back to the high-
temperature (75°C) at a constant rate (2°C/min). The cycle
was repeated three times following the same thermomechanical
protocol. Although there exists a slight slipping of the sample
from the DMA’s clamp during the first cycle, remarkably
reproducible shape memory behavior is observed from one cycle
to the next. Thus, it is clear that such a cross-linked PCO
(Ventenamer 8012) sample exhibits an excellent one-way shape
memory property, accompanied by both good fixing and
recovery. These results are similar to those previously reported
for a PCO prepared by us via ring-opening polymerization.31

Quite interestingly, it was observed that a remarkableincrease
in strainoccurred during cooling as indicated by the bold arrow
(Figure 3), at a temperature corresponding to PCO crystallization
as observed with DSC (Figure 1). This result indicated to us
that the cured PCO materials have potential of two-way shape
memory behavior, which requires an elongation event on
cooling. On the basis of this result, we explored two-way shape
memory behavior of the cured PCOs (simply removing the low-
temperature unloading step), which involves pre-deformed
samples reversibly elongating and contracting on cooling and
heating through the transition temperature, respectively.

Two-way shape memory behavior of PCO samples cross-
linked with different DCP amounts are shown in Figure 4, where
the strainincrement(Ract(σ), eq 2) is plotted versus temperature.
The cured PCO samples were initially in a stress-free state.

Figure 2. Storage modulus (E′) vs temperature for the cross-linked
PCOs as a function of the added DCP in amounts shown.E′ was
recorded at a heating rate of 2°C/min with frequency of 1 Hz.

Figure 3. One-way shape memory cycles for PCO-D1.5. The asterisk
indicates the beginning of the experiment. The sample is deformed by
increasing stress at 75°C. Cooling (2°C/min) and removing stress
yield a temporary fixed shape. Shape recovery of the original equilib-
rium shape is obtained by heating (2°C/min).
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Then, the samples were elongated under a constant stress at an
elevated temperature (100°C). Since the cooling and heating
rates have a significant impact on the shape memory behavior,
a constant heating and cooling rate of 2°C/min was maintained
for all samples. Taking into consideration that the length of the
pre-deformed sample at high temperature is the initial length
(Ract(σ) ) 0%), the change inRact(σ) with temperature was
observed through cooling and heating.

During the cooling step, we observe that strain slightly
increases with decreasing temperature, but at the point of
crystallization the strainincreasesquite dramatically with an
increment,Ract(σ) ∼ 25% for the applied stress values studied.
(Note: Supporting Information includes graphs of the total
actual strain,ε, not the strain increment, versus temperature.)
At first glance, this is surprising since according to the linear
viscoelastic measurements (at small strain) shown in Figure 2
the elastic modulus is significantlyhigherbelowTm than above.
Thus, from elastic modulus (linear) considerations alone, one
expects a straindecreaseon cooling belowTm at constant tensile
stress. That we see the opposite is indication of a nonlinear,
large strain effect not ascertained with linear viscoelastic
measurements. The dependence on degree of cross-linking is
also seen clearly in Figure 4: the strain increment dramatically
increases with decreasing DCP concentration when examined
at the same applied tensile stress. This finding seems reasonable,
as the cross-link junctions impose constraint against continued
sample deformation in a manner similar to the modulus-cross-
link density relationship of rubber elasticity. Further, we see
from Figure 4 that for a fixed tensile stress of 600 kPa,Tm

increases slightly whileTc increases dramatically as cross-linking
is decreased.

By the coincidence of temperatures at which the cooling-
induced elongation and crystallization events occur, we reason
that the increase in strain is due to the crystallization event,
itself, which differs significantly from the no-stress case where
no macroscopic deformation (other than isotropic contraction
due to density increase) is witnessed. During cooling under
stress, but prior to crystallization, the elongated amorphous

network chains (stretched Gaussian coils) adjust their junction-
junction distance slightly but suddenly increase in this dimension
upon crystallizing at constant stress. Surely this involves a
decrease in configurational entropy as is the case for quiescent
polymer crystallization but even more so if chain folding into
lamellae is diminished in deference to a more extended-chain
crystalline configuration.

Extracting the strain increment during cooling from the data
sets of Figure 4, we can clearly see the inverse effect of cross-
linking density on actuation (Figure 5). In particular, the strain
increment increases, under constant stress, from 20% (that is
20% more strain than the background strain for 600 kPa at
100 °C) for PCO-D2.0 to 36% for PCO-D1.0. This result
indicates that the strain increment during crystallization increases
for samples whose amorphous network chains are already more
oriented in the stretching direction due to higher sample
compliance. However, evident in Figure 5 is a tradeoff between
the strain increment and strain recovery ratio, as we now
describe.

The elongation event upon cooling is quite completely
reversed through a heat-induced contraction upon heating back
to the original temperature (Figure 4), revealing significant
hysteresis due to undercooling of the crystallization event. In
total, we observe a reversible, two-way, shape memory effect
that can be considered a type of thermal actuator. Heating PCO
samples that had undergone crystallization under stress, and
associated elongation, above their melting temperature melts
the crystalline regions, triggering a recovery back to the
precrystallization strain for a value ofRact(σ) close to zero.
Figure 5 shows the trend in recovery ratio with DCP content,
revealing that values close to 100% are achievable for DCP
levels close to 2 wt %. Thus, higher cross-linking produces a
more stable rubbery state at high-temperature that is resistant
to creep over time and during thermal cycling.

It is expected from rubber elasticity theory that uniaxially
loaded elastomers will contract on heating and elongate on
cooling; however, this effect is small compared to the crystal-
lization-induced elongation we have observed. Considering
elastic effects alone, the constitutive behavior of an elastomer
can be adequately explained by considerations of network chain
thermodynamics and the number density of network chains. The
relationship between extension ratiof(λ) and tensile engineering
stress (σ) is given by36

Figure 4. Two-way shape memory behavior of PCOs cured with
different DCP contents: (i) 1.0, (ii) 1.25, (iii) 1.5, (iv) 1.75, and (v)
2.0 wt %. The samples were elongated at high-temperature (100°C)
under a constant stress of 600 kPa. The deformation step is followed
by a cooling process (2°C/min), inducing an increase in strain. Then,
the increased strain decreases by a heating process (2°C/min) to high
temperature.

Figure 5. The maximum strain and recovery ratio vs DCP content in
the two-way shape memory behaviors of the cured PCOs under an
applied stress (600 kPa).

σ ) NkTf(λ) (4)
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WhereN is the number of chains in the network per unit volume,
T is absolute temperature,σ is stress,ε is strain, andk is
Boltzmann’s constant. In addition,f(λ) is a monotonically
increasing function ofλ for λ > 1. When it is assumed that
cross-linking density and an applied stress are constant, the
relationship between extension ratiof(λ) and temperature (T)
is as follows.

wherefL(λ)andfH(λ) represent the extension ratio at a low and
high-temperature, respectively. Equation 7 indicates that the
extension ratio is inversely proportional to temperature, in
agreement with Figure 4 for the cooling and heating portions
above crystallization and melting transitions, respectively. For
example, when cooling, the strain increases gradually (1% for
every 10°C as seen in Figure 4), indicating a minor effect of
entropy elasticity consistent, at least qualitatively, with classic
theory. In stark contrast, a 10× sharper elongation event (∼1%
per 1 °C) is witnessed during crystallization and this sharp
transition is reversed with nearly the same slope, though at a
higher temperature. Thus, both rubber elasticity and our
observed crystallization induced elongation contribute to elonga-
tion on cooling and contraction on heating, with the crystal-
lization effect being about 10 times sharper.

Increasing the applied load (stress) during actuation was
observed to have multiple effects, as revealed in Figure 6 where
PCO-D2.0 samples were thermal cycled at different stress levels.
While the offset strain increases with applied loads (Supporting
Information), the strain increment also increases. For example,
Figures 6 and 7 reveal that increasing the applied tensile stress
from 500 to 700 kPa (a 40% increase) raised the strain increment
from 17.4% to 28.3% (a 62% increase). Extrapolating the strain
increment to the stress-axis allowed estimation of a critical stress
for PCO-D2.0 ofσc ) 170 kPa. Below this stress, crystallization-
induced elongation is not activated. Important for consideration
as actuators, we have also observed that increasing the applied
stress shifted the transition temperatures for both elongation and
contraction to higher values (especially the crystallization
temperature) while slightly decreasing the level of hysteresis
(Figure 7). Concerning the melting transition, we postulate that
as the stress applied during crystallization is increased com-
paratively larger and more stable crystallites are formed, leading
to a higher melting temperature and associated onset temperature
for strain recovery. More specifically, stretching the PCO
elastomers under high stress will tend to alter the conformation
of the network chains from their equilibrium randomly coiled
state to a more extended state, acting as a “seed” to promote
extended chain crystallite growth toward a direction parallel to
the stretching direction.37

To better understand the nature of the PCO crystalline
structure formed during cooling under stress, we examined the
degree of crystallinity calorimetrically for a range of stresses
and with particular attention on PCO-D1.25 as a representative
sample. Thus, following cooling-induced crystallization and
elongation toT ) 0 °C, samples were collected from the DMA
apparatus and DSC analyses were then performed immediately
from -10 to 100 °C at a rate of 10°C/min. Then, the
crystallinity of the stretched samples was determined from the
first heating scan using DSC to measure endothermic latent heat
of melting and dividing the value by the value known for a

pure crystal of PCO (216 J/g).38 (Raw first heat DSCs are
available as Supprting Information.) Following this procedure,
we found that the degree of crystallinity increased from 30.6%
for an applied load of 500 kPa to 34.2% for an applied load of
700 kPa. In addition, the melting point shifted to a slightly higher
temperature with increasing stress. After carrying out each first
heating scan, the first cooling and second heating scans of the
stressed samples were identical to those reported for the
unstretched PCO samples (Figure 1), proving that the modifica-
tion to crystallinity was strictly due to the stress applied during
cooling.

WAXD Analysis. On the basis of the results presented above,
we assert that microstructural changes and molecular orientation
effects are associated with the unusual two-way shape memory
behavior discussed in this investigation. Therefore, two-
dimensional wide-angle X-ray scattering patterns were obtained
from PCO-D1.5 samples oriented by cooling under load.
Samples whose thermomechanical history had been previously
erased by subjecting them to 100°C were collected in the same
manner as for DSC (discussed above) for a range of stresses,

f(λ) ) (λ - 1/λ2) (5)

λ ) ε + 1 (6)

fL(λ) ) fH(λ)TH/TL (7)

Figure 6. Two-way shape memory behavior for PCO-D2.0 at different
stresses, (i) 500, (ii) 600, and (iii) 700 kPa. The samples were deformed
at high temperature under each applied stress. The deformation step is
followed by cooling and heating processes (2°C/min) under the constant
stress, respectively.

Figure 7. The maximum strain and thermal strain hysteresis vs the
applied stress in the two-way shape memory behavior of PCO-D2.0.
b and0 indicate the strain and strain thermal hysteresis, respectively.
Thermal strain hysteresis was calculated from the difference of
temperature (∆T) at the half of strain loop generating during cooling
and heating as indicated by the bold arrow.
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leading to the patterns shown in Figure 8. It is known that PCO
crystallizes in a triclinic or monoclinic microstructure, or a
mixture thereof, depending on the conditions of crystalliza-
tion.39,40 The unstretched, but thermally cycled, PCO sample
(Figure 8i) shows two sharp Debye-Scherrer (crystalline)
reflections, whose uniform intensity around the azimuth denotes
isotropic chain orientation. The reflections are located at 2θ )
20.0° (4.43 Å) and 2θ ) 23.0° (3.85 Å), corresponding to the
(010) and 1h10 (1h00)/(100) reflections characteristic of a triclinic
crystal structure (Figure 8i).

For samples undergoing crystallization-induced elongation at
300 kPa (Figure 8ii), the diffraction pattern becomes anisotro-
pic: the (010) reflection splits into four off-equatorial reflections
whereas the (1h10) reflections are azimuthally spread and appear
mostly located on the meridional axis. (The equatorial axis is
horizontal, and the meridional axis is vertical.) While anisotropy
in the diffraction pattern in Figure 8ii denotes preferred
orientation, the off-equatorial (010) reflections show that the
molecular orientation is neither along the stretching (vertical)
direction nor unimodal but rather bimodal. That is, under these
stretched conditions there coexist two populations of oriented
crystallites. More specifically, a distribution of crystallite
orientations exists aroundφ ) (16° (φ ) 0° along the equatorial
axis), as deduced from the azimuthal spread of the (010)
reflections. Furthermore, the azimuthal and radial concentration
of intensity for the (010) reflections (relative to the unstressed
sample) indicates a stress-induced increase in the degree of
crystallinity, in agreement with the DSC results discussed above.

On increasing the load during crystallization to 400 kPa
(Figure 8iii), the off-equatorial (010) reflections rotate toward
the equatorial axis, whereas the (1h10) reflections now split into
four off-meridional reflections. At this stress of 400 kPa, the
(010) reflections become positioned atφ ) (13°. Thus, the
larger elongation induced by the 400 kPa stress forces the

crystallites to gradually orient toward the stretching direction.
Although the sample still exhibits a bimodal orientation, the
WAXD pattern in Figure 8iii shows that the azimuthal spread
of the (010) reflections has been significantly reduced indicating
a narrowing of the distribution of orientation of the crystallites.
Figure 8iv shows the WAXD pattern obtained for a sample
stretched under a load of 500 kPa. It can be seen that the (010)
reflections are now closer to the equatorial axis (φ ) (9°) and
have started to overlap. On the other hand, the intensity of the
(1h10) reflections is now more concentrated azimuthally. There-
fore, under this load the network chains have crystallized with
crystal orientation closer to the stretching direction.

Although the angular position along the azimuth of the (010)
reflections is changing as a function of the applied stress, the
angular position in°2θ (and d-spacing) did not change.
Therefore, we suggest that the triclinic phase of PCO is
unchanged. Tadokoro et al.41 reported a similar bimodal
orientation for a semicrystalline polymer polyvinyl alcohol.
These authors showed how the same crystallographic structure
can coexist in two different orientations as a result of a given
thermomechanical treatment.

Increasing the stretching load continued the reorientation trend
of the crystalline structure. Eventually, at the highest stresses
applied (600 and 700 kPa), the associated WAXD patterns (parts
v and vi of Figure 8, respectively) reveal fiberlike structure.
The (010) reflections tend to merge on the equatorial axis,
indicative of unimodal crystalline orientation along the stretching
direction. The stress-induced transition from bimodal to uni-
modal orientation is also accompanied by a slight reduction in
the width of the (010) reflections (in°2θ, see Supporting
Information, and the intensity of the (010) reflection increased,
though remaining azimuthally spread, indicating a distribution
of molecular orientations along the stretching direction. The
reduction of the (010) reflection (in°2θ) indicates that the size

Figure 8. 2D WAXD patterns of the PCO-D1.5 sample with an increase of strain after cooling as a function of the applied stress: (i) unstretched,
(ii) 300, (iii) 400, (iv) 500, (v) 600, and (vi) 700 kPa. Drawing direction is vertical.
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of crystallites increased as the loading stress increased, and this
is consistent with the increase in thermal transitions observed
by DSC. Additionally, by increasing the stress the (1h10)
reflections are more intense, azimuthally concentrated, and
remain off the meridional axis thus forming the first layer along
the meridional axis. (arrow in Figure 8vi).

The central area of the patterns shows an amorphous halo
that changes upon deformation. It is noted that the presence of
a central amorphous halo is very common when using Ni-filtered
copper radiation, as the filter cannot eliminate the tail of the
white radiation. Consequently, this tail gives rise to a central
amorphous halo observed in Figure 8i. Upon deformation, the
pattern becomes anisotropic and this is also reflected in the
parasitic scattering from the white radiation tail. Thus, the
changes observed in the central amorphous halo of the WAXS
patterns (Figure 8) are only an experimental artifact.

The degree of molecular anisotropy with deformation was
further analyzed by plotting the azimuthal intensity profiles
integrated along a narrow band (∆°2θ) centered at the (010)
reflections as shown in Figure 9. The angles 0° and 180°
correspond to the equatorial axis. The intensity profile corre-
sponding to a load of 300 kPa (Figure 9, trace i) shows two
pairs of intensity maxima around 0° and 180°. These intensity
maxima become azimuthally narrower with increasing stress,
an indication of a significant increase in the degree of molecular
orientation. Moreover, with increasing stress, the (010) reflec-
tions tend to merge into a single peak, indicating that the
crystalline microstructure orients increasingly along the stretch-
ing direction. As the apparent critical stress for actuation,σc, is
significantly lower than the stress associated with bimodal-to-
unimodal 010 orientation (between 600 and 700 kPa; Figure
9), the two phenomena appear to be uncorrelated.

Mechanically, we have shown further that higher applied
stresses (above the “critical stress”) during crystallization
promote an increase in strain upon cooling (see Figure 6).
Considered in light of our X-ray diffraction results (Figures 8
and 9), we can suggest that the elongation during crystallization
is associated with (if not caused by) reorientation of crystalline
structure toward the stretching direction. As the crystalline
structure evolves from bimodal (low stress) to unimodal (high
stress), the crystallization occurs along a single preferred
orientation thus inducing greater elongation along the stretching
direction.

Conclusions

A set of cross-linked PCO samples, an example of a
semicrystalline network, was prepared by variation in the
concentration of dicumyl peroxide (DCP) used as a thermal
initiator in order to investigate two-way shape memory behavior.
The thermal and mechanical properties of PCO networks were
investigated using differential scanning calorimetry (DSC), gel
fraction analysis, dynamic mechanical analysis (DMA), and
wide-angle X-ray diffraction (WAXD). We found that the
melting (Tm) and crystallization (Tc) temperatures gradually
decreased with increasing the concentration of DCP. The gel
fractions and rubbery modulus (E′) increased with increasing
the DCP concentration. Analysis of shape memory properties
with a dynamic mechanical analyzer (DMA) revealed that the
cured PCOs undergo significant elongation in strain on cooling
and contraction on heating under a constant load, revealing novel
two-way shape memory behavior in a very simple polymer
system. Crystallization induced the strain increment while
melting induced contraction. The thermally reversible behavior
was affected by the cross-linking density of the PCO network
and the stress applied to stretch the PCO chains at high
temperature.

WAXD analysis further elucidated the mechanism of crystal-
lization-induced elongation, suggesting that the increase in strain
originates from the growth of crystallites oriented along the
stretching direction and that the crystallization was promoted
increasingly along the uniaxial loading axis with increasing
stress, thus resulting in the greater elongation along that
direction. As a result, this novel two-way shape memory
behavior occurred reversibly through the crystallization-induced
elongation in the uniaxial stress direction during cooling and
the melting-induced contraction upon heating.
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Supporting Information Available: Large-strain tensile testing
at temperatures,T > Tm, reveals quite elastic response of the DCP-
cured PCO samples, with stress-strain hysteresis completely
removed for PCO-D2.0, raw strain vs temperature plots for the two-
way shape memory effect, first-heat DSC traces following crystal-
lization-induced elongation to reveal the degree of crystallinity, and
1D-WAXD patterns for PCO-D1.5 revealing change in peak width
with crystallization stress. This material is available free of charge
via the Internet at http://pubs.acs.org.
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