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Abstract

Shape memory in polymers is a process whereby mechanical energy is microscopically stored,
and reversibly recovered within the polymer. Consideration of the viscoelastic and glassy
dynamics necessary for each step of the process reveals key molecular characteristics that may
improve performance, including a rigid polymer backbone with narrow molecular weight
distribution between a low fraction of crosslinks. With this insight to guide high temperature
polymer design, aromatic CP2 polyimide and associated single wall carbon nanotube (SWN'T5)
nanocomposites are shown to have excellent shape memory performance at 220 °C with rapid
recovery (<10 s), excellent fixity (>98%), good cyclability and outstanding creep resistance. A
narrow glass transition temperature regime (<10 °C) and high fragility (m ~ 117) affords a narrow
triggering window and the ability to spatially localize recovery with a temperature gradient. The
addition of up to 3 vol% of dispersed SWNTs improves the rubbery modulus and blocking force
without substantially impacting these crucial characteristics. The structure-performance

relationships in this material system reinforce the key molecular characteristics for the design of’
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polymers for shape memory.
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1. Introduction

Shape memory is a process that enables the reversible storage and recovery of mechanical energy
through a cyclical change in shape [1], [2]. Currently, commercial shape memory applications use
an array of metallic alloys and chemically crosslinked polymers. The application range includes
children's toys, intravenous needles that soften in the body, temperature dependent moisture
permeable fabrics, rewritable digital storage media and self healing systems [3], [4], [5], [6], [7], [8],
[9]. The mechanical energy of deformation is trapped as internal energy and subsequently
released with minimal dissipation, by an externally triggered change of the material morphology
[10] or a change in the rate of molecular relaxation [11]. To complement the high stress

(~500 MPa), but low strain (<10%) performance of metallic alloys [12], crosslinked polymers, and
associated micro- and nanocomposites, are being developed for applications demanding light
weight and large recoverable strains [13], [14], [15]. These applications include an array of’
biomedical devices as well as hinges, trusses and booms to move mirrors, unfold reflectors and
morph ailerons of aircraft and satellites [16]. Recent reviews summarize the breadth of polymers

and composites that are now available for trapping and recovering deformation [17], [18], [19], [20].
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Surprisingly, two issues are still challenging the broader utilization of many of these high-strain,
crosslinked polymeric materials. First is the absence of material systems with operating
temperatures in excess of 150 °C. Despite excellent progress toward ambient temperature shape
memory, current crosslinked polymers suffer from broad transitions, long recovery times and
relatively low triggering temperatures. Although not relevant for most biomedical applications,
these higher temperatures are crucial for numerous structural applications in transportation,
satellites and aerospace. Also, tooling requirements in automotive and aerospace manufacturing
are increasingly demanding narrower triggering temperatures, reduced creep, and accelerated
recovery rates — all key limitations when considering polymers or composites thereof. Some
notable examples of recent efforts toward these high temperature goals include capacitive CNT
mats [21] and electrothermal CNT nanocomposite actuators [22]. However, to maintain

deformation with these systems, an external potential must be continuously applied.

The second challenge, which arguably inhibits progress toward the issue considered above, is the
absence of a unifying, physics-based framework that enables a priori design of polymers at the
molecular level for a given shape memory application. Shape memory is not an intrinsic material
property, but a characteristic of an engineered system, whether that system is a mechanical
design, a composite, or a single material [23]. The term shape memory polymer is commonly
used but is misleading in that there is not a special chemical structure or class of polymers that
only exhibit shape memory, albeit some are more efficient than others. Prior efforts in
constitutive modeling of shape memory have fundamentally adopted the perspective that shape
memory is a process [24], [25], [26], [27], [28], [29], [30], [31]. These phenomenological models
conceptually divide the polymer into “frozen” and “active” constituents, whose ratio reflects the
temperature dependence of viscoelastic relaxation processes. Successful prediction of the shape
memory cycle (i.e. deformation-storage-recovery process) is achieved with as many as twelve
independently determined parameters. Unfortunately, these models have not allowed extensive
investigation of the inverse problem, nor have they provided insight into the molecular level
structure critical to optimize performance during any portion of, or across, the shape memory
process for environments that are application specific. Thus, the question remains as to what

represents the ideal polymer structure for a given shape memory application.

Herein, the deconstruction of shape memory into a series of steps is used to create a framework
based on the physics of polymer chain deformation to identify the ideal molecular characteristics
of a polymer network for shape memory. With this heuristic insight, aromatic polyimides (PIs)
and associated nanocomposites fulfill many of the key characteristics and afford high
temperature performance. PIs in general are thermoplastic with a low melt viscosity when
prepared via chemical imidization in solution; they are therefore initially impractical for shape
memory applications. However, the chains can be controllably crosslinked with a small fraction
of triamine. Specifically, lightly crosslinked CP2 (2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA) and 1,3-bis(3-aminophenoxy)benzene (APB)) has outstanding

thermomechanical properties (G’ ~ 2-3 GPa, T, ~ 220 °C) and creep compliance, FEEDBACK O
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glassy dynamics for shape memory, including high fragility (m ~ 117) [32], [33] and a narrow glass
transition (<10 °C). Furthermore, the addition of up to 3 vol% of dispersed single wall carbon
nanotubes (SWNTSs) improves the rubbery modulus without substantially impacting these crucial
characteristics. The result is a high performance polymer well suited for shape memory
applications demanding rapid recovery (<10 s), excellent fixity (>98%), good cyclability and a
narrow triggering window at high temperatures. The molecular characteristics revealed by the
polymer physics framework are further highlighted by comparing CP2's shape memory

performance to other polymer systems.

2. Experimental

2.1. Materials

1,3-bis(3-aminophenoxy)benzene (ABP) (99% min.) was purchased from Chriskev Company, Inc.
and used as received. Single wall carbon nanotubes (SWNTs) were obtained from LUNA
Enterprises, 98.5% pure. All other reagents and solvents were purchased from Aldrich Chemical

Inc. and used as received, unless otherwise specified.

2.2. Polymerization

The synthesis of CP2 and crosslinked form were conducted according to previously reported
procedures [22], [32] (see Fig. 1). In brief, the diamine 2 (4.0 mmol) and Dimethylacetamide
(DMACc) (12 mL) were added to a 50 mL 3-necked flask equipped with a magnetic stirrer, nitrogen
inlet and outlet, and stirred under dry nitrogen at room temperature for 30min. 2,2-bis(phthalic
anhydride)-1,1,1,3,3,3-hexafluoroisopropane (6FDA) 1 (4.0 mmol) was then charged. The light
yellow solution was agitated at room temperature for 24hr to afford a viscous poly(amic acid)
(PAA) 3 solution in step A. This solution was diluted with DMAc (4—6 mL), poured into a glass
dish, followed by vacuum evaporation of DMAc at 50 °C, and heat-treated at: 100 °C/2 h,

150 °C/2 h, 175 °C/1 h, 200 °C/1 h, 250 °C/1 h and 300 °C/1 h to form imidized CP2 4. The film
thickness was approximately 50-150 pm. Samples with increasing amount of triamine crosslinker
5 were prepared separately in a similar way and by replacing equimolar amounts of diamine with
triamine crosslinker (based on functionality ratio) with the additional step B (see Fig. 1b, c):
triamine crosslinker 5 was added to the anhydride-terminated PAA oligomers 3-a/DMAc
solution, which was first prepared from APB 2 and 6FDA 1 in DMAc in 24 h. After following the
curing schedule above, the resulting crosslinked CP2 films 6 are denoted CP2:0.5 for 0.5%, CP2:1
for the 1%, CP2:2 for the 2%, CP2:5 for the 5% and CP2:20 for the 20% according to the mole % of’
the crosslinker 5 used. Table 1 lists theoretically expected molecular weights based on the

molecular weight of a typical neat uncrosslinked CP2 sample (238 x 103 g/mol).
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Fig. 1. Synthesis of (a) CP2 (4) polyimides and (b) its crosslink derivatives (6) and (c) schematic of
crosslinked network resulting from the triamine crosslinker.

Table 1. Physical properties of the CP2 and CP2 nanocomposites.

CP2

CP2:0.5

CP2:1

CP2:2

CP2:5

CP2:20

CP2:30

Crosslinker
mol%/SWNT
vol%

0.5

20

30

CP2/SWNT:0.5 0.5

CP2/SWNT:1
CP2/SWNT:2

CP2/SWNT:3

1

2

3

MwW?
103 g/mol

238

140P

239
371
136

136

10° mol/cm3

14
51

71

°C

223

222

225

224

226

255

279

223

218

221

220

Thermal
decomposition
(< °C

air/nitrogen
521/524
517/528
519/527
524/525
525/529
520/522
~520
524/527
523/528
526/530

527/531

GI
(50 °C)
GPa

2.1
2.6
2.5
2.8
2.6
24
24
2.5
2.7
2.6

2.6

G’ G’
(T4-40°C) (T4+20°C)
GPa MPa
1.6 44
1.7 49
1.6 4.2
2.1 52
2.1 7.7
1.9 9.2
1.4 139
1.7 53
1.6 6.6
1.4 8.1
13 13

Molecular weights of CP2 soluble in THF measured by size exclusion liquid chromatography in THF.

An average PDI ~ 2.5 was observed.

Theoretical molecular weight of chains between crosslinks (M,).

v, = p,N/M, where N is Avogadro's number, M, is average molecular weight of the polymer between

crosslinks and p, is the polymer density (1.4 g/cm?®) based on swelling studies.
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T, was determined from the peak maximum of the DMA tan 6 curve.

Temperature at which 5% weight loss occurred on TGA thermogram obtained with a heating rate of

10 °C/min.
FWHM is the full width at half maximum of'the tan § peak.

Shape memory fixity Rrand recovery R, where determined from two cycles (N = 2, cycles 2 and 3, average

of three specimen per sample) of the shape memory process in extension (SI S6).

CP2 is not a crosslinked polymer when it is prepared in solution from chemical imidization of’
the poly(amic acid) precursor in a one-pot fashion. As prepared, CP2 is soluble in common
solvents such as amide solvents DMAc, DMF and NMP as well as THF and chlorinated solvents.
However, in generating film specimens for shape memory experiments, it was more convenient
to employ the two-step process with exact monomer stoichiometry that entails casting a
poly(amic acid) 3 film on a glass substrate, followed by thermal imidization (cure). In a systematic
study of the curing conditions, we found that CP2 films would become insoluble once they were
cured above 250 °C, due to covalent crosslinking [34] (details in Supplemental Information). The
resulting crosslink density is reproducible (similar swelling ratio compared to a 0.5% triamine
crosslinked sample (v, = 1 x 10° mol/cm?)) and renders CP2 5 usable in the shape memory process

without the need for the triamine crosslinker.

2.3. Nanocomposite formation

Nanocomposite films containing SWNT's were solution cast to an average thickness of
approximately 140 pm according to the procedure outlined in prior work [22], [35] with slight
modification. In brief, the SWNTSs were dispersed homogenously in anhydrous N,N-
dimethylacetamide (DMAc) by sonication. The mixture was shaken using a Mistral Multi-Mixer
for 24 h followed by further sonication. Then 1 (6FDA) was added and stirred under dry nitrogen
at room temperature until all 6FDA was dissolved followed by the addition of 2 (APB). The dark
reaction mixture was agitated at room temperature for 24 h to afford a viscous poly(amic acid)
(PAA) 3 solution containing SWNTS in step A. The resulting mixture was diluted with DMAc,
agitated for 1 h, sonicated, and poured into a glass dish. DMAc was evaporated under vacuum at
50 °C for 12 h followed by heat treatment at 100 °C/2 h, 150 °C/2 h, 175 °C/1 h, 200 °C/1 h,

250 °C/1 h and 300 °C/1 h under dry nitrogen to convert the PAA to polyimide. Distilled water was
added to the casting dish to detach the polyimide film, which was subsequently dried in vacuo at
50 °C for 24 h. The polyimide's weight-average molecular weight was 100-200 kDa (according to
the results from polystyrene calibrated size exclusion chromatography in tetrahy

https://www.sciencedirect.com/science/article/pii/S0032386112009354 ?casa_token=I3frSLbPorYAAAAA:7sh-UH1401AtK64vsUS2yQbIDZ3KYGeotY... 7/35
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25 °C). Note that triamine crosslinker was not added to the SWNT CP2 nanocomposites. Current
studies in our group have implied that this is likely due to a dynamic inter- and intrachain
crosslinking reaction during polyamic acid forming processes that eventually leads to a small
fraction of amide—amide bridges between chains (SI, S1) [34]. As such the triamine crosslinker was
not added to the SWNT CP2 nanocomposites. The covalent crosslinking of “neat” CP2 (details in
SI, S1), which occurs above 250 °C, provided sufficient network formation to observe shape

recovery. Thus all samples examined in this study are crosslinked and insoluble.

2.4. Physical characterization

A strip of polymer (40 mm x 4 mm x 100 pm) was subjected to dynamic mechanical analysis

(DMA) at 1 Hz in a nitrogen atmosphere with a heating rate of 4 °C/min on TA Instruments DMA
Q800 to obtain temperature dependent storage and loss modulus, transition range and loss factor
tan 6. A standard DMA creep compliance test was carried out by holding a constant stress (2 MPa)
on a strip of polymer (40 mm x 4 mm x 100 pm) and monitoring the deformation as a function of
time. Transmission XRD (Rigaku Ultrax 18 with Statton camera) and DSC (TA Instruments Q1000
at 10 °C/min) were used to confirm the amorphous character and the glass transition of the

polyimide system respectively.

2.5. Shape memory characterization

The shape memory process was evaluated in both tensile and torsional beam geometry. Tensile
shape memory was carried out using a modified stress relaxation routine in the DMA (a stress
controlled cycle) consisting of 1) heating a sample to T, +20 °C at 10 °C/min, 2) applying a force
that would elongate the sample ~200%, 3) reducing the temperature to T, -40 °C at 10 °C/min, 4)
force removal, 5) heating at 10 °C/min to T, +20 °C. Once recovery of the sample reached a
constant value the cycle was repeated by applying the same force used in step 2). Recovery rates
were studied by changing the heating step from T, -40 °C to T, +20 °C to a temperature jump.
Note that a limitation of the stress controlled TA Instrument DMA Q800 is a finite force that is
applied to the sample in the recovery step. Also, temperature ramps in the DMA are limited by
heat transfer from medium to polymer due to its inherently low thermal conductivity. This leads
to a lag in material response in DMA measurements depending on sample thickness [36]. Further
note that due to the narrow transition zone observed in CP2 and derivatives, small deviations in
the heating chamber will be amplified by local recovery of the material, such as a non-uniform
recovery along the length of the sample and back and front of'a sample slab. Therefore to
quantify the fast recovery process, determination of the regime where the response was
independent of sample geometry as well as a thermal environment more uniform than the DMA
furnace was required.

Torsional shape recovery experiments (similar to Rousseau et al. [37]) were carried out in a
Squalene oil bath at T +20 °C by submerging a twisted strip (40 mm x 4 mm x 50 pm) into the oil

and capturing the recovery to the initial flat shape via a portable DinoLite digital SN )
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agreement with preliminary results on the surface of a 240 °C hotstage in the ambient, all
samples in the torsional recovery experiment recovered in less than a few seconds. The two
thermal baths (Squalene oil and ambient air) reduced the convolution of recovery rate and
thermal equilibrium of the test equipment (DMA) as noted by previous work on polymers for
shape memory [38]. This effective step change in the environment temperature, a large liquid
thermal sink, and a large ratio of sample surface area to mass, maximized the rate of thermal
equilibrium of the sample. Specifically, experiments were conducted by first twisting a strip of a
film a full turn at T, +20 °C and then locking it in by lowering the temperature below T, by
removal to the ambient. The recovery of the sample after submersion into the high boiling point
oil bath (Squalene) at T;+20 °C was followed via video capture. Video frames of the recovery

where analyzed to measure the projected lateral displacement at the midpoint of the ribbon (see
SI S2).

Data was analyzed using a viscoelastic beam model under torsion (SI S2) [39], [40], [41], [42], [43]. In
brief, modeling the torsional recovery with the viscoelastic beam model under torsion enables
quantitative determination of basic material parameters, such as modulus and viscosity, from the
recovery rate and time constants. Starting from an extensional Kelvin-Voigt model (Eq. (1)), the
torsional recovery of a polymer can be analyzed using analogous equations in shear (Eq. (2)) and
solving for the angle of twist ¢ (Eq. (3)).

o(t) = Ee(t) + n% (1)
0, (t) = Gy (t) +ns 22 @)
@ (X, t) = hoxe /", where T = n, /G (3)

where y is the length of the beam, ¢ is time, y is the shear strain, G is the shear modulus
(approximated as 1/3 magnitude of complex extensional modulus (1/3) x 1/(GZ% + G2)), ¢ is the
angle of twist, 7 is the viscosity (subscript s denotes shear), )y is the initial rate of twist, 7 is the
recovery time constant and oy is the shear stress. The assumption is made that viscous dragin a
liquid medium is very small (viscosity of oil at 250 °C < 1 P) compared to the viscosity of the
polymer (>1 kP). The viscosity of the polymer was estimated from values reported in the literature
on similar systems, in which the curing reaction was followed until cure cycle completion [44].
Note that Eq. (3) can be extended to include the dependence of recovery rate on sample thickness.
It can be demonstrated that with knowledge of basic material parameters such as shear modulus
and viscosity, the observed time scale can be predicted as a function of sample thickness (SI S2.2),
which allows a direct comparison of recovery times reported in the literature provided material

parameters and sample dimensions are reported.

Finally, thermal diffusivity modeling and torsional viscoelastic beam mechanics provides bounds

on sample geometry to ensure that observed response is reflective of material characteristics.

Herein the thermal equilibration, and thus the minimum measurable material reSS35\:Y\al @
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8 ms according to the first term of the solution for thermal transport in a slab [36] (T’ = (4/x) e~*/¢
, where T is the nondimensional temperature and ¢ = (4pC,/xn?) b?) where we have considered a
40 x 4 x 0.05 mm sample of CP2 (thermal conductivity, x ~ 0.52 W/(mK), density, p ~ 1434 kg/m?,
heat capacity, C, ~ 1150 J/(kg K)) experiencing a step temperature change from ambient to 240 °C
(or reverse). Likewise, the recovery rate is independent of environment viscosity for twisted slabs
greater than 20-30 pm thick in a medium with viscosities less than 0.12 P (room temperature
viscosity of Squalene, SI S2).

3. Results and discussion

3.1. Physical properties of crosslinked CP2

Table 1 summarizes the physical properties of the CP2 systems discussed herein. CP2 is a light
yellowish polymer, whose optically clear films are flexible at room temperature. The processing
of CP2 films involves the casting of'a viscous solution of reacted precursors into a mold and then
driving off solvent to start the final curing reaction (see experimental). This enables the design of
complex forms that is only limited by the design of the mold. Consistent with prior reports [22],
SWNTs are well dispersed in the CP2 as observed by SEM (representative microscopy is included

in the Supplemental information (SI) S5) and conductivity measurements.

Fig. 2 summarizes the glass transition temperature (T;) and dynamic tensile moduli (G" and G” at
1 Hz) for the various CP2 and CP2 nanocomposite systems above (T +20 °C) and below (T, -40 °C)
T4 Due to the narrowness of the transition region of these materials, these temperatures are
sufficiently removed from the glass transition region to ensure a minimal temperature
dependence in moduli, and thus the results can be compared between systems. Complete
dynamic mechanical data is provided in ST S3.
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Fig. 2. Summary of glass transition temperatures and moduli of CP2:x and CP2/SWNTy. a)
Temperature of glass transition obtained from tan § peak CP2:x; dashed line represents linear T,
dependence with 1/M, according to reference [48] (Ty = Tyoo + {/ M., where M, is the molecular
weight between crosslinks, & is proportionality factor between molecular weight of unreacted
resin and free volume contributions from the resin; and Ty, is the glass transition of the neat
polymer; here Ty, =220.5 °C, & = 0.99 mol/g/K x 10%. b) storage modulus at T, -40 °C (red circles)
and at T +20 °C (black squares) for crosslink series; dashed line represents theoretical prediction
from rubber elasticity theory with slope s = 3RT. c) temperature of glass transition obtained from
tan § peak for CP2/SWNT:y, d) storage modulus at T; —40 °C (red circles) and at T;+20 °C (black
squares) for CP2/SWNT:y. Dotted line represents a modulus enhancement according to Guth [55]
with an effective particle aspect ratio of 25 [52]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Table 1 summarizes the crosslinked CP2 films, which are denoted CP2:0.5 for 0.5%, CP2:1 for the
1%, CP2:2 for the 2%, CP2:5 for the 5% and CP2:20 for the 20% according to the mole % of the
crosslinker. Neat CP2 exhibits a glass transition of 222 °C (DMA, 1 Hz). The T increases
approximately linearly with crosslink density (Fig. 2a). About a 5 °C increase is observed for CP2:5,
whereas the T shifts by 50 °C for CP2:30. This linear relationship is consistent with prior
experimental reports of various polymer networks [45], [46], [47]. Additionally, it agrees well with
the theory by Banks and Ellis [48] (dashed line Fig. 2a) that relates the change in T, with the
inverse molecular weight between crosslinks, 1/M,, based on the addition and redistribution of
network free volume. The glassy modulus (T, -40 °C) of lightly crosslinked CP2 is approximately
1.8 GPa, and increases marginally (~25%) for crosslinking content above 3%. In contrast, rubber
moduli increased by almost 100% at 5% crosslinker (v, ~ 15 x 10° mol/cm?3). The observed
enhancement of the rubbery modulus is directly related to the crosslink density according to the
theory of rubber elasticity (G’ = 3vRT) [49]. The dotted line with a slope of 3RT in Fig. 2b

demonstrates good agreement between crosslinked CP2 and these theoretical predictions.

Addition of low volume fractions of SWNTs (0.5-3%) to CP2 decreases the glass transition
temperature only slightly (~A3 °C, Fig. 2c). CP2/SWNT nanocomposites are denoted CP2/SWNT:y
with y=0.5, 1, 2 and 3 were y is the volume % of SWNT in the polyimide matrix. Various reports,
including Siegel et al. [50] and Pissis et al. [51], report similar impacts on T, by incorporation of
nanofillers into glassy polymers. This slight reduction in Ty is thought to reflect a weak
interaction between the filler and interface. In concert, the addition of SWNT increases the
rubber modulus. This increase is in quantitative agreement with prior studies that report an
increase in the relative moduli, G’/G}, of 2.7-3 for ~3 vol% addition (e.g. G'/G} = 2.9 for
CP2/SWNT:3 and G’/G, = 2.7 for Polyurethane/CNT 3 vol%) [52]. Furthermore, the increase in
rubbery moduli is consistent with the theory of particulate filled rubbers [53], [54]. Good
agreement is observed (dashed line, Fig. 2d) with broader literature trends that were highlighted
in previous studies [52] using the Guth [55] model with an anisotropic filler (effective aspect ratio
of 25) to describe the average rubbery modulus enhancement. As noted in this prior work, the
lower than expected effective aspect ratio (given the large aspect ratio of the primary
nanoparticles, e.g. >100 for SWN'Ts) most likely reflects a combination of non-ideal factors that
occur across the general literature reports, including non-uniform dispersion, bending and
curvature of the particles, and particle network structures forming above the percolation
threshold that lead to inefficient stress coupling and strain field shielding, which result in an

“effective aspect ratio” that is less than that of the fundamental particle.

Fig. 3 summarizes the tan 6 peak and associated full width at half maximum for the various CP2
materials. The area under the loss curve reflects the energy dissipation capabilities of the material
[56], [57]. The breadth of tan § is related to the distribution of local collective dynamics, whereas
the height reflects the relative viscous and elastic character of the polymer. Outside of the highest
crosslink densities, the breadth of the glass transition is only 11-13 °C, which is substantially

narrower than reported for many other shape memory thermosets (e.g. 30-40 °C FEEDBACK O
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30-50 °C for bismaleimides, 15-50 °C for methacrylates) [58], [59], [60], [61], [62], [63], [64], [65]. The
narrow transition zone is consistent with a moderate to high fragility index (m ~ 110-120), as
determined previously from dielectric spectroscopy [32] and differential calorimetric studies [33].
The linear increase in width of the glass transition with crosslink density, especially at
crosslinker content below 5 mol% (v, ~ 15 x 10° mol/cm?), is consistent with results from other
crosslinked systems and the theory of rubber elasticity [66], [67], [68], [69], [70], [71]. The increase of
the breadth with SWNT addition is also consistent with prior nanocomposite reports. For
example silica PMMA nanocomposites [72] and carbon nanotube nanocomposites [73], [74], [75]
show both an increase in T; and breadth of transition, reflecting the broader distribution of local

molecular environments.
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Fig. 3. Summary of tan 6 behavior near T; of CP2:x and CP2/SWNT:y. CP2:x: a) tan &; b) full width
at half max (FWHM), AT; CP2/SWNT:y: ¢) tan §; d) FWHM, AT.
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Finally, Fig. 4 summarizes the tensile creep compliance at T, -40 °C of the CP2 systems under

2 MPa load. Creep is detrimental to the shape memory process, where the temporary shape is
under external load. A tendency to creep necessitates fixing of the temporary shape at even lower
temperatures, and thus requiring removal of a greater amount of thermal energy. Also, creep
behavior restricts the maximum load applied to the temporary shape during application and
recovery. For the crosslinked CP2 systems, the creep compliance decreases by over an order

of magnitude with incorporation of 5 mol% crosslinker (v, = 14.4 x 10° mol/cm?, CP2:5, Fig. 4a). It
reduces by an additional two and a half orders of magnitude for the CP2:20 system

(Ve = 51 x 10° mol/cm?3). For the nanocomposites, the creep compliance decreases by a factor of
three with the addition of 0.5 vol% of SWNTs. Further increasing the vol% of SWNTSs in CP2
minimally reduces the creep compliance (Fig. 4b). At room temperature, the creep compliance of
all the systems was at least an additional three orders of magnitude lower, and less than

1072 GPa™ (SI S3.2). Overall, the bulkiness of the CP2 monomer increases creep resistance relative
to more flexible backbone motifs due to the added stiffness from the conjugated rings [76]. The
creep compliance of these systems near T, (1-10 GPal) is significantly lower than many other
thermoset systems (10-100 GPa™1) used in shape memory [77], [78], [79].
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Fig. 4. Creep compliance at T;-40 °C of a) CP2:x and b) CP2/SWNT:y. Standard deviation in the
creep experiments is 5-10%.

In summary, the thermomechanical properties of the CP2 systems are comparable to prior

reports on similar polymer systems. Similar changes in the thermomechanical properties due to

crosslinks or nanofiller addition have been reported in other systems [45], [40], [4 FEEDBACK O
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[51], 52}, 53], [54, [55], [56), 571, [58}, [59}, 60}, [61], [62], 63}, [64], [651, 66], 67, [68}, [69], [70}, 71,
[72], [73], [74], [75], and are in agreement with theoretical models of crosslinked and filled polymer
systems. The low to intermediate crosslink density with narrow molecular weight distribution of’
chains between crosslinks and the rigid backbone on the other hand give CP2 advantage over

other thermoset systems at high temperatures.

3.2. Shape memory performance

Two sets of cyclic thermomechanical tests, as outlined in the Experimental section, were used to
quantify shape fixity, shape recovery and cyclability [58], [59], [60], [61], [62], [63], [64], [65], Shape
fixity and shape recovery are important engineering assessments of the quality of the entire shape
memory process, but depend on both intrinsic characteristics of the polymer and specific details
of the process used to observe the shape memory (SI S6). Consistent data necessitates an
understanding of the impact of the measurement technique on the thermal equilibration of the
sample [36]. For example, the mass and volume of traditional thermal analysis furnaces limit the
maximum heating and cooling rates, and challenge the requirement of quasi-uniform sample
temperature. Thus the use of numerous techniques is important to ensure material dependent

response is separated from external factors.

As a representative example, Fig. 5 summarizes the shape memory process for neat CP2. Here the
sample (Lo = 15 mm) was heated above T, on a hotplate (T, + 30 °C) (Fig. 5a), elongated 100%

(A = L/Ly=2) and fixed by removing the material from the heat source within 1 s (Fig. 5b). Shape
fixities were 99-100% (Table 1) for the crosslinked series and 96-99% for the SWNT series. Very
rapid (2-5 s) and nearly complete recovery was observed when the sample was returned to the
surface of the hotplate (T, + 30 °C) (Fig. 5¢c). Shape recovery for this cycle ranged from 99 to 100%
for the crosslinked samples and 98-100% for the SWNT nanocomposites (Table 1). Overall
cyclability was exceptional. After the first cycle, the measured fixities were consistently greater
than 99% for the neat CP2. Finally, the shape memory process with CP2 is highly sensitive to
temperature gradients. Fig. 5d, e and f'show a sample with two independently programmed
creases separated by 2 mm, and the subsequent independent recovery of one crease without
triggering the recovery of the adjacent crease. No degradation in fixity was observed over 10 cycles

and for 5 different crease locations on the sample strip.
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Download : Download full-size image

Fig. 5. CP2 shape recovery process on hotplate at 250 °C. a) original sample, b) stretched sample, c)
relaxed sample, d) sample with crease, e) sample with crease elongated adjacent to crease, f)
sample with relaxed segment and unperturbed crease. Note, sample edges have been photo
enhanced to guide the eye.

The observations (Fig. 5) for neat CP2 were confirmed by cyclic DMA recovery experiments in
tension (Fig. 6). Table 1 summarizes values for fixity and recovery observed at N = 2 cycles. These
values are reproducible up to the examined N = 10. The repeatability is excellent (Fig. 6) after at
most two work-in cycles. The work-in cycles remove residual stress or slack in the sample
mounting resulting from a limitation of the stress controlled DMA system. As crosslink content
increases, fixity and recovery values are consistently >99% (Table 1). Note that CP2:20 and CP2:30
break at elongations >10% and were not considered in the determination of high-strain fixity and
recovery. The addition of SWNTSs reduces the fixity and recovery values slightly (96-98%, Table 1).
Permanent deformation for these conditions was observed in samples with >2 vol% SWNTs.
Reproducibility though, was achievable with a lower maximum strain and a greater number of
work-in cycles (3—4) (DMA recovery SI S4).
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Fig. 6. Shape memory cycling in DMA for CP2. A force of 0.1N was applied at T, +10 °C to deform
a sample of 20 mm thickness and 2 mm width to 175%. After a short thermal equilibration

(5 min), the sample was cooled (10 °C/min) to T;-40 °C, the stress released, the sample
equilibrated (5 min) and then re-heated (10 °C/min) to T, + 10 °C to trigger recovery.

Temperature jump and relaxation experiments analyzed with torsional viscoelastic beam
mechanics provide further quantitative insight into the impact of crosslinking and SWNT
content on CP2's utility. With these experiments the recovery time constant 7 (approximately the
time for 70% recovery in twist with zero external load) and blocking torque, Myocking, can be
determined. T depends on the shear modulus and viscosity of the material. For a fixed geometry
and amount of twist, the blocking torque is proportional to the shear modulus (ignoring stress
relaxation to obtain a maximum) and represents the maximum amount of work for the given
beam geometry that can be accomplished after triggering the shape memory process, where
Myiocking = (1/3) wb*G2m/L, w is the width, b the thickness, G the shear modulus and L is the
length of'the sample. Additional details on the temperature jump experiments and analysis are
provided in SI S2.

Fig. 7 summarizes the results of the analysis of the torsional shape memory characterization. The
temporary shape does not relax upon removal from the temperature bath, yielding a fixity of’
~100% that is consistent with that discussed above. The twisted samples retain their shape at
room temperature (t > 9 months). Most importantly complete recovery of the initial shape occurs
after this extended storage, demonstrating no performance loss after long storage times (see SI,

S8.1 for details). Upon re-immersion in the temperature bath, time-resolved untwisting of the

sample provides a measure of the angle of twist, p. The projected normalized dis =SS }:y\el @,
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given by 1-cos (p), and can be modeled to obtain the recovery time constants (see Eq. (3)). For low
crosslink densities, the recovery time constant decreases with increasing crosslink density,
implying a faster shape recovery as the network density increases. Between 5 and 20 mol%
crosslinker though, the recovery time constant increases. In contrast, the initial addition of a
small amount of SWNT5s leads to a substantial increase in recovery time constants, which
subsequently decreases toward neat CP2 with further additions of SWNTs (Fig. 7c). The observed
increase in blocking torque with increasing fraction of crosslinks or nanotubes (Fig. 7d) is

expected based on previous results [15] and rubbery modulus data (Fig. 2) for both the crosslink
series and the SWNT nanocomposites.
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Fig. 7. Shape recovery of CP2:x samples at T, +20 °C. A beam was initially twisted 360° along its

long axis in an oil bath at T, +20 °C, quenched to room temperature, then re-immersed in the oil
bath. This results in a maximum shear strain of y,, = bx2n/L = 7.8 x 1073 [80]. a)

CP2:x (0:neat
CP2; 0:CP2:0.5; ©:CP2:1; 2:CP2:5; v:CP2:20). b) CP2/SWNT:y (0:neat CP2; »:CP2/[lz==s):)Xe Q98!
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0:CP2/SWNT:2; <:CP2/SWNT:3) c) recovery time constant determined from fits to the data
according to Eq. (3) ™:CP2/x; @:CP2/SWNT:y). d) blocking torque for every 2n turn (®:CP2/x;
o:CP2/SWNT:y).

3.3. Comparison with available systems

When developing new materials it is instructive to quantitatively compare performance across
alternative material systems. Conventionally, thermoset polymers developed for shape memory,
such as epoxy based thermosets [59], polystyrene based thermosets [60] and methacrylate based
thermosets [63] have relative high crosslink density to ostensibly insure a “memory” of the
original shape. Conceptually, the crosslink density is optimized to increase the rubbery modulus
at the expense of deformability. However at the molecular level, the structure of highly
crosslinked polymer formed by addition or free radical reactions between multifunctional groups
are characterized by a random hierarchical network with a large distribution in molecular weight
between crosslinks. This spatially non-uniform crosslink distribution results from gelation
occurring at reactant conversions of ~50%, and subsequent crosslinking being diffusion limited
[81]. The probability of network inhomogeneities increases with increasing crosslink density for
these chemistries, especially when crosslink densities reach values greater than 50 x 10° mol/cm3
[66], [67]. The heterogeneities in local environments results in a broadening of the collective
spectrum of polymer dynamics, and thus the transition zone. For example, vulcanization studies
on rubbers established that the width of tan & generally increases with crosslink densities [68],
[69]. Mano et al. [70] and Safranski [71] reported an increase in T;and in width of tan § with
increasing crosslink density in a PMMA system. Asymmetry towards sub T, temperatures reflect
the collective relaxation of regions of the network with less constraints (lower local crosslink
density) and higher free volume (more terminal chain ends). These local sub Ty molecular
processes are detrimental to the long-term reproducibility and stability of the macroscopic shape
memory process. They provide energy dissipation processes far removed from the glass
transition. These facilitate stress relaxation and creep, as well as necessitate greater and faster
sample cooling for shape fixing, thereby limiting sample thickness and increasing application

requirements.

Heuristically, molecular characteristics that impact collective relaxations around a glass
transition should directly lead to an understanding of the ideal molecular characteristics for a
shape memory process that utilizes a glass transition to retain deformation. A discussion of the
underlying polymer physics and the resulting antagonistic relationship for shape memory
performance is included in the Supplemental information (S7). In brief, a fragile system with a
narrow transition range will ensure the most efficient fixing of a temporary shape. However, a
fragile glass inherently has large free volume, which will decrease creep resistance and minimize

the maximum load on the material prior to the onset of creep. Alternatively, a network

architecture consisting of a narrow distribution of chain lengths between a low d @=L \:Y\ /@)
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crosslinks will maximize anelastic deformability in the plateau region for creating the temporary
shape. Additionally, it will minimize molecular heterogeneities, and thus narrow the transition
region for fixing the shape. However, the plateau modulus will decrease with a decreased
crosslink density, reducing the absolute amount of mechanical energy stored and stress recovered
for a unit strain. A higher density of random crosslinks intended to increase modulus will

decrease the anelasticity and constrain the potential complexity of the temporary shape.

The relative rigidity of the polymer backbone provides an interesting option to balance these
requirements, especially for high temperature operation. A rigid polymer backbone should
exhibit fragile glass dynamics and a narrow glass transition region as summarized by Sokolov
et al. [82]. The rigid nature of the backbone will also afford a degree of stiffness and is
synonymous with a high T,. A low crosslink density with narrow molecular weight distribution
will provide large anelastic deformability in the rubbery state while maintaining a narrow T,
regime. In general aromatic polyimides and associated nanocomposites fulfill many of the above
characteristics, although condensation polymerization limits the narrowness of the molecular
weight distribution. Nevertheless, they are relatively easy to prepare, compared to other high
performance polymers, and widely used, ranging from flexible cables, high temperature
adhesives, and insulating films for electronics to medical tubing and aerospace structures [83],
[84], [85], [86], [87], [88]. Recent demonstrations of efficient methods to trigger recovery using
nanocomposites and electrical, microwave, magnetic or optic sources also provide a wealth of

facile alternatives to externally imposed sample heating [89].

Fig. 8 summarizes the width of the glass transition determined from tan § (DMA) for various
polymers used for shape memory. In general the breadth ranges from 25 to 50 °C [58], [59], [60],
[61], [62], [63], [64], [65] for systems ranging from epoxies to BMI. CP2 and CP2 nanocomposites
achieve the necessary thermomechanical features for shape memory but with a lower crosslink
density network that results in a substantially narrower transition region (10-12 °C). Similar
narrow transitions for a shape memory process can only be found for epoxy thermosets with long
aliphatic Jeffamines with crosslink densities similar to CP2 discussed herein [10]. The glass
transition temperature of these systems is close to room temperature however due to the flexible

chain segments between crosslinks.
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Fig. 8. FWHM of tan § at T, CP2:x (®); CP2/SWNT:y (e) and available literature data [58], [59], [60],
[61], [62], [63], [64], [65] (1-3 [64], 4 [10], 5 [65], 6 [59], 7 [63]).

Fig. 9 compares the recovery times of CP2 (2-5 s) to a set of thermoset systems (50-200 s) with
comparably reported recovery times [91], [92], [93], [94], [95], [96], [97]. The limited literature data
and spread most likely reflect the issues discussed above where recovery time may depend on
sample geometry and test methods due to thermal equilibration limitations. Nonetheless, Fig. 9
does demonstrate the tunability achievable with different polymers, as well as the ability to create
faster shape memory processes by considering the chain relaxation processes underlying shape

memory.
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Fig. 9. Recovery times for CP2:x ("); CP2/SWNT:y (e) and literature reports () [91], [92], [93], [94],
[95], [96], [97] (1 [93], 2 [94], 3 [95], 4 [91], 5 [97], 6 [96]).

Along with network structure, the relative flexibility of the backbone and pendant groups also
impact dynamics through the glass transition. As noted above, recent work by Sokolov and co-
workers [82] established an empirical relationship between molecular structure and fragility,
where a rigid backbone or bulky, stiff pendants lead to high fragility. Large values of the fragility
index, (m = 100), are associated with “fragile” glasses where the temperature dependence of
collective relaxations deviate substantially from Arrhenius behavior, i.e. decreasing more rapidly
with temperature. In contrast, materials with smaller values of m approach Arrhenius behavior
through the transition and are termed “strong” glasses. The fragility index for CP2 is 117, which
is similar to polypropylene (m = 122); and falls between stronger polymer glasses like
poly(vinylmethylether) and poly(propylene glycol) (both m = 75), and more fragile polymers such
as poly(vinyl chloride) and polystyrene (m = 191 and 139, respectively) [32]. The correlation
between fragility and chemical structure provides a qualitative guide to help further refine the
chemical structure of polymers for shape memory. For example, this implies that even narrower
transitions for CP2 could be engineered with the incorporation of bulky pendants in the diamine
or dianhydride or replacement of the meta ether linkage in the diamine. Incorporation of rigid
backbone units however will necessitate even lower crosslink densities to retain deformability.
For example, the theoretical value of degree of polymerization between crosslinks in CP2 with
20% crosslinker is only 3. As summarized by Mark and others, such close crosslinks do not
contribute to the elastic deformation of the polymer in the plateau zone [53], [90]. This leads to
the rupture of CP2:20 and CP2:30 samples at strains < 10%, while those with lower crosslink
density can be stretched > 200%. Overall, these correlations between molecular structure and
network dynamics provide a robust framework to introduce the necessary elasticity,
thermomechanical properties and transition temperature while minimizing crosslink density

(Ve < 15 x 10° mol/cm?) and maximizing network uniformity.

In addition to considerations of backbone and network structure, the use of nanofillers provides
a tool to optimize steps in the shape memory process. There are many reports demonstrating the
value of nanoparticle addition to polymers to provide alternative heating or triggering concepts
for shape memory [89]. However, the addition of nanofillers can also be used to increase the
rubbery properties of the polymer and thereby increase the energy storage capacity. Numerous
reports, ranging from clay to carbon nanotube nanocomposites, concluded that the addition of
small amounts of anisotropic inorganic nanofillers efficiently increase rubbery moduli without
impairing other mechanical and thermal properties. For example, 3 vol% addition of SWNTs to

CP2 increased the plateau modulus by a factor of ~3 and thus doubled the blocking torque. This
is consistent with previous work that has shown that the energy output in a shapeguema
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process can be increased by 2-3 times with the addition of small amounts of carbon nanofibers
[15], [55].

4. Conclusions

The key criteria for developing a polymer system based on the discrete steps of a shape memory
process were laid out with regard to the fundamental characteristics dominating dynamics in a
polymer system and its response to an external force. A semi-rigid and bulky backbone, high
chain packing density, low crosslink density with uniform crosslink distribution, and high
molecular weight between crosslinks provide a balanced approach to these criteria. The low
crosslink density CP2 system meets these criteria and exhibits excellent high temperature

(220 °C) shape memory performance with fast recovery times (2-5 s), excellent extensibility
(>200%), high room temperature modulus (2-3 GPa), outstanding creep resistance, and shape
fixity and recovery ratios that are conservatively greater than 98%. The significantly higher glass
transition (<220 °C) of CP2, which is due to the comparatively more rigid backbone than BMI or
epoxy, affords shape memory temperatures much higher than previously reported. At the same
time this higher glass transition affords materials that have little to no creep at room temperature
and allow for long periods of storage without performance deterioration. The energy storage,
blocking torque, and rubbery modulus can be further increased via the incorporation of SWNTs5,
which based on prior studies also affords a myriad of multi-functionality including electrical
conductivity and potentially electrical, RF and optical control of the shape memory process. In
general, the CP2 systems provide a unique solution to numerous applications requiring higher
temperature shape memory, such as hinges, trusses and booms to move mirrors, unfold reflectors

and morph ailerons of aircraft and satellites, as well as tooling in composite manufacturing.

Although qualitatively successful herein, additional experimental studies are required to refine
the proposed correlations between molecular structure, network structure and shape memory
performance. Engineering assessments of the shape memory process, such as shape fixity and
shape recovery, must be complimented with techniques that directly measure the correlation
between material properties and macroscopic behavior in each step. Analogous to energy storage
and harvesting devices, measurements of the maximum energy storable, fill factor, and the energy
and power efficiency of a set-recovery cycle are necessary to guide network and composite design,
determine how close a concept is to ideal behavior and identify the dominant limiting factors.
With these refined techniques, material architecture concepts can be quantitatively compared.
For example, reversible physical crosslinks, including mesophase separation [98]| and polymer
crystallites [1], are utilized as an alternative to chemical crosslinks in numerous polymers to
define a permanent shape and provide an alternative to a temperature quench to retard recovery
of deformed chains. The fundamental steps of the shape memory process are still the same, only
the specific material processes to achieve each step are different. In other words, these physical

crosslinks create a network topology on the mesoscale analogous to that created by chemical

crosslinks on the molecular scale. The correlation between topology, chain struct SN )
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relaxation processes should also frame design tradeofts for optimizing these materials for shape
memory processes in different environments. For example as shown with the CP2 systems, high
crosslink density is not a prerequisite for high quality shape retention and recovery. Low to
intermediate crosslink density provides sufficient elasticity and deformability above Ty, and a
high glass transition temperature provides resistance to stress relaxation in the stored shape.
Recent reports on photo-defined shape memory may also be cast in this framework [99], [100]. For
example, the difference between a photo-elastic and photo-set response of a glassy azobenzene
functionalized polyimide depends not only on the chemical details of the network, but also on
the crystallinity, physical aging and process by which the azobenzene unit is isomerized between
cis and trans forms [101]. These observations all point to the criticality of local free volume, and
thus local relaxation processes in mechanical energy storage or elastic recovery. Stepping up to
the nanoscale, the synergistic, or independent, impact of the mechanical response of a second
interpenetrating phase affords additional questions regarding the coupling between two co-
deforming networks. For example, interpenetrating network of nanofillers, such as SWNTs, occur
at concentrations above the percolation threshold and result in drastic changes of physical
properties, ranging from conductivity to fracture [102]. This second network may also collectively
deform in response to external strain, and contribute to energy storage through local particle
bending, buckling or junction rotation [103]. These possibilities are analogous to mechanical
design of compliant structures, and have previously been realized in carbon-fiber reinforced
shape memory composites, where mechanical energy storage occurs within the bent fiber [104].
Common to all these questions is the need to deconstruct the process of mechanical energy
storage and recovery into its constituent steps so as to better understand the most relevant

structure—property correlations.

In summary, shape memory is a process in which the viscoelastic nature of entangled polymer
chains affords means to design materials with optimal characteristics for each step. Thus,
behavior that is reminiscent of shape memory is common across difterent polymer systems.
Optimization of the molecular architecture based on molecular criteria that connect structure to
the key relaxation processes controlling internal energy storage and recovery will allow for future
improvements in the performance of materials and thereby expand the use of shape memory
process to applications ranging from aerospace, automotive and medical, to dynamic packaging

of deployable flexible electronics, photovoltaics and programmable matter.
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