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Shape memory polymers (SMPs), which are a class of smart
materials, can be deformed into temporary shapes and revert to
their permanent shapes in response to external stimuli.’?
External stimuli, such as heat, light, electrical, moisture, and
PH, are used to initiate shape recovery.*™® A variety of stimuli-
responsiveness SMPs has been used for biomedical devices,
package materials, smart textile materials, and so on."** From
a structural perspective, polymers designed for shape memory
are either thermoplastic (physical crosslinks) or thermoset
(chemical crosslinks). Physical crosslinks are produced by chain
entanglement, hydrogen bond, or ionic interaction, and can
exhibit reversible dissociation and formation, thereby gener-
ating thermoplastic SMPs with high strain abilities. However,
physical cross-linked polymers exhibit less stability due to the
chain sliding or reorganization following deformation, espe-
cially following significant changes in shape.” As compared to
physical crosslinks, chemically cross-linked networks have rigid
structures to restrict chain sliding or reorganization, thereby
improving the shape recovery (R,) of SMPs.'* Meanwhile, the
movement of the molecular chains was restricted that high
strain of thermoset SMPs hardly to be achieved. However, some
papers on chemically crosslinked polymers that have coexisted
high strain and high R, was reported.”** In this paper, a new
type of SMP that utilizes the synergistic effect of both physical
and chemical crosslinks, which may exhibit both a high strain
and high R..

Polyimides (PIs) possess outstanding properties such as
thermal stability, superior tensile strength, and excellent radi-
ation shielding capability.”* Polyimides exhibiting the shape
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sacrificing the shape fixity and recovery, thereby presenting its potential application in the aerospace

memory effect (SME) might broaden potential applications in
the aerospace industry, such as in deployable space structures,
shape morphing structures, smart jet propulsion system, high-
temperature sensors and actuators.””® Wang et al. prepared
multi-shape memory polyimides by copolymerization, due to its
rigid components with an R; of 95.1% and a maximum strain of
48.9%.7° Vaia et al. developed dual-shape memory polyimides
with a shape fixity (Ry) of 98% and an R, of 98% using a low
crosslink strategy, wherein a strain of 175% was achieved.*
Fully aromatic polyimides exhibit limited strain following
deformation because the macromolecular chain possesses rigid
chains and strong interchain interactions.**** These strong
interactions originate from the intra- and interchain charge
transfer complex (CTC) formations and electronic polarization.
In our strategy, the introduction of -CF; into the alignment of
polymer chains' disrupts the formation of efficient CTCs,
thereby creating materials with a high strain during deforma-
tion.>*3* In view of the above-mentioned factors, we
selected 2,2'-bis[4-(3-aminophenoxy)phenyl]hexafluoropropane
(m-6FBAPP) and 4,4’-(hexafluoroisopropylidene) (6FDA) with
fluorinated groups to execute the polymerization reactions. In
addition, 1,1,1-tris[4-(aminophenoxy)phenyl]ethane (TAPE) as
non-coplanar crosslinker was incorporated into the macromo-
lecular chain to produce chemical crosslinks, of which the
detailed synthesis and characterization are shown in the ESL.}
As illustrated in the 3D model structures of the crosslinked
polyimides (Fig. 1), the formation of long repeating units and
highly kinked structures results in massive chain entanglement
and a flexible of the macromolecular chain. These produce
a sufficient physical crosslink network and a high strain, which
fulfills the requirements of the SMP. The chemical crosslinks of
polyimides increase the R, and the non-coplanar structure of
TAPE generates an increase in the twisted conformation of the
macromolecular chain without sacrificing the strain of SMP. In
addition, appropriate chemical crosslinking points must be
considered to eliminate any restrictions on the movement of the
macromolecular chains to allow a large shape change. Hence,
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Fig. 1 The 3D model structure of the crosslinked polyimides.

we designed light crosslinked polyimides with appropriate
chemical and physical crosslinks. These polyimides not only
exhibit strains as high as 460% with a relatively good R, of
93.5%, but also exhibit excellent multi-shape memory effects.
The thermomechanical properties of PI-0 and PI-0.5 (with
a 0.5% mole ratio crosslinker) samples were analyzed by
dynamic mechanical analysis (DMA) to characterize their
respective shape memory effects (Fig. 2a and b). No significant
difference was observed in the storage modulus (E') of PI-0 and
PI-0.5 at the glass transition, wherein a sharp descent, specifi-
cally about three orders of magnitude, from the glassy state to
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the elastic plateau was observed. Above 300 °C, the curve of the
PI-0 storage modulus exhibited a continuous decrease to the
viscous state, and the data dropped below the DMA detection
limits. However, PI-0.5 exhibited a slow increase, which should
be attributed to the incomplete crosslinking of the polyimides
following thermal imidization. Various polyimide crosslink
densities were also investigated, of which the tan ¢ curves are
shown in Fig. S3. Due to the low crosslink density of the pol-
yimides, little difference in the glass transition temperature ()
was observed. (Table S11) However, an increase in the crosslink
density was observed following a decrease in the height of the
tan ¢ peak, which is consistent with previous results on poly-
mers with crosslinked systems.*

According to Fig. 2a and b, the dynamical mechanical curves
also present shape memory effect information. Both PI-0 and PI-
0.5 exhibited a decrease in their storage moduli, by about three
orders of magnitude, thereby suggesting that both PI-0 and PI-
0.5 possess SME. Firstly, we evaluated the dual-SME of the neat
PI-0 polyimides (Fig. 2c).

PI-0 exhibited a 432% strain following deformation and
a recovery temperature (Tyq and T,) of 260 °C at a fixing
temperature (T¢) of 120 °C, of which a high R; of 99.6%, a poor R,
of 64.5%, and an about 160% residual strain was observed. In
comparison, PI-0.5 exhibited a large strain of up to 460% with
a Tq of 260 °C, at a fixing temperature of 120 °C (Fig. 2d). It had
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(a) Dynamic mechanical analysis curve of PI-0. (b) Dynamic mechanical analysis curve of PI-0.5. (c) Dual shape memory cycle for PI-0 at

120 °C. Ry = 99.4%, R, =

93.5%. (See more details of Ris and R,s in Table S2 in the ESIT). Solid line: strain; dotted line: temperature; dashed line: stress.
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a recovery temperature of 260 °C and exhibited a high R¢ of
>99.4% and a R, of >93.5%. According to the results, the pres-
ence of triamine in the polyimides was beneficial for shape
recovery given that chemical crosslinks restricted the chain
from sliding.

The PI crosslinking density is essential in determining its
shape memory performance. Therefore, the -crosslinking
density of PI was investigated over the range of 0.5%, 1%, 2%,
and 5%, as demonstrated in Fig. S4a-c.T Following an increase
in the crosslinking density, the polyimide strain exhibited
a decrease from 460% to 34%, whereas R, was not increased.

The results of the consecutive dual-shape memory cycling
experiments are shown in Fig. S5a.t Four cycles were performed
to investigate the effect of the deformation strain on the shape
memory properties of PI-0.5 (Tq = T, = 230 °C, Tr = 120 °C).
Each cycle exhibited a high R¢ of >98.6%. In addition, an
increase in the thermo-mechanical cycles, exhibited an increase
in R, from 85.5% to 94.9%, which was similar to the reported
research.*®*” Notably, the shape memory strain increased
following an increase in the number of cycles (Table S31). This
result can be explained by the fact that some macromolecular
chains disentangled during stretching, thereby resulting in
stress degradation. To compare the effect of the two different
crosslinks, PI-5 was also compared to a higher crosslinker with
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consecutive dual-shape memory cycles (Fig. S5b¥). Obviously,
with an increase in the number of cycles, the PI-5 strain
exhibited minimal change as compared to PI-0.5. In addition,
the R, of PI-5 was higher than that of PI-0.5 in each cycle,
thereby validating the stability of the chemical crosslink as
compared to the physical crosslink.

Based on the broad glass transition temperature interval at
about 30 °C, a multi-stage recovery test was performed to verify
the multiple shape memory effect, as illustrated in Fig. 3a. PI-
0.5 recovered back to its original shape at a different tempera-
ture (220, 230, 240, 250, 260 °C), thereby validating the tuning
ability of low density crosslinking polyimides at different
programming temperatures to achieve multi-shape memory
behaviour.

The recovery process of PI-0.5 temporary shape was heated
continuously rather than keeping the temperature constant at
a certain value,*® as shown in Fig. S6.1 We found that the triple-
shape memory of PI-0.5 recovered back to its original shape
continuously with a constant heating, which was corresponding
to the multi-stage recovery test. In addition, the triple-shape
memory effect of PI-0.5 at different second deformation
temperatures was demonstrated in Fig. 3b-d. The permanent
shape S, was first deformed at 260 °C and fixed at a second
transition temperature (220 °C, 230 °C, 240 °C, respectively) to
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(a) Multi-stage shape recovery of PI-0.5 (T4 = 260 °C). Triple-shape memory cycle of PI-0.5 with: (b) 260 °C + 220 °C, (c) 260 °C + 230 °C,

(d) 260 °C + 240 °C (see more details of Rss and R,s in Table S4 in the ESIt).
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Fig. 4 (a) Quadruple-shape-memory properties of PI-0.5 with the
deformation and recovery temperatures of 260 °C + 240 °C +220 °C
Ris, — sy = 41.5%, Rs, — s,) = 41.6%, Res, — s = 99.3%, Ris, — 5,0 =
96.8%, Ri(s,,. — 5,0 = 87.8%, Ris,,. — s,,0 = 66.2%. (D) Demonstration of
triple-SME of PI-0.5 with 260 °C + 240 °C +220 °C.

yield a temporary shape S; under the same stress with a strain
116%, 97%, and 91%, respectively. PI-0.5 was then further
stretched at the second transition temperature (STT) and fixed
at 120 °C to yield the temporary shape S, with a final strain of
422%, 398%, and 439%, respectively. Upon reheating to the STT
and then to 260 °C, the sample recovered to S; ;. and Sy e in
sequence, wherein the detailed information are summarised in
Table S4.7 Interestingly, the first shape fixity was observed at
70.1%, 60.3%, and 43.2% at a STT of 220, 230, 240 °C, respec-
tively. These results reflect the ability of light polyimides to
exhibit triple-SMEs at any temperatures above the onset of the
glass transition, though two of the deformation temperatures
were farther apart to the benefit Ry and R,.

Heuristically, quadruple-shape memory effects of PI-0.5 were
also investigated as shown in Fig. 4a. With the relatively high
fixity in quadruple-shape memory, good shape recovery (Rys, —
S, = 96.8%, Rys, - s, ) = 87.8%, Rys, — 5,0 = 66.2%) were also
obtained and the strain up to 446% when the deformed
temperature set as 260, 240, 220 °C, which is corresponding to
the results of multi-stage recovery. The qualitatively character-
ization with pictures of PI-0.5 taken at different stages of the
deformation and recovery process are shown in Fig. 4b.

0,re.

Conclusions

In summary, we designed and fabricated a series of polyimides
with relatively good shape memory performance via a tradi-
tional polycondensation. As expected, the synergistic effect of
physical and chemical crosslinks endowing polyimides with
high strain and multi-SME, not deteriorating the perfectly

This journal is © The Royal Society of Chemistry 2017
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shape fixity and shape recovery. The ease and tunable of these
materials might be scaled to the industrial level, given that
shape memory polyimides are commercially available for
application in aerospace fields.
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