
Smart Materials and Structures

PAPER

Flexible and colorless shape memory polyimide films with high visible
light transmittance and high transition temperature
To cite this article: Xinzuo Huang et al 2019 Smart Mater. Struct. 28 055031

 

View the article online for updates and enhancements.

This content was downloaded from IP address 219.217.231.135 on 07/05/2019 at 09:20

https://doi.org/10.1088/1361-665X/ab115f


Flexible and colorless shape memory
polyimide films with high visible light
transmittance and high transition
temperature

Xinzuo Huang1, Fenghua Zhang1, Yanju Liu2 and Jinsong Leng1

1National Key Laboratory of Science and Technology on Advanced Composites in Special Environments,
Harbin Institute of Technology (HIT), Harbin, 150080, People’s Republic of China
2Department of Astronautical Science and Mechanics, Harbin Institute of Technology (HIT), Harbin,
150001, People’s Republic of China

E-mail: lengjs@hit.edu.cn

Received 26 November 2018, revised 5 March 2019
Accepted for publication 20 March 2019
Published 18 April 2019

Abstract
Colorless shape memory polyimide (CSMPI) has potential applications in broad fields,
especially in advanced optoelectronics due to the excellent optical transparency, shape memory
effect and high temperature resistance. In this work, high flexible dianhydrides and fluorine-
containing diamines were used to synthesize CSMPI, which simultaneously combined great
shape memory performance with high optical transparency. The effects of monomer ratios and
imidization temperatures on the molecular structure and properties were investigated. Moreover,
the CSMPI film possesses a higher glass transition temperature (Tg) of 234 °C, compared with
the reported transparent shape memory polymers. Most importantly, the transmittance of CSMPI
film is 87%–90% at 450–800 nm, meeting the requirements of heat resistance and transmittance
of the substrate. Both shape recovery and shape fixity are over 97%. Flexible and colorless
CSMPI films severed as substrates provide more potential in optoelectronic devices such as
OLED and OPV, etc.

Supplementary material for this article is available online
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1. Introduction

Shape memory polymers (SMPs) are a novel class of smart
materials that have been developed rapidly and well in recent
years [1–4]. It can memorize a temporary shape and return to
the original shape exposed to external stimuli, such as heat,
light, solvent, electric and magnetic field [3–7]. SMPs have
been used in many areas, including biomedical science,
deployable structures, actuators, sensors, optical and electrical
devices, as well as smart fabrics [8–12].

Aromatic polyimide (PI) films have been widely applied
in aerospace, automobile, microelectronic and optoelectronic
applications for many decades due to the excellent mechan-
ical properties, dielectric features, high thermal and chemical
resistance [13–15]. Because of the formation of the charge-
transfer complex (CTC) in the highly conjugated molecular
structure, traditional PI films possess dark color and poor
optical transparency, greatly limiting the application in
optoelectronic engineering [16, 17]. The synthesis strategy of
colorless polyimide (CPI) is mainly to introduce substituents

Smart Materials and Structures

Smart Mater. Struct. 28 (2019) 055031 (10pp) https://doi.org/10.1088/1361-665X/ab115f

0964-1726/19/055031+10$33.00 © 2019 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
mailto:lengjs@hit.edu.cn
https://doi.org/10.1088/1361-665X/ab115f
https://doi.org/10.1088/1361-665X/ab115f
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/ab115f&domain=pdf&date_stamp=2019-04-18
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/ab115f&domain=pdf&date_stamp=2019-04-18


for destroying the highly conjugated molecular structure and
inhibiting the formation of CTC [18–20].

The optoelectronic devices are favorable in manifesting
more lightweight, ultrathin and flexible in the future. The
traditional glasses and other brittle substrate materials are not
able to meet these requirements. Therefore, optical transpar-
ent polymer is the preferred substrate for future optoelectronic
devices due to the high transparency, flexibility, light weight
and high impact resistance [21–25]. Compared with tradi-
tional optical polymer films such as polyethylene ter-
ephthalate and poly(methyl methacrylate), CPI with optical
transparency, high thermal stability, and excellent mechanical
properties has been used for flexible thin film transistors,
flexible organic electroluminescent devices and flexible solar
cells [26–29].

The UV curable shape memory polyesters have been
used as substrates for the preparation of flexible organic light-
emitting diodes (OLEDs), deformed to various stable shapes
and recovered the initial plane shape, at the same time, the
deformation caused little loss of the electroluminescent
property [30, 31]. However, the glass transition temperature
(Tg) of shape memory polyesters were lower than 150 °C and
their mechanical and optical properties can deteriorated sig-
nificantly at a high temperature due to the poor thermal
resistance. It cannot meet the requirements of advanced
optoelectronic devices for high heat resistant optical films
[32, 33]. Xiao et al [34] reported a transparent shape memory
polyimide with Tg of 171 °C and the transmittance at 450 nm
was only 82%. Heat resistance had been greatly improved
compared with polyester and polystyrene. However, the
transmittance and heat resistance need to be improved. The
performance comparison of the reported transparent SMPs is
shown in table S1 is available online at stacks.iop.org/SMS/
28/055031/mmedia.

To date there is no report on highly transparent SMPs
with Tg higher than 200 °C and visible light transmittance
over 90% [30, 32, 34–38]. Our motivation is to prepare a kind
of SMP with high transparency and high heat resistance. Due
to its high visible light transmittance and high heat resistance,
in addition to being applied to actuators, deployable struc-
tures, sensors [8–12], it also meets the requirements of
advanced optoelectronic devices for high heat resistant optical
films [32, 33]. Optoelectronic devices based on transparent
SMPs are deformable and adaptive, being converted from
simple two-dimensional structure into complex three-dimen-
sional structure.

Compared with other researches, high heat resistant
polyimide as the research object, suitable monomers were
selected in consideration of light transmittance and shape
memory properties. In this work, flexible dianhydride and
fluorine-containing diamine were chosen to synthesize col-
orless shape memory polyimide (CSMPI). The effect of
monomer molar ratio and imidization temperature on CSMPI
and its mechanism were discussed. Moreover, the effect of
imidization temperature on shape memory polyimide was
firstly reported.

2. Experimental

2.1. Materials

Both 4, 4′-(4, 4′-Isopropylidenediphenoxy) diphthalic Anhy-
dride (BPADA) (�98%) and 2, 20-bis(trifluoromethyl)-4, 40-
diaminobiphenyl (TFDB) (98%) were purchased from Alad-
din Co.. High flexible dianhydride can make the macro-
molecule chain more easily twist and tangle to create physical
crosslinking points as the fixed phase of shape memory effect.
The strongly electron-withdrawing, bulky, meta-substituted
–CF3 in TFDB can effectively destroy the highly conjugated
molecular structure and inhibit the formation of CTC [19],
ensuring CSMPI with excellent optical transparency. Chro-
matographically pure dimethylacetamide (DMAc) was pur-
chased from Tianjin Guangfu Fine Chemicals Institute. All
the raw materials were used as received. All the glassware for
the synthesis was strictly dried before use.

2.2. Preparation of CSMPI

The schematic diagram of polycondensation reaction of
CSMPI is shown in figure 1. The preparation step of CSMPI
with a molar ratio of 0.95 (TFDB/BPADA) was described as
follows: 3.8 mmol TFDB and 20 ml DMAc were simulta-
neously added to the flask and stirred for 15 min 4 mmol
BPADA was added in two batches at intervals of 20 min, and
the colorless polyamic acid (PAA) solution was obtained by
magnetically stirring 24 h at room temperature. The flask was
dried in a vacuum drying oven at 45 °C for 2 h for defoaming
treatment. The defoamed PAA solution was cast onto the
glass slide placed on the adjustable horizontal plate to ensure
film thickness uniformity, and underwent a step-wise imidi-
zation curing process at 80 °C/2 h, 120 °C/2 h, 160 °C/2 h,
200 °C/2 h, 250 °C/2 h and 300 °C/1 h, respectively. The
polyimide was placed in deionized water in order to separate
the film from the slide.

Figure 1. Schematic of synthesis of colorless shape memory
polyimide.
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2.3. Characterization

The molecular weight of the polymer directly influenced its
performance, such as mechanical properties and solubility.
The molecular weight distribution of polyimide was char-
acterized by gel permeation chromatography using Agilent
1260 Infitiny with tetrahydrofuran (THF) as an eluent
at 30 °C.

The modulus, Tg and shape memory properties of CSMPI
were characterized by conventional dynamic mechanical
analysis (DMA) (TA Instruments Q800). The DMA test was
performed in the tensile mode with a frequency of 1 Hz, at
a heating rate of 3 °Cmin−1. The film size was 40×
3×0.08 mm.

The thermal stability of the CSMPI was performed by
thermogravimetric analysis (TGA) under a N2 environment
on the Mettler-Toledo TGA/DSC 1 STARe System at a
heating rate of 10 °Cmin−1.

Differential scanning calorimetry (DSC, Mettler-Toledo
TGA/DSC 1 STARe System) measurements were used to
characterize thermal changes of polyimide at a heating rate of
10 °Cmin−1. The temperature at the endothermic glass
transition was measured by DSC, and the test data obtained
by DMA was verified from the side.

Mechanical properties were essential for the application
of polymer films in advanced optoelectronic devices.
Mechanical properties of the CSMPI samples were tested at
room temperature on an Instron 5500 R instrument and
sample size used for the tensile test was tailored to the stan-
dard (ISO 527-3-2003, Type I). The extensional strain rate
was controlled at 5 mmmin−1.

The optical transmittance (200–800 nm) was measured
by a Perkin Elmer Lambda 1050 UV/Vis/NIR spectro-
photometer at a resolution of 1 nm. The film thickness for
transmittance characterization was about 70–80 μm. The
yellowness index (YI) was calculated from the hemispherical
transmittance at 380–780 nm according to ASTM E313 [39].
Both transmittance and YI were necessary indicators for
characterizing the optical properties of transparent polymer
films. 1×10–6 mol l−1 polyimide TFH solution was prepared
for UV absorption spectroscopy, characterized using Agilent
Cary 5000 UV/Vis/NIR spectrophotometer at a resolution
of 1 nm.

Wide angle x-ray diffraction (WAXD) was determined
by Bruker D8 Advance Plus under Cu Kα radiation
(λ=0.15406 nm), and the accelerating voltage and emission
current were 40 kV and 150 mA, respectively. WAXD was
used to characterize the aggregation morphology of polymer
molecular chains.

The characteristic functional groups and imidization
degree (ID) of polyimide were characterized by Fourier
transform infrared (FT-IR) spectra. The FT-IR spectra was
measured by Perkin-Elmer Spectrum Ⅱ under the attenuated
total reflectance module from 650 to 4000 cm−1 at a resolu-
tion of 4 cm−1. The CSMPI underwent final imidization
temperature of 300 °C was defined as fully imidized, and the
relative ID of other samples can be calculated using
equation (1) [40]. A1365 and A1480 represented the infrared

absorption peak area at 1365 cm−1 and 1480 cm−1 respec-
tively, and 1480 cm−1 was the characteristic peak of benzene
ring with constant content before and after imidization
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3. Results and discussion

3.1. Molecular structure

CSMPI films with different molar ratios (BPADA/TFDB)
and different final imidization temperatures are listed in
table 1. As shown in figure 2(a), molecular weight distribu-
tion shifts toward the high molecular weight with the increase
of the molar ratios, similar to other thermoplastic polyimides
[41]. Figure 2(b) shows that the decrease in final imidization
temperature has no significant effect on the molecular weight
distribution. The number of average molecular weight (Mn)
values is listed in table 2.

The FTIR spectra of polyamide acid (PAA) and CSMPI
at 600–2700 cm−1 undergoing different final imidization
temperatures are shown in figure 2(c), and the FTIR spectra of
CSMPI with different molar ratios are shown in supporting
information (figure S1). The characteristic peaks of PAA at
1683 cm−1 and 1415 cm−1, respectively corresponding to
stretching vibration of C=O in –COOH and stretching
vibration of C–N in –CONH. The characteristic peaks of
CSMPI were 1365 cm−1, 1720 cm−1, and 1779 cm−1,
respectively corresponding to stretching vibration of C–N–C,
symmetric stretching of C=O, and asymmetric stretching
of C=O.

The changing trend of ID is shown in figure 2(d). The
ID of CPI200 was only 81%, while the ID of the other
samples exceeded 90%. The WAXD spectra are shown in ESI
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(figure S2), and all samples have a broad peak near 15°. It
indicated that CSMPI was amorphous in morphological
structures, due to loosing chain stacking caused by high
flexible BPADA and bulky, meta-substituted –CF3. More-
over, the UV absorption spectra of CSMPI with different
imidization temperature are shown in ESI (figure S3). UV
absorption spectra give an initial ultraviolet absorption
wavelength (λonset) of 303 nm, far lower the fully aromatic
polyimide. Because of the highly flexible dianhydride and
strongly electron-withdrawing, bulky –CF3 greatly destroy
the degree of conjugation of molecular, making CSMPI
exhibit colorless and high optical transmittance.

3.2. Thermomechanical and thermal properties

DMA images of CSMPI are shown in figure 3. Tg increases
from 227 °C to 250 °C with the molar ratio increasing from
0.93 to 1.0, mainly due to the increase in Mn (figure 2(a)).
Higher molecular weight possesses a higher degree of mac-
romolecular entanglement and more intermolecular CTC,
resulting in an increase of Tg (figure 3(a)) [42]. The internal
friction caused by the slip of molecular chains also decreased

with the increase ofMn, resulting in the decrease of loss factor
value (Tan δ).

Tg showed no substantial change at the imidization
temperature of 235 °C–300 °C, however, the Tan δ peak of
CPI200 shifted slightly to the left and became broader
(figure 3(b)). The reduction in the final imidization temper-
ature leads to a lower ID (figure 2(d)), and residual amic acid
on the molecular chain may weaken the interaction between
the macromolecules. The residual amic acid also leads to a
sharp drop in the storage modulus (E′) of CPI200 at 200 °C
(figure 3(d)). CSMPI possessed great shape memory perfor-
mance by virtue of a great difference in E′ between glassy
state and rubber state. The E′ of other samples is listed in
table 2.

TGA results indicated the thermal stability of samples,
which are shown in figures 4 and S4. The change of mole
ratio has no effect on thermal stability. The temperature of 5%
mass loss (T5%) is about 520 °C, and the tiptop temperature of
pyrolysis (TP) is 540 °C (figure S4), demonstrating that
CSMPI cured at 300 °C has excellent thermal stability.
Figure 4(b) shows that PAA has a significant mass loss in the
range of 100 °C–270 °C, caused by the evaporation of the

Figure 2. (a) Molecular weight distribution curves of CSMPI with different molecular ratios, (b) molecular weight distribution curves of
CSMPI at different temperatures, (c) FTIR spectra of PAA and CSMPI, (d) imidization degree varies with imidization temperature.

Table 1. CSMPI with different preparation processes.

CPI1.0 CPI0.97 CPI0.95 CPI0.93 CPI300 CPI270 CPI235 CPI200

Molar ratio 1.0 0.97 0.95 0.93 0.95 0.95 0.95 0.95
Imidization temperature (°C) 300 300 300 300 300 270 235 200
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solvent and the small molecules of water released from the
imidization reaction. CPI270 and CPI235 present the same
excellent thermal stability as CPI300, while the T5% of
CPI200 drops to 505 °C and a slight mass loss occurs at
250 °C–300 °C, due to further imidization of residual amic
acid to release small molecules of water. In addition, the DSC
curves of CSMPI are shown in ESI (figure S5). DSC results
reveal that the variation of Tg with molar ratio is similar to
DMA results. Typical tensile stress–strain curves of CSMPI
are shown in ESI (figure S6). Both the reduction of molar
ratio and imidization temperature impair the mechanical
properties of CSMPI, especially for the decrease of elongation
at break (δ).

3.3. Optical properties

The optical properties of CSMPI were characterized by light
transmittance in visible range and the YI. The strongly elec-
tron-withdrawing, bulky, and meta-substituted –CF3 in TFDB
effectively destroyed the highly conjugated molecular struc-
ture and inhibited the formation of CTC [19], ensuring the
CSMPI with excellent optical transparency. As shown in
figure 5(a), with the decrease of the molar ratios, the trans-
mittance in the range of 400–600 nm had been greatly
improved, especially for the transmittance at 450 nm (T450)
increased from 80% to 87%, while the UV cutoff wavelength
(λcutoff) was not changed to about 378 nm. YI is significantly
reduced from 11.2 to 3.7, and figure 5(c) show that the film

Figure 3. (a) Loss factor of CSMPI with different molecular ratios, (b) loss factor of CSMPI at different temperatures, (c) storage modulus of
CSMPI with different molecular ratios, (d) storage modulus of CSMPI at different temperatures.

Figure 4. (a) TGA spectra of the weight loss of CSMPI with different molecular ratios, (b) TGA spectra of the weight loss of CSMPI at
different temperatures.
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(80 μm) color becomes more colorless. According to the
foregoing, the decrease of the molar ratio causes weakening
of the entanglement between the molecular chains, inhibiting
the formation of intermolecular CTC and improving the
transmittance [42].

In figure 5(b), the transmittance at 400–500 nm increases
slightly with the decrease of imidization temperature, and T450
increases from 86% to 88% with no change in cutoff wave-
length. YI decreases from 4.2 to 1.7, and figure 5(d) shows a
slight lightening of film color. Compared with imide rings,
residual amic acid groups may inhibit the formation of CTC.
In summary, the decrease of the molar ratio and imidization
temperature were favorable for improving the optical prop-
erties of CSMPI.

3.4. Shape memory properties

For the sake of gaining more intuitive demonstration of
excellent shape memory performance, the rectangular film
was curled as a circle on a flat heater, the deformed shape was
fixed by removing the curled film from the flat heater. The
shape recovery process is shown in figure 6(a), and the
deformed shape (circle) returns to the original shape (flat)
within 25s.

The physical cross-linking formed by molecular chain
entanglement is necessary for the shape memory effect of
thermoplastic PI [43]. PMDA/TFDB as a comparison group,
optimized 3D model structure of BPADA/TFDB (CSMPI)
and PMDA/TFDB consisted of 20 repeating units are shown

in figures 6(b) and (c). BPADA with flexible ether linkages
provides molecular chains greater flexibility than PMDA/
TFDB. The bending conformation of CSMPI can make the
molecule chains more easily twisted and tangled to form

Figure 5. (a) UV–vis spectra of CSMPI with different molecular ratios, (b) UV–vis spectra of CSMPI at different temperatures, (c) optical
photographs of CSMPI with different molecular ratios, (d) optical photographs of CSMPI at different temperatures.

Figure 6. (a) Deployable shape memory recovery process of winding
CSMPI film (CPI270). (b) optimized 3D model structure of CSMPI
and (c) PMDA/TFDB consisting of 20 repeating units.
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physical crosslinking points with greater shape memory
property.

The decrease of the molar ratio impairs the shape
memory performance of CSMPI [34]. Shape memory cycling
results of tensile deformation-recovery were carried out by
DMA are shown in figure 7. The curve of CPI200
(figure 7(d)) is different from others. The tensile strain
decreased as the number of cycles increased under the con-
dition of constant deformation temperature and constant
applied stress, indicating the higher modulus. It may be
related to the residual amic acid in CPI200, the deformation-
recovery process at a high temperature (>200 °C) in the shape
memory cycle was equivalent to heat treatment of the speci-
men for the imidization reaction of residual amic acid. Thus
the modulus of CSMPI increased with the decreases of resi-
dual amic acid. The E′ at high temperature (�200 °C)
increased with the imidization temperature increasing
(figure 3(d)), confirming this phenomenon from the
other side.

The Rr (1) of all CSMPI were relatively lower than Rr

(2–4), caused by the residual strain resulting from the pro-
cessing history. The lower imidization temperature has little
influence on Rf (�97%), however, Rr decrease significantly
(figure 7(f)). As the cycle continues, the Rr of CPI200
increased significantly, and the Rr (4) increased to 96%,
which was approximate to the 97% of CPI300. It may be

caused by high temperature heat treatment during the cycles,
and residual amic acid groups were further imidized. There-
fore, the imidization temperature should not be lower than
270 °C in consideration of shape memory performance.

The key performance data is shown in table 2. The
decrease of molar ratios can increase the transmittance while
impairing the mechanical properties. The decrease of imidi-
zation temperature improved the optical performance to a
certain extent, causing the damage to the shape memory
performance, heat stability and mechanical properties. Com-
prehensively, CPI270 shows more excellent comprehensive
performance marked as the red star, and the performance
comparison with the transparent SMP of other literature is
shown in figure 8. In this work, we obtained the first optical
transparent SMP (CPI270) with the transmittance (550 nm) of
90% and Tg over 200 °C, meeting the requirements of
optoelectronic devices such as OLED and OPV on heat
resistance and transmittance of the substrate [32, 33], and the
Rf and Rr are over 97%.

4. Conclusion

In summary, CSMPI prepared by BPADA and TFDB has
excellent optical transparency, shape memory properties and a
high temperature resistance. High flexible of BPADA making

Figure 7. Stretchable shape memory cycles of (a) CPI300, (b) CPI270, (c) CPI235 and (d) CPI200; (e) shape recovery rate and (f) shape fix
rate of CSMPI at different cycle times.
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the molecule chains more easily twisted and tangled to form
physical crosslinking points is favorable for possessing great
shape memory property. The strongly electron-withdrawing,
bulky –CF3 effectively destroyed the highly conjugated
molecular structure and inhibited the formation of CTC,
ensuring the CSMPI with excellent optical transparency.
The effects of monomer ratio and imidization temperature on
the molecular structure and properties were discussed. The
decrease of the molar ratio can increase the transmittance
while impairing the mechanical properties. The decrease of
imidization temperature improved the optical performance to
a certain extent, causing the damage to the shape memory
performance, heat stability, and mechanical properties.
CPI270 possessed a higher Tg of 234 °C, compared with the
reported transparent SMPs, the transmittance of CPI270 is
87%–90% at 450–800 nm and the Rf and Rr are over 97%.
CSMPI film has potential applications in broad fields, espe-
cially in advanced optoelectronics, such as flexible substrates
for OLED and OPV devices, etc
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Appendix. List of abbreviations

CSMPI Colorless shape memory polyimide
SMPs Shape memory polymers
OLED Organic light emitting diode
OPV Organic photovoltaics
CTC Charge-transfer complex
BPADA 4, 4′-(4, 4′-Isopropylidenediphenoxy) diphthalic anhydride
TFDB 2, 20-bis(trifluoromethyl)-4, 40-diaminobiphenyl
DMAc Dimethylacetamide
PAA Polyamic acid
GPC Gel permeation chromatography
DMA Dynamic mechanical analysis
TGA Thermogravimetric analysis
DSC Differential scanning calorimetry
YI Yellowness index
WAXD Wide angle x-ray diffraction
FTIR Fourier transform infrared
ID Imidization degree

ORCID iDs

Yanju Liu https://orcid.org/0000-0001-8269-1594
Jinsong Leng https://orcid.org/0000-0001-5098-9871

References

[1] Mu T, Liu L, Lan X, Liu Y and Leng J 2018 Shape memory
polymers for composites Compos. Sci. Technol. 160 169–98

[2] Liu Y, Du H, Liu L and Leng J 2014 Shape memory polymers
and their composites in aerospace applications: a review
Smart Mater. Struct. 23 23001–22

Figure 8. The performance comparison with the transparent SMP of
other literatures.

Table 2. The key performance of colorless shape memory polyimides.

Title Mn
a Tg

b E′ at 25 °Cc,d E’ at Tg
c,d IDe T450

d,e YI δe T5%
b Rf

e Rr
e

CPI1.0 55.6 250 1706±40 26.7±1.8 100 80.5±0.5 11.2 9.0 520 — —

CPI0.97 31.8 240 1695±32 29.5±2.5 100 83.7±0.6 7.2 8.5 523 — —

CPI0.95 18.4 233 1739±43 27.4±2.9 100 86.2±0.5 4.2 8.1 520 98 98
CPI0.93 15.4 227 1780±47 28.5±2.3 100 87.5±0.8 3.7 6.1 522 — —

CPI270 18.9 234 1814±38 27.7±3.1 96.6 87.3±0.8 2.5 7.9 521 98 97
CPI235 18.2 231 1875±42 26.5±2.5 90.5 87.5±0.6 2.1 7.4 511 98 95
CPI200 17.8 228 1783±36 10.2±1.7 81.2 88.4±0.5 1.7 6.3 498 98 92

a

In kg mol−1.
b

In °C.
c

In MPa.
d

Average values and standard deviations.
e

In %.

8

Smart Mater. Struct. 28 (2019) 055031 X Huang et al

https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
https://doi.org/10.1016/j.compscitech.2018.03.018
https://doi.org/10.1016/j.compscitech.2018.03.018
https://doi.org/10.1016/j.compscitech.2018.03.018
https://doi.org/10.1088/0964-1726/23/2/023001
https://doi.org/10.1088/0964-1726/23/2/023001
https://doi.org/10.1088/0964-1726/23/2/023001


[3] Leng J, Lan X, Liu Y and Du S 2011 Shape-memory polymers
and their composites: stimulus methods and applications
Prog. Mater. Sci. 56 1077–135

[4] Wang W, Liu Y and Leng J 2016 Recent developments in
shape memory polymer nanocomposites: actuation methods
and mechanisms Coord. Chem. Rev. 320–321 38–52

[5] Khaldi A, Elliott J and Smoukov S 2014 Electro-mechanical
actuator with muscle memory J. Mater. Chem. C 2 8029–34

[6] Kratz K, Madbouly S A, Wagermaier W and Lendlein A 2011
Temperature-Memory polymer networks with crystallizable
controlling units Adv. Mater. 23 4058–62

[7] Yi D H, Yoo H J, Mahapatra S S, Kim Y A and Cho J W 2014
The synergistic effect of the combined thin multi-walled
carbon nanotubes and reduced graphene oxides on
photothermally actuated shape memory polyurethane
composites J. Colloid Interface Sci. 432 128–34

[8] Hu J, Zhu Y, Huang H and Lu J 2012 Recent advances in
shape-memory polymers: Structure, mechanism,
functionality, modeling and applications Prog. Polym. Sci.
37 1720–63

[9] Chen H, Li Y, Liu Y, Gong T, Wang L and Zhou S 2014
Highly pH-sensitive polyurethane exhibiting shape memory
and drug release Polym. Chem. 5 5168–74

[10] Nagahama K, Ueda Y, Ouchi T and Ohya Y 2009
Biodegradable shape-memory polymers exhibiting sharp
thermal transitions and controlled drug release
Biomacromolecules 10 1789–94

[11] Sokolowski W M and Tan S C 2007 Advanced self-deployable
structures for space applications J. Spacecr. Rockets 44
750–4

[12] Zhang Y, Li Y and Liu W 2015 Dipole-dipole and H-Bonding
interactions significantly enhance the multifaceted
mechanical properties of thermoresponsive shape memory
hydrogels Adv. Funct. Mater. 25 471–80

[13] Liaw D, Wang K, Huang Y, Lee K, Lai J and Ha C 2012
Advanced polyimide materials: syntheses, physical
properties and applications Prog. Polym. Sci. 37 907–74

[14] Sekitani T, Zschieschang U, Klauk H and Someya T 2010
Flexible organic transistors and circuits with extreme
bending stability Nat. Mater. 9 1015–22

[15] Min K, Lee T, Park C P, Wu Z, Girault H H, Ryu I,
Fukuyama T, Mukai Y and Kim D 2010 Monolithic and
flexible polyimide film microreactors for organic
microchemical applications fabricated by laser ablation
Angew. Chem., Int. Ed. 49 7063–7

[16] Ando S, Matsuura T and Sasaki S 1997 Coloration of aromatic
polyimides and electronic properties of their source
materials Polym. J. 29 69–76

[17] Hasegawa M and Horie K 2001 Photophysics, photochemistry,
and optical properties of polyimides Prog. Polym. Sci. 26
259–335

[18] Kim Y and Chang J H 2013 Colorless and transparent
polyimide nanocomposites: thermo-optical properties,
morphology, and gas permeation Macromol. Res. 21 228–33

[19] Hasegawa M, Fujii M, Ishii J, Yamaguchi S, Takezawa E,
Kagayama T and Ishikawa A 2014 Colorless polyimides
derived from 1 S, 2 S, 4 R, 5 R -cyclohexanetetracarboxylic
dianhydride, self-orientation behavior during solution
casting, and their optoelectronic applications Polymer 55
4693–708

[20] Hasegawa M, Sensui N, Shindo A Y and Yokota R 1999
Structure and properties of novel asymmetric biphenyl type
polyimides. Homo-and copolymers and blends.
Macromolecules 32 387–96

[21] Yang C and Su Y 2005 Colorless and high organosoluble
polyimides from 2, 5-bis(3, 4-dicarboxyphenoxy)-t-
butylbenzene dianhydride and aromatic bis(ether amine)s
bearing pendent trifluoromethyl groups Polymer 46
5778–88

[22] Choi M, Hwang J, Kim C, Ando S and Ha C 2010 New
colorless substrates based on polynorbornene-chlorinated
polyimide copolymers and their application for flexible
displays J. Polym. Sci. Pol. Chem. 48 1806–14

[23] Liu J, Lee T M, Wen C and Leu C 2011 High-performance
organic–inorganic hybrid plastic substrate for flexible
displays and electronics J. Soc. Inf. Disp. 19 63–9

[24] Mizoguchi K, Shibasaki Y and Ueda M 2007 Development of
negative-type photosensitive semi-alicyclic polyimide using a
photobase generator J. Photopolym. Sci. Technol. 20 181–6

[25] Liu Z, Li J, Sun Z, Tai G, Lau S and Yan F 2012 The
application of highly doped single-layer graphene as the top
electrodes of semitransparent organic solar cells ACS Nano 6
810–8

[26] Ni H, Liu J, Wang Z and Yang S 2015 A review on colorless
and optically transparent polyimide films: chemistry, process
and engineering applications J. Ind. Eng. Chem. 28 16–27

[27] Sidler K, Cvetkovic N V, Savu V, Tsamados D,
Ionescu A M and Brugger J 2010 Organic thin film
transistors on flexible polyimide substrates fabricated by
full-wafer stencil lithography Sensors Actuators A 162
155–9

[28] Lim H, Cho W J, Ha C S, Ando S, Kim Y K, Park C H and
Lee K 2002 Flexible organic electroluminescent devices
based on fluorine-containing colorless polyimide substrates
Adv. Mater. 14 1275–9

[29] Lim J W, Cho D Y, Eun K, Choa S H, Na S I, Kim J and
Kim H K 2012 Mechanical integrity of flexible Ag nanowire
network electrodes coated on colorless PI substrates for
flexible organic solar cells Sol. Energy Mater. Sol. Cells 105
69–76

[30] Yu Z, Zhang Q, Li L, Chen Q, Niu X, Liu J and Pei Q 2011
Highly flexible silver nanowire electrodes for shape-memory
polymer light-emitting diodes Adv. Mater. 23 664–8

[31] Gaj M P, Wei A, Fuentes-Hernandez C, Zhang Y, Reit R,
Voit W, Marder S R and Kippelen B 2015 Organic light-
emitting diodes on shape memory polymer substrates for
wearable electronics Org. Electron. 25 151–5

[32] Xu H, Yu C, Wang S, Malyarchuk V, Xie T and Rogers J A
2013 Deformable, programmable, and shape-memorizing
micro-optics Adv. Funct. Mater. 23 3364

[33] Zhang C, Ni Q, Fu S and Kurashiki K 2007 Electromagnetic
interference shielding effect of nanocomposites with carbon
nanotube and shape memory polymer Compos. Sci. Technol.
67 2973–80

[34] Xiao X, Qiu X, Kong D, Zhang W, Liu Y and Leng J 2016
Optically transparent high temperature shape memory
polymers Soft Matter 12 2894–900

[35] Liu T, Xiang F, Qi X, Yang W, Huang R and Fu Q 2017
Optically transparent poly(methyl methacrylate) with largely
enhanced mechanical and shape memory properties via in-
situ formation of polylactide stereocomplex in the matrix
Polymer 126 231–9

[36] Song L, Hu W, Wang G, Niu G, Zhang H, Cao H, Wang K,
Yang H and Zhu S 2010 Tailored (meth)acrylate shape-
memory polymer networks for ophthalmic applications
Macromol. Biosci. 10 1194–202

[37] Yong C J, Kim H H, Kim Y A, Jin H K, Cho J W, Endo M and
Dresselhaus M S 2010 Optically active multi-walled carbon
nanotubes for transparent, conductive memory-shape
polyurethane film Macromolecules 43 6106–12

[38] Li Z, Black T, Rahman M A, Feng J, Olah A and Baer E 2018
Opto-mechanical programming of micro-scale information
on transparent multilayer shape memory film Polymer 137
156–68

[39] ASTM E313 2005 Standard Practice for Calculating
Yellowness and Whiteness Indices From Instrumentally
Measured Color Coordinates (West Conshohocken, PA:
ASTM International) (https://doi.org/10.1520/E0313-05)

9

Smart Mater. Struct. 28 (2019) 055031 X Huang et al

https://doi.org/10.1016/j.pmatsci.2011.03.001
https://doi.org/10.1016/j.pmatsci.2011.03.001
https://doi.org/10.1016/j.pmatsci.2011.03.001
https://doi.org/10.1016/j.ccr.2016.03.007
https://doi.org/10.1016/j.ccr.2016.03.007
https://doi.org/10.1016/j.ccr.2016.03.007
https://doi.org/10.1016/j.ccr.2016.03.007
https://doi.org/10.1016/j.ccr.2016.03.007
https://doi.org/10.1039/C4TC00904E
https://doi.org/10.1039/C4TC00904E
https://doi.org/10.1039/C4TC00904E
https://doi.org/10.1002/adma.201102225
https://doi.org/10.1002/adma.201102225
https://doi.org/10.1002/adma.201102225
https://doi.org/10.1016/j.jcis.2014.06.060
https://doi.org/10.1016/j.jcis.2014.06.060
https://doi.org/10.1016/j.jcis.2014.06.060
https://doi.org/10.1016/j.progpolymsci.2012.06.001
https://doi.org/10.1016/j.progpolymsci.2012.06.001
https://doi.org/10.1016/j.progpolymsci.2012.06.001
https://doi.org/10.1039/C4PY00474D
https://doi.org/10.1039/C4PY00474D
https://doi.org/10.1039/C4PY00474D
https://doi.org/10.1021/bm9002078
https://doi.org/10.1021/bm9002078
https://doi.org/10.1021/bm9002078
https://doi.org/10.2514/1.22854
https://doi.org/10.2514/1.22854
https://doi.org/10.2514/1.22854
https://doi.org/10.2514/1.22854
https://doi.org/10.1002/adfm.201401989
https://doi.org/10.1002/adfm.201401989
https://doi.org/10.1002/adfm.201401989
https://doi.org/10.1016/j.progpolymsci.2012.02.005
https://doi.org/10.1016/j.progpolymsci.2012.02.005
https://doi.org/10.1016/j.progpolymsci.2012.02.005
https://doi.org/10.1038/nmat2896
https://doi.org/10.1038/nmat2896
https://doi.org/10.1038/nmat2896
https://doi.org/10.1002/anie.201002004
https://doi.org/10.1002/anie.201002004
https://doi.org/10.1002/anie.201002004
https://doi.org/10.1295/polymj.29.69
https://doi.org/10.1295/polymj.29.69
https://doi.org/10.1295/polymj.29.69
https://doi.org/10.1016/S0079-6700(00)00042-3
https://doi.org/10.1016/S0079-6700(00)00042-3
https://doi.org/10.1016/S0079-6700(00)00042-3
https://doi.org/10.1016/S0079-6700(00)00042-3
https://doi.org/10.1007/s13233-013-1072-z
https://doi.org/10.1007/s13233-013-1072-z
https://doi.org/10.1007/s13233-013-1072-z
https://doi.org/10.1016/j.polymer.2014.07.032
https://doi.org/10.1016/j.polymer.2014.07.032
https://doi.org/10.1016/j.polymer.2014.07.032
https://doi.org/10.1016/j.polymer.2014.07.032
https://doi.org/10.1021/ma9808629
https://doi.org/10.1021/ma9808629
https://doi.org/10.1021/ma9808629
https://doi.org/10.1016/j.polymer.2005.04.077
https://doi.org/10.1016/j.polymer.2005.04.077
https://doi.org/10.1016/j.polymer.2005.04.077
https://doi.org/10.1016/j.polymer.2005.04.077
https://doi.org/10.1002/pola.23949
https://doi.org/10.1002/pola.23949
https://doi.org/10.1002/pola.23949
https://doi.org/10.1889/JSID19.1.63
https://doi.org/10.1889/JSID19.1.63
https://doi.org/10.1889/JSID19.1.63
https://doi.org/10.2494/photopolymer.20.181
https://doi.org/10.2494/photopolymer.20.181
https://doi.org/10.2494/photopolymer.20.181
https://doi.org/10.1021/nn204675r
https://doi.org/10.1021/nn204675r
https://doi.org/10.1021/nn204675r
https://doi.org/10.1021/nn204675r
https://doi.org/10.1016/j.jiec.2015.03.013
https://doi.org/10.1016/j.jiec.2015.03.013
https://doi.org/10.1016/j.jiec.2015.03.013
https://doi.org/10.1016/j.sna.2010.04.016
https://doi.org/10.1016/j.sna.2010.04.016
https://doi.org/10.1016/j.sna.2010.04.016
https://doi.org/10.1016/j.sna.2010.04.016
https://doi.org/10.1002/1521-4095(20020916)14:18<1275::AID-ADMA1275>3.0.CO;2-Y
https://doi.org/10.1002/1521-4095(20020916)14:18<1275::AID-ADMA1275>3.0.CO;2-Y
https://doi.org/10.1002/1521-4095(20020916)14:18<1275::AID-ADMA1275>3.0.CO;2-Y
https://doi.org/10.1016/j.solmat.2012.05.036
https://doi.org/10.1016/j.solmat.2012.05.036
https://doi.org/10.1016/j.solmat.2012.05.036
https://doi.org/10.1016/j.solmat.2012.05.036
https://doi.org/10.1002/adma.201003398
https://doi.org/10.1002/adma.201003398
https://doi.org/10.1002/adma.201003398
https://doi.org/10.1016/j.orgel.2015.06.029
https://doi.org/10.1016/j.orgel.2015.06.029
https://doi.org/10.1016/j.orgel.2015.06.029
https://doi.org/10.1002/adfm.201370129
https://doi.org/10.1016/j.compscitech.2007.05.011
https://doi.org/10.1016/j.compscitech.2007.05.011
https://doi.org/10.1016/j.compscitech.2007.05.011
https://doi.org/10.1039/C5SM02703A
https://doi.org/10.1039/C5SM02703A
https://doi.org/10.1039/C5SM02703A
https://doi.org/10.1016/j.polymer.2017.08.047
https://doi.org/10.1016/j.polymer.2017.08.047
https://doi.org/10.1016/j.polymer.2017.08.047
https://doi.org/10.1002/mabi.201000028
https://doi.org/10.1002/mabi.201000028
https://doi.org/10.1002/mabi.201000028
https://doi.org/10.1021/ma101039y
https://doi.org/10.1021/ma101039y
https://doi.org/10.1021/ma101039y
https://doi.org/10.1016/j.polymer.2018.01.005
https://doi.org/10.1016/j.polymer.2018.01.005
https://doi.org/10.1016/j.polymer.2018.01.005
https://doi.org/10.1016/j.polymer.2018.01.005
https://doi.org/10.1520/E0313-05


[40] Zhai Y, Yang Q, Zhu R and Gu Y 2008 The study on
imidization degree of polyamic acid in solution and
ordering degree of its polyimide film J. Mater. Sci. 43
338–44

[41] Hou T H and Bryant R G 1997 Processing and properties of
IM7/LARC™-SI polyimide composites High Perform.
Polym. 9 437–48

[42] Park C, Jr J G S, Connell J W, Lowther S E, Working D C and
Siochi E J 2005 Polyimide/silica hybrid-clay
nanocomposites Polymer 46 9694–701

[43] Xiao X, Kong D, Qiu X, Zhang W, Zhang F, Liu L, Liu Y,
Zhang S, Hu Y and Leng J 2015 Shape-memory polymers
with adjustable high glass transition temperatures
Macromolecules 48 3582–9

10

Smart Mater. Struct. 28 (2019) 055031 X Huang et al

https://doi.org/10.1007/s10853-007-1697-4
https://doi.org/10.1007/s10853-007-1697-4
https://doi.org/10.1007/s10853-007-1697-4
https://doi.org/10.1007/s10853-007-1697-4
https://doi.org/10.1088/0954-0083/9/4/007
https://doi.org/10.1088/0954-0083/9/4/007
https://doi.org/10.1088/0954-0083/9/4/007
https://doi.org/10.1016/j.polymer.2005.08.017
https://doi.org/10.1016/j.polymer.2005.08.017
https://doi.org/10.1016/j.polymer.2005.08.017
https://doi.org/10.1021/acs.macromol.5b00654
https://doi.org/10.1021/acs.macromol.5b00654
https://doi.org/10.1021/acs.macromol.5b00654

	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Preparation of CSMPI
	2.3. Characterization

	3. Results and discussion
	3.1. Molecular structure
	3.2. Thermomechanical and thermal properties
	3.3. Optical properties
	3.4. Shape memory properties

	4. Conclusion
	Acknowledgments
	Appendix.List of abbreviations
	References



