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Abstract—Transparent polyimide films with excellent comprehensive properties may be indispensable to
next-generation optoelectronic and flexible display applications. To date, the most studied transparent poly-
imide films are mainly prepared with alicyclic dianhydride as monomer, but the related properties of such
films are not satisfactory. In this work, two series of highly optically transparent copolyimide films were pre-
pared by the polycondensation of dicyclohexyl-3,4,3',4'-tetracarboxylic dianhydride, 1,2,4,5-cyclohexane-
tetracarboxylic dianhydride, 4,4'-(hexafluoroisopropylidene) diphthalic anhydride with 4,4'-oxydianiline via
a facile one-step method. Through the optimization of structure and composition, the relationship between
structure and properties of copolymerized semi-alicyclic polyimide was studied. The prepared copolyimide
films show good thermal stability: glass transition temperatures in the range of 264–315°C and 5% weight loss
temperature of 463–527°C, superior optical transparency up to 90%. Specifically, these copolyimide films
have tensile strength greater than 90.3 MPa.

DOI: 10.1134/S1560090423700781

INTRODUCTION

Since its creation, polyimides (PI) have been uti-
lized extensively for various applications due to supe-
rior thermal stability, mechanical characteristics, and
chemical stability, which makes them distinguished
from other polymer films [1–4]. The demand for PI
films has increased along with science and technology
advancements. Traditional PI films haven’t been able
to keep up with the demands of modern manufactur-
ing, so a variety of functional PI materials have been
continuously created and investigated [5–8].

In recent years, with the rapid development of f lex-
ible electronic industry represented by f lexible sen-
sors, photovoltaic devices and thin-film solar cells, the
demand for polymeric optical films with superior opti-
cal transparency, thermal stability, and excellent
mechanical properties is increasingly urgent [9–11].
However, the conventional fully aromatic PI films
cannot be widely employed in the optical area due to
their dark color and limited light transmission in the
visible light region [12–15]. Alicyclic polyimides,
polyolefin and polyester films have good light trans-
mittance while their thermal stability and mechanical
properties are not satisfactory, which also prevents
them from being widely used. In fact, the poor optical
properties of traditional aromatic PI films are influ-
enced by the formation of intramolecular and inter-
molecular charge transfer [16–20]. That is to say, from

the standpoint of building molecular architectures, it
is a feasible way to developing colorless polymer films
with good thermal resistant, mechanical properties,
and transparency [15].

The transparency of polyimide films can be
increased in a variety of ways, such as introducing the
high negative ion groups, large substituents, asymmet-
ric structure, and alicyclic structure into the PI chains,
which can decrease the absorption of visible light by
preventing the development of intermolecular and
intramolecular charge transfer [21–24]. Among all
kinds of colorless polyimide (CPI) films reported in
the literature so far, f luorine-containing aromatic and
semi-alicyclic are the most important ones [14, 15,
17]. Because of the different ways to realize colorless
and transparent, the properties of different kinds of
CPI films are also significantly different. Alicyclic
CPI films often show higher optical transmittance and
lower curing temperature than fluorinated CPI films,
however, poorer mechanical performance and ther-
mal stability [25, 26]. For instance, Li et al. prepared
CPI films using 1,2,4,5-cyclohexanetetracarboxylic
dianhydride (HPMDA) and 4,4'-oxydianiline (ODA);
however, its thermal stability was not satisfactory [14].
The thermal decomposition temperature was lower
than 460°C for 5% weight loss. Wu et al. prepared CPI
films using dicyclohexyl-3,4,3',4'-tetracarboxylic
dianhydride (HBPDA) and ODA, which show high
transparency, reaching 83.6% at 450 nm, however, its
glass transition temperature Tg was only about 260°C
120
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[27]. Alain and Cosutchi prepared CPI films with
excellent heat resistance using 4,4'-(hexafluoroiso-
propylidene) diphthalic anhydride (6FDA) and ODA
[28, 29]. However, the tensile strength was lower than
91 MPa, and the cut-off wavelength of the films is
above 360 nm, indicating that their optical and
mechanical properties are not excellent. Zhi and Lan
reported CPI films with outstanding overall perfor-
mance synthesized from a f luorine and alicyclic con-
taining monomers, but their preparation cost was rel-
atively high [15, 30]. Therefore, the research of CPI
films with high optical transparency, good thermal
stability, superior f lexibility and low cost is an urgent
problem to be solved in the field of f lexible display.

In this work, we have prepared two representative
CPI films with employing random copolycondensa-
tion of dianhydride and diamine monomers that are
readily available on the market to overcome these
problems mentioned above. The results of the experi-
ments show that copolymer CPI films display excel-
lent overall performance. It was possible to achieve a
compromise between mechanical qualities, thermal
stability, optical properties, dissolve performance and
preparation cost.

EXPERIMENTAL
Materials

Dicyclohexyl-3,4,3',4'-tetracarboxylic dianhydride
(98%), 1,2,4,5-cyclohexanetetracarboxylic dianhy-
dride (97%), 4,4'-oxydianiline (98%), isoquinoline
(97%), N,N-dimethylacetamide (DMAc, 99.8%,
extra dry, with molecular sieves) were purchased from
Energy Chemical Reagent Company. m-Cresol
(99%), 4,4′-(hexafluoroisopropylidene) diphthalic
anhydride (99%) were obtained from Shanghai Alad-
din Reagent Company. Without any additional purifi-
cation, all materials were utilized as received.

Co-PI Synthesis and Films Preparation
Typical synthesis process of polyimide is as follows.

HPMDA (0.4528 g, 2.02 mmol), 6FDA (0.8974 g,
2.02 mmol), ODA (0.8010 g, 4 mmol), and isoquino-
line (0.1 g) were dissolved in 12 g of m-cresol and con-
tinuously stirred for 30 min at 100°C under nitrogen
atmosphere, then the mixtures were stirred at 180°C
for 6 h. The experiment was also safer and easier by
avoiding the use of toluene to remove the water gener-
ated in the system. After cooling to 120°C, solution
was poured into a vigorously stirred ethanol solution to
obtain the fibrous polymer. Polymer was extracted
with ethanol solution for 24 h, changing every 8 h, and
then dried under vacuum at 120°C for 12 h. Yield
2.04 g (95%). Other polymers are synthesized in a
similar way as described above, except that the ratio of
different dianhydrides differs. These co-PI films are
designated R/6FDA-nm-ODA, R, n and m stand for
hydrogenated dianhydride monomer, molar percent-
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
age of hydrogenated dianhydride monomer, molar
percentage of 6FDA, respectively. See Scheme 1 for
more details.

The dried fibrous polymer was redissolved in
DMAc to make a mixed solution with a solid content
of 20%. The mixture was cast onto a clean glass plate
and then placed in a vacuum oven, which was subse-
quently dried at 90°C for 3 h, the procedure was con-
tinued under vacuum to increase the temperature
according to the following process: stayed for 1.5 h at
130, 170, 210, and 250°C, respectively. The same pro-
cess was used to prepare other co-PI films.

Characterization

The FTIR spectra of co-PI films were tested with a
Tensor 27 (Bruker, Germany) apparatus with scanning
times 32, and the scattering wavenumber in the range
of 600 to 4000 cm–1. A D8 Advance (Bruker, Ger-
many) XRD device was used to analyze the degree of
aggregation and dispersion of molecular chains within
polymers. The mean spacing between molecular
chains may be calculated employing Bragg’s equation.
Gel permeation chromatography (GPC) was per-
formed with the instrument model Shimadzu LC-
20AD (Shimadzu, Japan). DMAc was used as the
mobile phase, and polystyrene was used as the stan-
dard. Shimadzu UV-3600 (Shimadzu, Japan) was
used to test the light transmittance of the co-PI films
in the wavelength range of 200 to 800 nm. The thermal
stability of the films was tested using the STA449
(NETZSCH, Germany) TGA instrument at a heating
rate of 10 K/min in nitrogen ranging from 50 to 800°C.
The 204 F1 type DSC (NETZSCH, Germany) analy-
ses was used to determine the glass transition tempera-
ture of the films in the temperature range 30 to 400°C,
and the films were scanned twice at a heating rate of
10 K/min. The first time was utilized to remove the
effect of thermal history, and the second test data was
used as the final data. The coefficient of thermal
expansion (CTE) of co-PI films was measured on a
TMA Diamond SS6000 (Perkin Elmer, Germany) in
the range of 50–200°C at a heating rate of 10 K/min in
a dry nitrogen atmosphere. A 105D-7S type electronic
universal testing machine (WANCE, China) was used
at the tensile rate 5 mm/min, and the implementation
standard was GBT1040.3-2006. Consequently, the
average data from five sets of samples were utilized.

RESULTS AND DISCUSSION
Synthesis and Characterization of co-PI Films

As seen in Table 1, these co-PIs have high molecu-
lar weights and tend to increase as the 6FDA content
increases due to the low reactivity of alicyclic dianhy-
dride compared to 6FDA. These results show that CPI
with moderate molecular weight have been success-
fully synthesized by copolycondensation [15]. In addi-
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Table 1. Molecular weights and solubility of co-PI films

(+ +) completely soluble, (+ –) partially soluble, (–) insoluble.

Sample
Molecular Solubility

Mn ×10–4 Đ NMP DMAc THF DCM DMK

HBPDA-ODA 4.52 1.48 + + + + + + + + + –
HBPDA/6FDA-82-ODA 4.81 1.59 + + + + + + + + + –
HBPDA/6FDA-55-ODA 5.48 1.60 + + + + + + + + + +
HBPDA/6FDA-28-ODA 5.87 1.62 + + + + + + + + + +
6FDA-ODA 7.01 1.53 + + + + + + + + + +
HPMDA/6FDA-28-ODA 5.74 1.67 + + + + + + + + + +
HPMDA/6FDA-55-ODA 5.51 1.62 + + + + + + + + + +
HPMDA/6FDA-82-ODA 5.14 1.47 + + + + + + + + + –
HPMDA-ODA 4.71 1.41 + + + + + + + + + –
tion, the added 6FDA contains a larger bulky highly
polar trimethyl group, which increases the spacing
between inter/intramolecular chains, making the co-
PI films soluble not only in high polarity solvents
(NMP, DMAc), but also in low polarity solvents
(THF, DCM) at room temperature. This is good for
production and transportation [12].

A series of infrared characteristic absorption bands
of the imide units can be observed in Fig. 1, including
the asymmetric carbonyl stretching vibration of C=O
at 1784 cm–1 and the symmetric carbonyl stretching
vibration of C=O at 1710 cm–1, and the C–N stretch-
ing vibration band at 1374 cm–1. At the same time,
there was no prominent absorption band of polyamic
acid near 1660 and 1550 cm–1, indicating that the
imidization was complete. The stretching vibration
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023

Fig. 1. ATR-FTIR spectra of (a) HBPDA-based co-PI: (1) HB
55-ODA, (4) HBPDA/6FDA-28-ODA, (5) 6FDA-ODA a
(2) HBMDA/6FDA-82-ODA, (3) HBMDA/6FDA-55-ODA, (
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band of –CF3 at 972 cm–1 is observed; with the
increase of 6FDA content, the band intensity also
increased, and the intensity of alicyclic on saturated
C‒H stretching vibration band at 2940 and 2860 cm–1

also decreased [26].

Molecular Simulation of HBPDA 
and HPMDA with 6FDA

In the current work, we simulated the conforma-
tion of the structural units of co-PI films using the
MM2 Dynamics module of Chem3D software (ver-
sion 19). Figure 2 shows the molecular simulation
results. It was found that the addition of 6FDA
increased the bond angle of the ether bond in the ODA
molecule. The bond angle between the alicyclic struc-
PDA-ODA, (2) HBPDA/6FDA-82-ODA, (3) HBPDA/6FDA-
nd (b) HPMDA-based co-PI films: (1) HBMDA-ODA,
4) HBMDA/6FDA-28-ODA, (5) 6FDA-ODA.
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Fig. 2. Simulation of the structural unit conformation of co-PIs: (a) HBPDA-ODA, (b) HBPDA/6FDA-ODA, (c) HPMDA-
ODA, (d) HPMDA/6FDA-ODA.

(a)

113.6°

105.1°
115.6°

115.9° 106.6°

120.8°

114.4°

114.3°

108.9°

105.9°116.1°

111.7°

(b)

(c)

(d)

Fig. 3. XRD spectra of (a) HBPDA-co-PI films: (1) HBPDA-ODA, (2) HBPDA/6FDA-82-ODA, (3) HBPDA/6FDA-55-ODA,
(4) HBPDA/6FDA-28-ODA, (5) 6FDA-ODA and (b) HPMDA-co-PI films: (1) HBMDA-ODA, (2) HBMDA/6FDA-82-
ODA, (3) HBMDA/6FDA-55-ODA, (4) HBMDA/6FDA-28-ODA, (5) 6FDA-ODA.
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ture reduced, which is conducive to improving the lin-
earity of the molecular chains [13]. This is because
6FDA has a large trif luoromethyl group and ODA has
flexible ether bonds, both of which reduce the symme-
try and regularity of its polymer chains [30]. As a
result, the spatial site resistance of the chains
increases, which inhibits the stacking of molecular
chains.

Aggregation Structure of co-PI films

The XRD spectra of two different co-PI films in
Fig. 3 both shows a broad diffraction peak between
PO
10°–20°, indicating that PI exhibits an amorphous
structure [31]. This is mainly due to the fact that the
methyl group on 6FDA prevents the molecular
chains from packing tightly together. Among all the
above samples, 6FDA-ODA shown the longest aver-
age intermolecular chain distance of 6.013 Å. With
an increase in content of 6FDA, the average inter-
molecular chain distance of HBPDA and HPMDA
series films increased by 0.504 and 0.352 Å. Mean-
while, a weak peak appears near 25°, indicating an
enhanced ordering of the molecular chains, which is
consistent with the results of molecular simulation
[27, 32].
LYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
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Fig. 4. UV–Vis spectra of (a) HBPDA-co-PI films: (1) HBPDA-ODA, (2) HBPDA/6FDA-82-ODA, (3) HBPDA/6FDA-55-
ODA, (4) HBPDA/6FDA-28-ODA, (5) 6FDA-ODA and (b) HPMDA-co-PI films: (1) HBMDA-ODA, (2) HBMDA/6FDA-
82-ODA, (3) HBMDA/6FDA-55-ODA, (4) HBMDA/6FDA-28-ODA, (5) 6FDA-ODA.
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Optical Properties of co-PI Films

Figure 4 shows the ultraviolet-visible-near-infra-
red (UV–Vis) spectrum of the prepared co-PI films
with the thickness of the tested films ~ 35 μm, and the
key results are listed in Table 2. The cut-off wavelength
of co-PI films is in the range of 288–362 nm. The
transmittance at 450 nm is 77.3–82.7%, and the max-
imum transmittance reaches 90%.The cut-off wave-
length of HPMDA series films is lower, which could
be due to the lower content of methylene and methyne
groups in HPMDA molecules than that in HBPDA
[27]. This may also be due to the fact that the molecu-
lar chain spacing of HPMDA is larger than that of
HBPDA, which is consistent with the XRD results. It
can also be seen from Table 2 that the increase of
6FDA content did not show an obvious effect on the
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023

Table 2. Optical properties of co-PI films

Sample
450 nm

HBPDA-ODA 82.1

HBPDA/6FDA-82-ODA 80.5

HBPDA/6FDA-55-ODA 80.4

HBPDA/6FDA-28-ODA 78.3

6FDA-ODA 77.7

HPMDA/6FDA-28-ODA 80.2

HPMDA/6FDA-55-ODA 80.5

HPMDA/6FDA-82-ODA 80.7

HPMDA-ODA 82.7
transmittance of co-PI films in the high wavelength
range, but the transmittance decreases in the low
wavelength region. This is due to the –CF3 group in
6FDA had a strong electron-withdrawing ability,
which hinders the f low of electron clouds from the
diamine to the dianhydride, so the formation of the
charge transfer was effectively inhibited. But the aro-
matic backbone may still form some charge transfer,
resulting in increased cutoff wavelength [12]. At the
same time, the –CF3 group has a larger volume, which
increases the average spacing of the molecular chains
in co-PIs and hinders the close packing of molecular
chains, and makes the films maintain a high transmit-
tance. The transmittance of the film prepared in this
work is higher than that of the film prepared by Cosat-
chi [29].
Transmittance, %
λcut-off, nm

500 nm 720 nm

85.9 89.8 291

86.1 89.9 315

87.0 89.9 346

86.3 89.5 361

86.6 89.7 362

86.8 89.7 356

85.6 89.9 345

86.1 89.7 310

86.0 89.6 288
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Fig. 5. (a, c) TGA and (b, d) DSC plots of (a, b) HBPDA-co-PI: (1) HBPDA-ODA, (2) HBPDA/6FDA-82-ODA,
(3) HBPDA/6FDA-55-ODA, (4) HBPDA/6FDA-28-ODA, (5) 6FDA-ODA and (c, d) HPMDA-co-PI films: (1) HBMDA-
ODA, (2) HBMDA/6FDA-82-ODA, (3) HBMDA/6FDA-55-ODA, (4) HBMDA/6FDA-28-ODA, (5) 6FDA-ODA.
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Thermal Properties of co-PI Films

The TGA curves and corresponding thermal prop-
erties of co-PI films are shown in Fig. 5 and Table 3.
The THRI and R700 of films from the HBPDA and
HPMDA series increased by 38°C, 42.17%, and 34°C,
18.78%, suggesting that the addition of 6FDA effec-
tively improved the thermal stability of the polyimide
film. The bulky –CF3 group in 6FDA restricts the
movement of molecular chains, which may lead to
increased thermal stability. However, the molecular
rigidity of 6FDA is greater than HBPDA but less than
HPMDA [15, 34]. Therefore, with the increase of
6FDA content, HBPDA series films of Tg continues to
improve, HPMDA series films show opposite trend.
Moreover, all co-PI films show good thermal stability
with CTE values in the range of 48.1–54.7 ppm/K.
This is mainly related to the intermolecular forces,
rigidity, and linearity of main chains, which indicate
PO
that the Tg and thermal stability of co-PI films are
determined by a combination of factors [12]. The ther-
mal stability of the film prepared in this work is higher
than that of the film prepared by Lan and Li [14, 15].

Mechanical properties of co-PI films

The mechanical properties of co-PI films are
shown in Table 4. All the co-PI films show high tensile
strength in the range of 90–111 MPa, the tensile mod-
ulus is around 2.7–3.4 GPa, elongation at break is in
the range of 4.7–8.7%. With the increase in 6FDA
content, the tensile strength of the co-PI films
increased and then decreased obviously. This is mainly
due to the increase of 6FDA content makes the molec-
ular weight and molecular chain rigidity of the films
increase, as well as the greater chain entanglement and
the orderliness of molecular chains are improved in
the system. At the same time, the tensile strength of
LYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
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Table 3. Thermal properties of co-PI films

Sample Tg, °C T5, °C T30, °C R700, % THRI, °C CTE, 
ppm/K

HBPDA-ODA 264 472 501 16.39 240 54.7
HBPDA/6FDA-82-ODA 268 480 506 26.74 243 53.9
HBPDA/6FDA-55-ODA 283 482 520 45.23 247 52.3
HBPDA/6FDA-28-ODA 296 501 612 58.56 278 50.6
6FDA-ODA 304 527 628 61.31 288 49.5
HPMDA/6FDA-28-ODA 311 500 606 59.05 277 52.2
HPMDA/6FDA-55-ODA 315 473 564 51.21 258 51.8
HPMDA/6FDA-82-ODA 324 467 557 48.52 255 49.7
HPMDA-ODA 338 463 516 40.27 243 48.1

Table 4. Mechanical properties of co-PI films

Sample Tensile strength, MPa Elasticity modulus, GPa Elongation at break, %

HBPDA-ODA 90.3 2.69 8.69
HBPDA/6FDA-82-ODA 99.4 2.73 8.57
HBPDA/6FDA-55-ODA 109 3.11 6.93
HBPDA/6FDA-28-ODA 101 3.15 5.36
6FDA-ODA 92.6 2.98 4.72
HPMDA/6FDA-28-ODA 105 3.36 5.92
HPMDA/6FDA-55-ODA 111 3.41 6.58
HPMDA/6FDA-82-ODA 103 3.38 5.98
HPMDA-ODA 96.5 3.31 5.95
co-PI films decreases clearly as the interchain forces
decrease with increasing average distance between
molecular chains. Compared with the film prepared
by Lan and Zuo, the co-PI films still show good
mechanical performance [15, 35].

CONCLUSIONS
The poor mechanical properties and thermal sta-

bility of semi-alicyclic CPI film hinder their wider
application. Although various methods have been
reported to improve the comprehensive properties of
CPI film, most of the results fall short of what is
expected. In this work, commercial monomers can be
used to prepare films with excellent properties by
copolymerization, which was proved a feasible way by
experimental results. In addition, the relationship
between the structure and properties of polyimide was
studied. We achieved a balance between transmit-
tance, thermal stability, mechanical properties, and
cost when the molar ratio of 6FDA and dianhydride is
1 : 1 and the comprehensive properties of the two
series films are both optimal. With the addition of
6FDA, the THRI and R700 of HBPDA and HPMDA
series films increased. The tensile strength increased
in more than 15–20%. Although the cut-off wave-
POLYMER SCIENCE, SERIES B  Vol. 65  No. 2  2023
length was increased, the transmittance of the film did
not decrease noticeably (transparency up to 90%).
Therefore, this study will have a good reference value
for the preparation of transparent polyimide films with
excellent comprehensive properties.
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