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Abstract: Six different types of polyamic acids were synthe-
sized by reacting 1,2,4,5-cyclohexanetetracarboxylic dia-
nhydride with the diamine monomers 3,4-oxydianiline,
1,3-bis(3-aminopheno-xy)benzene, 1,4-bis(4-amino-phe-
noxy)benzene, m-bis[4-(3-aminophenoxy)phenyl]sulfone,
p-bis[4-(4-aminophenoxy)-phenyl]sulfone, and 2,2-bis[4-
(4-aminophenoxy)phenyl]hexafluoropropane. Thereafter,
polyimide (PI) films were prepared via various heat treat-
ment processes. The diamine monomers used in this study
for the synthesis of colorless and transparent PI (CPI) were
characterized by a bent meta-structure or a para-linear
chain containing ether (-O-) bonds. In addition, some
monomers included fluorine (—CF3) substituents and sulfone
(-SO,-) groups. Furthermore, the thermal and mechanical
properties, optical transparency, and solubility of the CPI
films with six different diamine monomer structures were
investigated. The correlation between CPI film properties
and related monomer structures was specifically emphasized.

Keywords: colorless and transparent polyimide, film,
thermo-mechanical properties, optical transparency

1 Introduction

Owing to their excellent thermo-mechanical properties,
chemical resistance, and transparency, polyimide (PI)
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and PI-based composite films are widely used in precision
applications in various industries including the aerospace,
aviation, and automotive industries [1-4]. Recently, the
flexibility, lightweight, and excellent thermal properties
of PI have been exploited to fabricate electronics and solar
panels. Furthermore, highly flexible PI composite materials
with excellent processability can be used for electromag-
netic interference shielding applications or as conductive
polymer materials to replace metals, which have been
widely used thus far in device fabrication [5,6]. Despite their
various advantages, dark brown-colored PI films have lim-
ited practical applications in the field of flexible displays, as
they cannot replace colorless and transparent glass in elec-
tronic devices [3,4].

The dark brown color of PI films results from a charge
transfer complex (CTC) arising from the m electrons of the
imide main chain [7,8]. Diverse methods are typically
used to convert these films into colorless, transparent PI
(CPI) films [9,10]. These methods include the following: (1)
introducing a strong electron-attracting group, such as
trifluoromethyl (—CF3) or sulfone (-SO,-), owing to its elec-
tronegativity; (2) introducing an ether (—-O-) group capable
of free rotation into the main chain to form a relatively
flexible structure; (3) designing an overall curved structure
to limit the movement of mt electrons, thereby reducing the
CTC effect. Engineering plastic films such as polyethylene
terephthalate, polycarbonate, and poly methyl methacry-
late have been widely used in the field of optical organic
materials owing to their high optical transmittance, which is
greater than 80% at ~400 nm. Nonetheless, their low glass
transition temperature (T, < 150°C) hinders their applica-
tions at high temperatures [3,11,12].

Until now, most of the dianhydride monomer struc-
tures for the CPI synthesis were composed of benzene or
comparable aromatic structures and double bonds. In
particular, benzene structures were introduced to impart
heat resistance, suitable mechanical properties, and che-
mical resistance to the synthesized films. However, ben-
zene-based CPI film processing is hindered by the low
solubility of such films and posttreatment difficulties.
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Moreover, T electrons in the aromatic benzene component
absorb light to some extent in the visible light region,
causing the dark brown or yellow color in CPI films.

Alicyclic monomer structures are occasionally used
to improve the optical properties of CPI films and to hinder
the CTC. Monomer structures used for alicyclic CPI include
trans-1,4-cyclohexanediamine [13], 4,4’-methylenebis-
(2-methylcyclohexyamine) [14], bicyclo(2,2,2)-oct-7-ene-
2,3,5,6-tetracarboxylic dianhydride [15,16], 1,2,3,4-cyclobu-
tanetetracarboxylic dianhydride [17], and 1,2,4,5-cyclo-
hexanetetracarboxylic dianhydride (CHDA) [17]. These
alicyclic structures in the main CPI chain lead to physico-
chemical properties comparable to those of benzene.
In addition, alicyclic CPI films are processed at high
temperatures of up to 300°C to enhance their flexibility
and toughness while ensuring a low color and high
transparency.

CPI can be widely applied to electronic devices as
display glass. Moreover, due to its facile synthesis and
mass production possibilities, it can be used for plasma
display panels, liquid crystal displays, and solar panels,
which are in the spotlight as alternative energy sources
[3,18-20]. Recently, flexible and transparent materials
such as indium tin oxide, characterized by a conductive
oxide layer, have been extensively used in the fields of
display substrates and microelectronics [21-23]. How-
ever, since indium is a rare and expensive element, it
represents a strategic global commodity, causing difficul-
ties in international transactions. An additional restriction
on its use as a display material is glass plate processing at
high temperatures to obtain a high purity, which results in
fragility and lack of flexibility [22,23]. Therefore, CPI is a
suitable alternative to overcome the limitations of glass. More
interestingly, CPI films can be used as rollable transparent
electrodes for wearable electronic devices [24,25].

In this study, CHDA replaced the conventional ben-
zene structure. In fact, CHDA has the effect of increasing
the transparency of the film by interfering with the for-
mation of CTC during the synthesis reaction. In parti-
cular, Mitsubishi Gas Chemical Company used CHDA as
a monomer to synthesize CPI films with excellent optical
properties [26,27]. PI resin, commercially known as Neo-
pulim®, was prepared from CHDA and aromatic diamines
by one-step high-temperature polycondensation. The six
diamines used in this study have a bent meta-structure
and —CF3 or —SO,— groups in the main chain, which is a
structure that has the potential to exhibit the character-
istics of CPI.

The present study aimed to synthesize new CPIs
linked by ether linkages using two groups of diamines
and to investigate the correlation between the structural
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and physical properties of the synthesized CPIs. The first
group had only one ether bond without substituents in
the main chain, and the whole structure was substituted
in a meta-form. The second group of monomers con-
tained highly electronegative and highly polar —CF5; and
—S0,- substituents in the main chain. The thermal prop-
erties, thermal stability, and oxygen permeability of the
CPI films, each having one of six different monomer
structures, were investigated. Furthermore, mechanical
tensile properties, optical transparency, and solubility
were investigated. The correlation between CPI properties
and their corresponding monomer structures was eluci-
dated, and their results were compared.

2 Experimental

2.1 Materials

Six diamine monomers including CHDA were purchased
from TCI (Tokyo, Japan). The solvent, N,N’-dimethyl aceta-
mide (DMAc) provided by Sigma-Aldrich (Yongin, Korea),
was used after complete moisture removal.

2.2 Synthesis of CPI films

Scheme 1 shows the polyamic acids (PAAs) and CPI syn-
thetic route starting from the reaction of various diamine
monomers with CHDA. The procedure was the same for
all monomers, which had different chemical structures.
In this study, only the synthesis using 3,4-oxydianiline
(3,4-ODA) will be described. CHDA (2.91g, 1.3 x 1072
mole) was completely dissolved in DMAc (12mL) using
a 100 mL three-necked flask by stirring for 30 min. Then,
3,4-ODA (2.60 g, 1.3 x 10> mole) was added to the CHDA
solution. After a 1h reaction at 0°C under nitrogen atmo-
sphere, the reaction was performed at room temperature
for 14 h to obtain a PAA solution. The obtained PAA solu-
tion was evenly spread on a clean glass plate and main-
tained in vacuum at 50°C for 1h until stabilization. The
solvent was further removed by maintaining the solution
at 80°C in a vacuum for another hour. For complete imide
reaction, PAA was heated in nitrogen atmosphere at 110,
140, 170, 200, 230, and 250°C for 30 min. Detailed heat
treatment conditions are summarized in Table 1. Each
synthesized CPI film was immersed in a 5wt% hydro-
fluoric acid aqueous solution and slowly removed from
the glass plate. The film was obtained with a size of up to



396 —— HaraJeonetal.

0 0
0¢():((0 + H:N—R—NH:
o CHDA o Diamines
DMAc | 25°C
HO OH
N N—R PAA
H H
0o 0 n
l Imidization
Q 0
NMN—R PI
0o 0o n
R:

I 1 I
000 ¢Oo%p >0 >4 >N
3,4-ODA m-BAPB p-BAPB

v v VI

9 0 CF;

0-0-0-§-0-0-Q 0-0-0-5-0-0-0 -00-0¢-000

0 0 CF.
m-BAPS p-BAPS B,\P:’

Scheme 1: Synthetic routes for CPI films based on CHDA monomer.

Table 1: Heat treatment conditions of the CPI films obtained from
the CHDA monomer

Sample Temperature (°C)/time (h)/pressure (Torr)
PAA 0/1/760 — 25/14/760 — 50/1/1 — 80/1/1
CPI 110/0.5/760 — 140/0.5/760 — 170/0.5/760 —

200/0.5/760 — 230/0.5/760 — 250/0.5/760

10cm x 10cm. Except for CPI using 3,4-ODA, all the
synthesized CPI films were soluble in DMAc, with a solu-
tion viscosity in the range of 0.77-0.91 dL-g"* (see Table 2).
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2.3 Characterization

Fourier transform infrared (FT-IR) spectroscopy (PerkinElmer,
L1600300, London, UK) was used to investigate functional
group absorption peaks to confirm the completed synth-
esis of CPI films. Moreover, nuclear magnetic resonance
(NMR) chemical shifts of PI films were measured using a
Bruker 400 MHz Avance II + NMR spectrometer (Bruker,
Berlin, Germany). The Larmor frequency for 'H magic-
angle spinning (MAS) NMR was w./2n = 400.13 MHz,
and that for the C MAS NMR experiment was w,/2m =
100.61 MHz. To minimize spinning sidebands, MAS speeds
for 'H and >C were measured at 12-14 kHz. NMR peaks
were referred to tetramethylsilane signal.

Differential scanning calorimetry (DSC; NETZSCH 200F3,
Berlin, Germany) and thermo gravimetric analyzer (TGA; TA
instrument TA Q-500, New Castle, USA) were used to inves-
tigate the thermal properties of the prepared CPI films. The
coefficient of thermal expansion (CTE) was measured with a
thermo-mechanical analyzer (TMA; TA instrument TMA2940,
Seiko, Tokyo, Japan) in the temperature range between 50
and 150°C. The Chemdraw Office® program was used to ana-
lyze the three-dimensional polymer chain structure.

To measure the oxygen transmission rate (O,TR) of
the films, a MOCON, OX-TRAN 2/61 (Minneapolis, USA),
was used, following the ASTM D3985 standard test method.
Experimental conditions were set to 100% O, concentration
and 0% relative humidity at a temperature of 23°C.
Mechanical properties were measured with a universal
tensile machine (UTM; Instron model 5564, Shimadzu,
Japan), and the sample (5mm x 70 mm) was used at a
crosshead speed of 5 mm-min~".

To investigate the optical transparency, an ultra-
violet/visible spectrophotometer (UV-Vis. SHIMADZU
UV-3600, Tokyo, Japan) and a color difference meter
(KONICA MINOLTA CM-3600D, Tokyo, Japan) were used.
Film thickness in the range 68-74 pm enabled the compar-
ison of physical properties.

Table 2: General properties of CPI films obtained from the CHDA monomer

CPI Thickness (pm) LV.2 (dLg™h T, (°C) TiP (°C) WEE0€ (%) CTE? (ppm-°C7Y) 0, TR® (cc-m~2.day™)
| 70 Insol 199 469 42 47.74 1.88
Il 74 0.90 182 449 41 52.61 2.62
1 68 0.77 210 469 43 51.41 0.63
[\ 74 0.87 190 452 46 45.43 1.50
\" 72 0.83 225 451 42 48.68 0.39
Vi 71 0.91 223 473 48 60.37 13.69

2Inherent viscosity was measured at 30°C by using a 0.1g-100 mL™*

solution in a N,N’-dimethylacetamide. PAt 2% initial weight-loss

temperature. “Weight percent of residue at 600°C. “The CTE temperature range was 50-150°C. ®0,TR. finsoluble.



DE GRUYTER

3 Results and discussion

3.1 FT-IR

Since all monomer structures were reacted with the same
dianhydride, only the FT-IR result for structure I (see
Scheme 1) is shown in Figure 1. Specifically, C=0 stretching
peaks at 1,785 and 1,731 cm ! and the characteristic imide
peak corresponding to C-N-C stretching at 1,367 cm ™ con-
firmed the PI synthesis [28]. More detailed peak information
is summarized in Table 3.

To determine whether PAA changed to PI under var-
ious heat treatment conditions, the PI structure according
to the imidization process was traced based on the func-
tional group peak, as shown in Figure 1. In PAA, under the
50°C heat treatment condition, an amide C=O0 stretching
peak at 1,684 cm™ (peak d) and an amide NH bending
peak at 1,536 cm! (peak b) were observed. However, the
two peaks disappeared as the heat treatment temperature
increased. In addition, the intensity of the C=0 stretching
peaks observed at 1,785cm™ (f) and 1,731cm™ (e) and the
C-N-C stretching peak observed at 1,367 cm™* (a) increased
gradually as the annealing temperature increased to 250°C.
It is thus possible to confirm that the imidization reaction of
PAA occurred at the various heat treatment temperatures.

3.2 'H MAS NMR and *C MAS NMR

'H MAS NMR was used to confirm the structure of the
synthesized PI. For example, structure I synthesized using

d b . ¢
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Figure 1: FT-IR spectra of Pl as a function of various heat treatment
temperatures.
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Table 3: FT-IR peak assignments for PI film

Peak Wavenumber (cm™) Peak assignment

a 1,367 C-N-C stretching of imide ring

b 1,536 N-H bend of amide

c 1,491, 1,622 C=C stretching of benzene

d 1,684 C=0 stretching of amide

e 1,731 Symmetric C=0 stretching of
imide

f 1,785 Asymmetric C=0 stretching of
imide

CHDA and 3,4-ODA monomers was confirmed and is shown
in Figure 2. PI was insoluble in general NMR solvents; there-
fore, solid-state 'H MAS NMR was used. Further, in the
chemical structure shown in Figure 2, hydrogen of the aro-
matic ring appear at 8.00 ppm and those of the aliphatic
ring show an overlapping peak at 3.95 ppm [29].

Solid-state °C MAS NMR was used to confirm the struc-
ture with a double cross check. The chemical shift of benzene
and aliphatic rings contained in CPI films was investigated
by >C MAS NMR at room temperature (Figure 3). Signals
corresponding to benzene carbon atoms were detected at
121.59, 128.78, 133.01, 154.99, and 158.54 ppm, whereas a
very strong C=0 group was observed at 178.48 ppm.
Peaks at 21.31 and 38.16 ppm correspond to the ali-
phatic rings [29]. The NMR results confirmed structure
I achievement.

b b a a a
o H H o H 1] H

—N N

> w0 W [T 1
b b a

T~ T " T * 1T "~ T "~ T "~ 1T * 1
80 60 40 20 0 -20 -40 -60 -80

'H Chemical Shift (ppm)
Figure 2: *H MAS NMR spectrum of the CPI film obtained by the

reaction of CHDA with 3,4-ODA. The spinning sidebands for the
aliphatic ring are marked with asterisks (*).
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Figure 3: >C MAS NMR spectrum of the CPI film obtained by the
reaction of CHDA with 3,4-ODA. The spinning sidebands for the
benzene ring and C=0 are marked with asterisks (*).

3.3 Thermal properties

Table 2 summarizes the CPI T, values obtained for various
monomers. Generally, T, depends on the polymer chain
rigidity and the free volume required for the polymer chain
to move [30-33]. Depending on the monomer structure, T,
of the related polymers varied in the range of 182-225°C. To
clarify the correlation between properties and structure of
the synthesized CPI films, Figure 4 shows the three-dimen-
sional polymer structure. Structure I in Scheme 1 showed
an overall linear structure, with T, of 199°C (see Figure 4).
While the structures of isomers II and III were analogous
(Scheme 1), structure II formed a bent meta-structure, and
the main chain was linked by a flexible ether bond with a
very low T, (182°C). In addition, T, (210°C) of structure III,
which was p-substituted, was higher than that of structure
II because of increased chain rigidity and hindered chain
segmentation motion. Similar results have been published
by Liaw and Chang [34] regarding different T, values
obtained for PI m- and p-isomers.

With respect to structural isomers IV and V, the chain
structure of the m-substituted isomer IV exhibited a lower
T (190°C) than that of isomer V owing to easy segmenta-
tion motion. Conversely, the p-substituted isomer V showed
a higher T, (225°C) than that of the m-substituted structure
IV owing to higher chain rigidity and hindered segmental
motion. Overall, structures IV and V exhibited higher T,
values than those of structures II and III, respectively,
most likely because the bulky SO, group inhibits chain seg-
mental motion and increases the thermal energy required
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VI

Figure 4: Comparison of the CPI three-dimensional chemical struc-
tures with various diamines.

for the chain movement. In the p-substituted structure VI,
T, = 223°C was observed as the linear structure of the main
chain increased the chain stiffness and because the move-
ment of the entire main chain was hindered by the bulky
—CF; substituent. Figure 5 shows the correlation of the DSC
thermal curves to the monomer structure leading to various
CPI films.

Thermal stability results obtained with TGA are shown
in Figure 6, whereas the initial decomposition temperature

CPI based on CHDA

—

I
—~—_ .

§\~ I

S~ — VI

50 100 150 200 250 300
Temperature (°C)

Endotherm.

Figure 5: DSC thermograms of the CPI films obtained from the CHDA
monomer.
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Figure 6: TGA thermograms of the CPI films obtained from the CHDA
monomer.

(T}) and the weight residue at 600°C (wt§’°) derived from
the thermograms are summarized in Table 2. For each
structure, T}, was in the range of 449-473°C and wt$” in
the range of 41-48%. The thermal stability was compar-
able to the previously described T results. The II, IV, and V
structures, in which the main chain was bent in an m-shape
or the —SO,— group was introduced, exhibited relatively low
values of T} (449-452°C). In addition, the ~SO,— group can
be easily decomposed into radicals due to the steric hin-
drance and conformational energy caused by high torsion
at high temperature [35]. Therefore, the CPI containing the
-S0,— group showed a generally low T}, value.

In contrast, linear structure I and p-isomeric struc-
ture III exhibited relatively high thermal stability (469°C)
because the facilitated chain—-molecular—packing allowed
the molecular bonding between the main polymer chains
(see Figure 4). Despite its curved chain shape, structure VI
exhibited the highest T}, (473°C) and wt§° (489%), owing to
the presence of thermally stable —CF; substituents (see
Table 2).

CTE indicated the linear expansion degree (ppm-°C™})
with respect to the temperature change during heating.
For all CPI films, CTE was measured in a temperature
range below T,, namely, from 50 to 150°C. Structure I,
the shortest and simplest structure under investigation,
exhibited a relatively low value (47.74 ppm-°C™") due to
the large number of benzene components, characterized
by intrinsic high thermal stability. Structures II and III
showed relatively large values (52.61 and 51.41 ppm-°C ",
respectively) due to the simple ether bonded structure
with relatively low benzene content and low thermal sta-
bility. Structures IV and V showed relatively low values
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(45.43 and 48.68 ppm-°C ™!, respectively) due to the influ-
ence of the highly electronegative sulfone group [36,37].
However, as reported in Table 2, CTE values for structures
I-V were comparable. Conversely, structure VI showed
the largest CTE value (60.37 ppm-°C™) due to the curved
structure caused by the large —CF; substituent, which hin-
dered the molecule packing (Figure 4). Figure 7 shows TMA
results for CPI films obtained from various monomers.

3.4 Oxygen barrier properties

The polymer—film gas permeability is greatly influenced
by several factors, including gas solubility and diffusion,
other inherent gas properties, molecular packing, polymer
chain interaction, and interaction between polymer chain
and gas [38,39]. A crystalline structure characterized by
excellent chain packing properties increases the gas bar-
rier properties due to the longer path through which the
gas passes compared to an amorphous structure [40,41].
Nevertheless, gas barrier properties were improved for
polymer structures interacting with the gas. Table 2 sum-
marizes O,TR results for CPI films obtained from the
monomer structures.

CPI structures I-V showed very low gas permeability
(0.39-2.62cc:m™>day ") due to the excellent structure
stacking compared to other polymers (see Table 2). In
the overall structure, although the main chain contains
a meta-structure or SO, group, most of the oxygen perme-
ability showed a small value of less than 3.02 ccm 2day ™’
because of the well stacking of molecular chains. However,
structure VI, synthesized with 2,2-bis[4-(4-aminophenoxy)

100,
CPI based on CHDA
I
gs0y| -._._ I
b
=
= 604
=
v
g
= 40+
g
g
A 20
0
40 60 80 100 120 140 160
Temperature (°C)

Figure 7: TMA thermograms of the CPI films obtained from the CHDA
monomer.
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phenyl]hexafluoropropane as the diamine, is totally bent,
and the bulky -CFs; substituent interferes with the
chain packing, resulting in a high gas permeability
(13.692 cc:m2.day ™). Conclusively, these results are
consistent with the CTE outcome.

3.5 Mechanical properties

The ultimate strength, initial modulus, and elongation
percent at break (EB) of the CPI I-VI structures were
measured using UTM. Results are presented in Table 4.
The ultimate strength and initial modulus of structures
I-1II (88-91 MPa and 3.05-3.14 GPa, respectively), without
a substituent in the main chain, showed relatively better
mechanical properties compared to structures IV-VI
(70-72MPa and 2.27-2.62 GPa, respectively), bearing
-S0,— and -CFs. Specifically, on average, structures
I-III showed better ultimate strength and initial mod-
ulus (approximately 27 and 26%, respectively) com-
pared to IV-VI structures. The superior mechanical
properties are attributed to the shorter length, more
compact molecular packing, and attraction between
the CPI structure chains without substituents. For each
structure, EB was constant (approximately 3—5%), without
a noticeable difference.

3.6 Optical transparency

In this study, UV-Vis. and yellow index (YI) were mea-
sured according to the diamine monomer of the prepared
CPI film. The UV-Vis. transmittance of the synthesized
CPI films is shown in Figure 8, and results are summar-
ized in Table 5. The cutoff wavelength (A,) value of all
films is less than 310 nm, with the light transmission

Table 4: Mechanical properties of CPI films obtained from the CHDA
monomer

CPI ult. Str. (MPa) Ini. Mod. (GPa) E.B.? (%)
| 88 3.05 3
Il 91 3.14 3
] 91 3.13 5
I\ 70 2.54 2
\' 72 2.62 3
Vi 72 2.27 4

3Elongation percent at break.
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Figure 8: UV-Vis transmittance of various CPI films obtained from
the CHDA monomer.

occurring out of the visible region. The transmittance at
550 nm showed excellent optical properties of almost
85-87%, regardless of the monomer structure. Compared
to the currently available Kapton® 200KN [42], charac-
terized by a transmittance <60% at 550 nm, our results
are particularly good. The measured transmittance is
ascribed to the use of a monomer structure interfering
with the CTC effect in the main chain.

YI values are listed in Table 5. All CPI structures
showed colorless and transparent optical properties, with
YI mostly in the range 2.2-4.1 Structures IV and VI showed
very low YI values (2.3 and 2.2, respectively) compared to
other structures. Furthermore, structure IV showed a lower
YI value owing to the hindered effective chain packing due
to the overall bent m-structure, compared to other struc-
tures. Moreover, structure VI showed a low YI value by
reducing the CTC effect because the strong electron-with-
drawing groups (—CF5) included in the main chain attracted
1t electrons and hindered the electron movement [43,44].
Photographs of the prepared CPI films are shown in Figure 9
with the logo image in the background. There was a slight

Table 5: Optical properties of CPI films obtained from the CHDA
monomer

CPI A 550 nm'""S (%) AR
295 86 3.1
Il 310 86 4.0
11} 295 86 4.1
Y 303 87 2.3
Vv 308 86 4.0
v 294 85 2.2

#Yellow index.
bCut off wave length.
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Figure 9: Photographs of the prepared CPI films.

difference in color depending on the type of monomer,
whereas the transparency was comparable for all samples.

3.7 Solubility

Typically, CPI materials are special polymers with strong
heat and chemical resistance. Particularly, most of their
structures are composed of benzene and an alicyclic
structure at the end, hampering their melting at high
temperatures and chemical dissolution in strong sol-
vents. Therefore, despite the excellent physical proper-
ties, the CPI use as an engineering polymer is very lim-
ited. The effects of solubility on the film processing ability
make the selection of the proper solvent crucial [45,46].
The solubility of CPI films synthesized in this study was
measured in various solvents, as shown in Table 6.

Table 6: Solvent tests of CPI films obtained from the CHDA monomer

Comparison of properties of CPI films = 401

All investigated CPI samples did not completely dis-
solve in general purpose solvents such as acetone, chloro-
form, methyl alcohol, and toluene. However, the solubility
was particularly high in DMAc and DMF and good in
dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone
(NMP). In addition, weak solubility was observed in methy-
lene chloride and pyridine, whereas some structures were
not dissolved at all. Therefore, CPI films were not dissolved
in common solvents, while they showed very high solubility
in polar solvents.

Specifically, structure I exhibited the lowest solubility,
due to the simple and short benzene structure leading to
the excellent chain accumulation hindering solvent pene-
tration. Conversely, structure VI showed the best solubility
due to the limited chain packing brought about the bulky
—CF;3 substituent, causing facile solvent penetration [47,48].
These structural considerations were consistent with the

CPI Act CHCl; CH,Cl, DMAc DMF DMSO CH3;O0H NMP Py THF Tol
| X X X A A (e} X (e} A X X
1l X X A © © [e) X (@] X X X
1l X X A © © (@) X O X X X
\% X X 3 © (] O X (e} A X X
\' X X A © © O X o A X X
Vi X X © © © (0] X © © © X

©: excellent, O: good, A: poor, x: very poor. Act: Acetone, DMAc: N,N-dimethylacetamide, DMF: N,N-dimethylformamide, DMSO: dimethyl
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measurements of thermomechanical properties and oxygen
permeability outcome and coherent with the three-dimen-
sional chain structures as shown in Figure 4.

4 Conclusions

In this study, CPI films with excellent optical properties
were prepared by reacting CHDA dianhydride with six dif-
ferent diamine monomers, including -SO,— and -CF3-
containing structures and m- or p-isomer structures. The
synthesized CPI films were further investigated. Their
thermo-mechanical and optical properties were related
to the monomer structure, whereas their physical proper-
ties were analyzed in view of the diamine monomer
structure. Comparing the prepared films shows that
the structure including the —CF; substituent (structure VI)
showed a good thermal stability, excellent optical transpar-
ency, and easy solubility. Conversely, it showed the poor
results in CTE, gas barrier properties, and mechanical prop-
erties due to the poor chain packing. However, all of the
produced films exhibited excellent optical transparency,
with YI < 4.1.

The newly synthesized CPI films in this study can be
inexpensively mass-produced and used in flexible dis-
play films, solar panel substrates, or rollable and wear-
able devices that require excellent thermo-mechanical
properties and colorless and transparent optical properties.
CPI is a promising polymeric material that can replace glass
in several material science fields.
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