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Abstract
In this study, we prepared a series of polyimide (PI) films based on 4,4ʹ-(hexafluoroisopropylidene) diphthalic anhydride 
(6FDA) and bis(3-aminophenyl) sulfone (3DDS), incorporating various amounts of terephthaloyl chloride (TPC) as a comon-
omer, and reported their thermal and optical properties. Fourier transform infrared spectroscopy confirmed the chemical 
structure of the synthesized PI films and the successful imidization of all PI films through thermal treatment. Differential 
scanning calorimetry analysis showed that the glass transition temperature (Tg) of pure PI films based on 6FDA and 3DDS 
was approximately 275 °C, increasing sequentially with an increase in TPC content. For instance, the Tg of PI with 20 mol% 
TPC increased by about 5 °C to 280.24 °C compared to the Tg of the pure PI film, indicating improved thermal stability. 
Thermogravimetric analysis revealed a slight decrease in the thermal decomposition temperature with increasing TPC con-
tent, which can be attributed to the decomposition of the amide group induced by TPC. The coefficient of thermal expan-
sion (CTE) of pure PI films was evaluated to be 60 ppm/℃, significantly decreasing with increasing TPC content. More 
specifically, the CTE decreased to 41 ppm/℃ when TPC was introduced at a level of 20 mol%. Based on these results, it is 
reasonable to conclude that the introduction of TPC improved the thermal dimensional stability of pure PI films based on 
6FDA and 3DDS by increasing intermolecular forces induced by hydrogen bonding from the amide group. Overall, these 
results suggest that the 6FDA and 3DDS-based PI films containing TPC as a comonomer have improved thermal properties 
and are suitable for high-dimensional stability polymer substrates for display applications.

Keywords Colorless polyimide · 6FDA and 3DDS-based polyimide · Terephthaloyl chloride comonomer · Thermal 
properties · Optical properties

1 Introduction

With the rapid development of IT technology, portable and 
mobile display devices are becoming a necessity in modern 
society. In addition, lightweight and compact design of prod-
ucts are also becoming essential requirements for display 
materials, and research on more lightweight and flexible 
displays have been extensively developed as alternatives to 
conventional glass-based displays [1, 2].

A flexible display, which is created on a light and flex-
ible plastic substrate, refers to a display designed to be bent 
or rolled without losing its inherent material properties [3, 
4]. Optical transparency and shape stability are the most 
critical material properties of the polymer substrates used in 
such flexible displays [5]. These polymer substrate materials 
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must not only remain intact during repeated deformation 
processes such as bending, folding, and stretching but also 
maintain their various initial properties [6, 7]. Moreover, due 
to their exposure to high-temperature and cleaning processes 
involving chemicals, the polymer substrate materials require 
high heat resistance and chemical resistance [8]. Addition-
ally, it is crucial for the polymer substrate materials to have 
a coefficient of thermal expansion (CTE) as low as possible 
to prevent issues like cracking and detachment of the por-
tion bonded to the inorganic layer during the manufacturing 
process [9, 10].

According to previous studies, it is known that 
poly(ethylene terephthalate) (PET) [11, 12], polycarbonate 
(PC) [13], polyethersulfone (PES) [14], polyimide (PI) [15, 
16], and polyarylate (PAR) [17] are suitable as polymer sub-
strate materials for flexible displays. Among them, PI poly-
mer exhibits excellent heat resistance, chemical resistance, 
mechanical properties, electrical properties and dimensional 
stability due to its rigid chain structure [16]. As results of 
these excellent properties, PI is widely used in electrical 
and electronic applications, such as automobiles, aerospace 
fields, flexible circuit boards, liquid crystal alignment films 
for LCDs, adhesives and coating materials [18–21].

However, PI is known to have a relatively high yellow 
index, which is attributed to the formation of charge trans-
fer complexes (CT complexes) between electron donors and 
acceptors [22]. To overcome these limitations and achieve 
colorless and transparent PI, various approaches have been 
proposed, such as incorporating highly electronegative or 
bulky structures like trifluoromethyl  (CF3–), ether (–O–), 
and sulfone (–SO2–) into the main chain of PI [23–25]. 
These structural modifications aim to improve the optical 
properties of the resulting PI by disrupting the CT complex 
formation, hindering the migration of π electrons, preventing 
resonance structures, or reducing polymer chain stacking 
and crystallinity [22]. Nevertheless, it should be noted that 
introducing these monomers or functional groups into the 
main chain of PI may compromise its excellent mechanical 
and thermal properties by reducing interchain interactions 
and resonance effects. Thus, continuous efforts and research 
are required to develop polyimides that exhibit outstand-
ing optical properties without compromising their thermal 
characteristics.

In this study, in order to improve the optical proper-
ties of PI known so far, a bulky –CF3 and a flexible sul-
fone (–SO2–) structures, which are known to have high 
electronegativity, were and introduced into the PI main 
chain. Specifically, colorless and transparent PI based 
on 4,4ʹ-(hexafluoroisopropylidene) diphthalic anhydride 
(6FDA) and bis(3-aminophenyl) sulfone (3DDS) were 
experimentally synthesized, and the basic thermal and opti-
cal properties of the final PI film according to the use of 
6FDA and 3DDS monomers were preferentially evaluated. 

Furthermore, terephthaloyl chloride (TPC) was introduced 
as a comonomer into the main chain of 6FDA and 3DDS-
based PI, the changes in the thermal and optical properties 
of the PI film according to the introduction of TPC were 
systematically investigated.

2  Experimental

2.1  Materials

F o r  t h e  P I  s y n t h e s i s  i n  t h i s  s t u d y , 
4,4 ʹ-(hexaf luoroisopropylidene) diphthalic anhy-
dride (6FDA, > 98.0%), bis(3-aminophenyl) sulfone 
(3DDS, > 98.0%), and terephthaloyl chloride (TPC, > 99.0%) 
were purchased from TCI (Tokyo, Japan) and were used. 
In addition, anhydrous N,Nʹ-dimethylacetamide (DMAc, 
99.8%, Sigma-Aldrich Co., USA) was used as the solvent 
for the PI synthesis. N-Methyl-2-pyrrolidone (NMP) was 
also used as the solvent for the intrinsic viscosity analysis 
of the synthesized PI. All monomers used in the experiment 
were used without further purification after purchase.

2.2  Synthesis of PAA

In general, the PI is prepared through synthesis of PAA, 
which is a precursor of PI, and subsequent heat treat-
ment [16]. The synthesis method for PAA based on 6FDA 
and 3DDS used as monomers is shown in Scheme 1, and 
feed ratios of each monomer are summarized in Table 1. 
The detailed synthesis process for the PAA, is as follows. 
Regardless of the introduction of TPC as a comonomer, the 
synthesis method for all PAA samples is the same. Here, 
the synthesis of PI_TPC_10, which contains 10 mol% of 
TPC, will be explained. 2.483 g (0.01 mol) of 3DDS was 
added to 100 mL three-necked flask, and stirred in DMAc 
solvent (20.053 g) for 30 min until it was completely dis-
solved. Then, 3.998 g (0.009 mol) of 6FDA was added in 
powder form. The mixture was stirred for 1 h to proceed the 
reaction, and then 0.203 g (0.001 mol) of TPC was added. 
The final PAA was synthesized by stirring the mixture under 
a nitrogen atmosphere at 0 ℃ for 12 h until the solid content 
concentration reached 25 wt%. To compare the effects of 
TPC incorporation, pure PI (TPC-0) was also synthesized 
using the same method as above without introducing TPC.

2.3  Preparation PI Film Through Imidization of PAA 
Film

The colorless and transparent PI film used in this study 
was manufactured through the heat treatment process of 
PAA film, and the imidization conditions are summa-
rized in Table 2. The synthesized PAA solution was cast 
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on a clean glass substrate, and the solvent was gradually 
removed while stabilizing the PAA at 50 ℃ for 1 h in a 
vacuum oven. After drying at 75 ℃ for 2 h to completely 
remove the solvent, sequential heat treatment was carried 
out in a nitrogen atmosphere at 100, 200, and 250 ℃ for 
1 h each for thermal imidization reaction. The manufac-
tured film was immersed in distilled water for removal of 
residual solvent and slowly separated from the glass plate 
after ultrasound treatment.

2.4  Characterization of PI Films

Fourier transform infrared spectroscopy (FT-IR, Nicolet 
IS50) was used to analyze the degree of imidization and 
chemical structure of PAA and PI. FT-IR analysis was 
performed on PAA and PI films by selecting the average 
of 32 scans with a resolution of 0.2   cm−1 in the range 
of 400–4000  cm−1. The intrinsic viscosity was calculated 
after measuring the reduced viscosity according to the 
concentration using a Ubbelohde viscometer at a constant 
temperature of 30 ℃. Differential scanning calorimetry 
(DSC Q100, TA instrument) was used to analyze the 
thermal properties of the PI films. DSC analysis was per-
formed in a nitrogen atmosphere with both heating and 
cooling rates set at 20 ℃/min, and the thermal properties 
of the PI films were measured in the range of 30– 400 ℃. 
Thermogravimetric analyzer (TGA Q-50, TA instrument) 
was used to evaluate the thermal stability of the PI films. 
The analysis was conducted under a nitrogen flow, and the 
heating rate was set at 10 ℃/min in the temperature range 
of 30–800 ℃. Thermomechanical analyzer (TMA 402 

Scheme 1.  Reaction scheme for the synthesis of polyamic acid (PAA) using 6FDA and 3DDS as monomers in the presence of TPC comonomer, 
and the conversion to the polyimide according to heat-treatment (imidization)

Table 1  Sample code, molar ratio in feed and intrinsic viscosity of 
6FDA and 3DDS-based PI polymers with different TPC content

Sample code Molar ratio in feed (6FDA: 
TPC: 3DDS)

IV (dL/g)

PI_TPC_0 1:0:1 0.88
PI_TPC_5 0.95:0.05:1 0.87
PI_TPC_10 0.90:0.10:1 0.88
PI_TPC_15 0.85:0.15:1 0.85
PI_TPC_20 0.80:0.20:1 0.86
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F1, Netzsch) was used to observe the thermal expansion 
characteristics of the PI films. The coefficient of thermal 
expansion (CTE) was calculated by measuring the linear 
expansion coefficient from 30 to 250 ℃ with a heating 
rate of 10 ℃/min and a load of 1N. UV–Vis spectrom-
eter (UV-2450, Shimadzu) was used to analyze the optical 
properties of the PI films in the range of 200–800 nm. In 
addition, the yellow index of the PI films was measured 
using a spectrophotometer (Datacolor 110).

3  Results and Discussion

3.1  Structural Analysis

FT-IR analysis was conducted to confirm the chemi-
cal structure of the synthesized PAA and the PI films 
obtained through thermal imidization process of the PAA 
films. Figure 1A shows the FT-IR spectrum of the PAA 
films, and the characteristic peaks are summarized in 
Table 2. All PAA films exhibited broad absorption bands 
in the range of 2500–3400   cm−1 due to the stretching 
vibrations of C=O and –CONH–. In addition, peaks cor-
responding to C=O stretching vibrations of amide and 
acid groups were observed at 1680  cm−1 and 1717  cm−1, 
respectively. Figure 1B displays the FT-IR spectrum of 
the PI films prepared by thermal imidization. As can be 
seen from the figure, the typical characteristic peaks of 
the PI films were clearly observed. Specifically, the pure 
PI film showed a general imide peak at 1720  cm−1 cor-
responding to C=O stretching vibration and a C–N–C 
peak at 1380  cm−1 due to the imide ring. Furthermore, 
the introduction of TPC copolymer resulted in the appear-
ance of amide peaks corresponding to N–H stretching 
vibration at 3300  cm−1 and C=O stretching vibration at 
1650  cm−1. Overall, the presence of peaks corresponding 

to the PI structures and TPC comonomer confirmed the 
successful imidization of all PI films used in this study 
through thermal treatment.

Table 2  Peak position and assignments on FT-IR analysis for 6FDA and 3DDS-based PAA and PI films with different TPC content

Fig. 1  FT-IR spectra of 6FDA, 3DDS-based PAA (A) and PI films 
(B) with various TPC content
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3.2  Thermal Properties

3.2.1  DSC Analysis

The glass transition temperature (Tg) of a polymer is a criti-
cal factor in determining its thermal properties. The physical 
and mechanical properties of a polymer change drastically 
at the Tg, making it an essential factor in high-dimensional 
stability polymer substrates for display applications. Typi-
cally, the Tg depends on the rigidity of the polymer backbone 
and free volume, with significant influence from interchain 
interactions. Figure 2 shows the DSC thermogram (Fig. 1A) 
of the PI films produced in this study and the changes in Tg 
with changes in TPC content (Fig. 1B). The Tg of the pure 
PI film based on 6FDA and 3DDS without TPC comono-
mer was observed to be in the range of 275 ℃, indicating 

stable thermal stability despite the introduction of functional 
groups such as –CF3 and –SO2. Moreover, as depicted in the 
figure, the Tg of the PI films increased sequentially with an 
increase in TPC content. For instance, the Tg of the PI film 
with 20 mol% TPC increased by approximately 5–280.24 ℃ 
compared to the Tg of the pure PI film. This increase in Tg is 
thought to be attribute to the positive effect of an increase in 
intermolecular forces induced by hydrogen bonding from the 
amide group as TPC comonomer is introduced.

3.3  TGA Analysis

To analyze the thermal stability of the PI films prepared 
in this study, TGA analysis was performed. To compara-
tively evaluate thermal stability, the temperature at which 

Fig. 2  DSC heating thermograms (A) and changes on glass transition 
temperature (B) of 6FDA, 3DDS-based PI films with various TPC 
content

Fig. 3  TGA thermograms (A) and changes on temperatures at 1 and 
5% weight loss (T1, T5, respectively) (B) of 6FDA, 3DDS-based PI 
films with various TPC content



2280 Fibers and Polymers (2023) 24:2275–2282

1 3

1% weight loss  (T1) and 5% weight loss  (T5) occurred was 
measured, and the TGA curves of each PI film (Fig. 3A) 
and the changes in  T1 and  T5 with TPC content (Fig. 3B) are 
shown in Fig. 3. As shown in the figures, the temperature 
at which 1% weight loss and 5% weight loss occurred was 
observed to be in the range of 455–505 ℃ and 512–547 ℃, 
respectively, with a decreasing trend in the decomposition 
temperature as TPC content increased. Generally, polymer 
decomposition occurs at the weakest point of a bond, deter-
mined by the bond dissociation energy. Therefore, consid-
ering that the bond dissociation energy of C–N and C–F is 
about 300 kJ/mol and 500 kJ/mol, respectively, the decrease 
in the decomposition temperature of the 6FDA and 3DDS-
based PI films due to TPC introduction in this study can be 
attributed to the decomposition of the amide group induced 
by TPC comonomer.

3.4  TMA Analysis

All objects expand or increase in volume when heat is 
applied. Organic polymer materials, including high-per-
formance polymers, which consist of weak covalent bonds, 
inherently exhibit a high coefficient of thermal expansion 
(CTE) due to their inherent structural characteristics [26, 
27]. Thus, CTE serves as a crucial characteristic for polymer 
substrate materials that undergo high-temperature processes 
and is considered a measure of dimensional stability. Fig-
ure 4 displays the changes in CTE as TPC content increases. 
The CTE of pure PI films based on 6FDA and 3DDS with-
out TPC comonomer was determined to be 60 ppm/℃. 
This high value can be attributed to the presence of bulky 
and flexible structures, such as -CF3 and –SO2– groups, 
within the PI backbone. Furthermore, a comparison with 

DuPont's  Kapton® (with a CTE of 30 ppm/℃) highlights 
the considerably higher CTE of pure PI films. However, 
as depicted in the figure, the CTE of the PI films notably 
decreases as the TPC content increases. For instance, when 
TPC is introduced at a level of 20 mol%, the CTE decreases 
to 41 ppm/℃. Even a small amount of TPC introduction 
leads to a rapid decrease in the CTE of the pure PI film. 
Hence, it is evident that the incorporation of TPC comono-
mer enhances the thermal dimensional stability of the PI 
film based on 6FDA and 3DDS, resulting from increased 
intermolecular forces generated by the amide bonds of TPC 
units, which replace -CF3.

3.5  Optical Properties

In this study, the optical properties of PI films based on 
6FDA and 3DDS were evaluated through UV transmittance 
analysis. Figure 5 presents the transmittance graph of the PI 
films, and Table 3 summarizes the transmittance and cutoff 
wavelength results of each film in the visible light range. 
According to Table 3, irrespective of the introduction of 
TPC as a comonomer, all PI films exhibited a cutoff wave-
length (λo) value below 400 nm, indicating their ability to 
transmit light before the visible light range. Additionally, 
it is evident that the transmittance of all manufactured PI 
films is considerably high. For instance, while the transmit-
tance of  Kapton® at 500 nm is known to be 30–35%, the 
PI film manufactured in this study showed transmittance 
of 84–90% at 500 nm. This result can be attributed to the 
effective control of the CT-complex formation, an inherent 
drawback of PI, through the presence of triple fluorome-
thyl (–CF3–) in the 6FDA monomer and the sulfone (–SO2–) 
in the 3DDS monomer used in PI synthesis. Furthermore, 

Fig. 4  Changes in CTE values of 6FDA, 3DDS-based PI films with 
various TPC content

Fig. 5  UV–Vis transmittance of 6FDA, 3DDS-based PI films with 
various TPC content
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changes in transmittance were observed with the introduc-
tion of TPC as a comonomer. Specifically, transmittance 
increased by approximately 90% when TPC was introduced 
up to 10 mol%, but a decreasing trend in transmittance was 
observed when the TPC content exceeded 10 mol%. This 
improvement in optical properties can be attributed to the 
TPC structure introduced to replace the 6FDA monomer, 
effectively controlling intramolecular and intermolecular 
charge transfer complex formation inherent to PI. However, 
the decrease in optical properties observed as the TPC con-
tent exceeded 10 mol% may be due to partial crystallization 
resulting from hydrogen bonding based on amide bonds, 
requiring further investigation subsequent research. The YI 
values, representing the degree of yellowing index measured 
using a colorimeter, are presented in Table 3. The YI value 
of pure PI film based on 6FDA and 3DDS, which contain 
strong electron-withdrawing groups like -CF3 and –SO2–, 
was 12.75, and it was observed that the overall YI value 
decreased with the introduction of TPC as a comonomer. 
Specifically, the PI film with 10 mol% TPC exhibited a YI 

of 4.13, a significantly low value compared to the trans-
mittance of  Kapton®. However, similar to the previous UV 
transmittance results, a turning point was observed in the 
YI results of the PI film with TPC at the 10 mol% threshold, 
indicating an increase amide bond formation and intramo-
lecular hydrogen bonding with higher TPC content. Opti-
cal photographs of the PI films were provided in Fig. 6 to 
visually confirm their transparency. As shown in the figure, 
all PI films manufactured in this study exhibited excellent 
transparency compared to  Kapton®.

4  Conclusion

In this study, we synthesized 6FDA and 3DDS-based PI and 
systematically observed their thermal and optical proper-
ties with the introduction of TPC comonomer. Firstly, FT-IR 
analysis confirmed the presence of C–N–C and C=O peaks 
corresponding to the imide ring, as well as the appearance 
of the amide peak with the introduction of TPC copolymers. 

Table 3  Optical properties of 
6FDA, 3DDS-based PAA and 
PI films with different TPC 
content

Sample code Thickness 
(μm)

Cut-off wave-
length (λ0, nm)

Transmittance (%) Yellow index

400 nm 450 nm 500 nm

PI_TPC_0 40 339 83 88 89 12.75
PI_TPC_5 40 336 84 88 89 4.72
PI_TPC_10 40 326 88 90 90 4.13
PI_TPC_15 40 334 81 82 84 6.11
PI_TPC_20 40 342 77 82 84 9.51
Kapton® 50 451 0 1 35 97.50

Fig. 6  Photographs of 6FDA, 
3DDS-based PI films with vari-
ous TPC content; A PI_TPC_0, 
B PI_TPC_5, C PI_TPC_10, D 
PI_TPC_15, E PI_TPC_20, F 
 Kapton®
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Based on this, we concluded that both the synthesized and 
fabricated PI films were successfully imidized through ther-
mal treatment. The glass transition temperature of the pure 
PI film based on 6FDA and 3DDS without TPC ranged from 
275 ℃, and the Tg of the PI film increased sequentially as 
the TPC content increased. Additionally, as the TPC con-
tent increased, the thermal decomposition temperature of 
the PI film tended to decrease slightly. However, the thermal 
expansion coefficient of the PI film decreased significantly 
with the introduction and increasing content of TPC, which 
was attributed to the increase in intermolecular forces result-
ing from the amide bonding of the TPC unit. Moreover, we 
confirmed that the transmittance of all fabricated PI films 
was significantly high. Specifically, the transmittance at 
500 nm and the YI value of the PI film with 10 mol% TPC 
were 90% and 4.13, respectively. In summary, the 6FDA 
and 3DDS-based PI films used in this study exhibited color-
less and transparent optical properties due to their structures 
containing –CF3 and –SO2, groups, and the introduction of 
a small amount of TPC comonomer resulted in improved 
thermal stability and optical properties. The enhancement 
in thermal properties can be attributed to the contribution 
of hydrogen bonding induced by the amide bonding of the 
TPC unit. Furthermore, the control of the CTC phenomenon 
by the 6FDA and 3DDS base monomers was influenced by 
the introduction of TPC units, leading to greater suppres-
sion of linearity and regularity, resulting in improved optical 
properties. Finally, considering the limited research avail-
able on the properties of PI based on 6FDA and 3DDS, the 
interesting findings of this study regarding the thermal and 
optical properties of pure PI, as well as the changes observed 
due to the introduction of TPC comonomer, are expected to 
be valuable in various academic and industrial fields in the 
future.
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