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Efficient and low-carbon synthesis of colorless
transparent polyimidest

a

Jiahui Liu,® Chuying Li,? Yanwei He,” Bo Deng,? Haitao Huang,? Siwei Liu and

Yi Zhang (2 *@

The widespread use of polyimide varnish in semiconductors, packaging, and flexible displays has created
increasing demand for efficient and environmentally friendly preparation. Compared to polyamic acid
varnish, polyimide varnish offers enhanced stability and significantly improved process control, as it elim-
inates the need for chemical reactions during subsequent production steps. However, traditional polyi-
mide varnish synthesis involves the preparation of polyamic acid followed by chemical imidization, a
complex and time-consuming process that includes precipitation, washing, and dissolution. This method
is not only costly but also poses environmental and safety risks. In this study, we propose a high-tempera-
ture one-step process to prepare a colorless polyimide varnish using the environmentally friendly solvent
3-methoxy-N,N-dimethylpropionamide (MDMPA) and benzoic acid as a catalyst. The process requires
only 4 h to obtain the high molecular weight polyimide varnish without aftertreatment. The varnish can
be easily converted into a transparent film through low-temperature drying. Additionally, by introducing a
small amount of 3,5-diaminobenzoic acid (DABA) for copolymerization, polyimide synthesis can be suc-
cessfully achieved without external catalysts. The resulting polyimide exhibits a higher imidization degree
and significantly improved peel strength between the polyimide and copper foil. This one-step process
not only maintains the superior properties of colorless transparent polyimides (CPIs) but also reduces
reliance on toxic solvents, enhances production efficiency, and provides an environmentally sustainable
solution for the large-scale production of high-performance polyimides.

1. Our work advances green chemistry by developing a one-step synthesis method that reduces the use of harmful solvents and improves production
efficiency, aligning with green chemistry principles.

2. We achieved a green chemistry breakthrough by using an environmentally friendly solvent to synthesize a high molecular weight, transparent polyimide in
just 4 h. The method reduces the polymerization time by 94%, cuts electricity use by 60%, and decreases reagent consumption by up to 95%, making the
process more efficient and environmentally sustainable.

3. Future research will focus on developing a lower-temperature one-step process, making it compatible with more eco-friendly solvents. This will significantly
reduce energy consumption and further enhance the sustainability of polyimide production.

Introduction

Polyimide (PI) is a class of polymers with aromatic heterocycles
containing amide groups in the main chain. In recent years,

colorless transparent polyimides (CPIs) have found widespread
use in optoelectronic devices, such as flexible solar cell sub-
strates, flexible display substrates and covers, and flexible
circuit boards,"® owing to their excellent thermal stability,
mechanical properties, and optical transparency. However,
existing preparation methods still face significant limitations,
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including high solvent toxicity, excessive catalyst usage, high
costs, and complex processing steps. Consequently, overcom-
ing these technical barriers is crucial to meeting the growing
demands of emerging fields, particularly in flexible displays.
The commonly used methods for synthesizing polyimides
in both laboratory and industrial settings involve the solution
polycondensation of dianhydrides and diamines, which can be
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Table 1 Physical and chemical properties of MDMPA compared with other solvents

Density Viscosity Refractive Surface tension
Solvents B.p. M.p. pKa (293.15 K, g cm™®) (293.15 K, mPa s) index (298.15 K, mN m™) Color
NMP 204 —25 —0.41 1.03 1.9 1.47 40.0 Colorless
m-Cresol 202 11 10.1 1.04 8.9 (303.15K) 1.54 35.7 Colorless
DMAc 164 -19 —0.41 0.94 0.98 1.44 33.1 Colorless
MDMPA 216 —49 —0.56 0.99 2.3 1.45 34.2 (296.15 K) Colorless

categorized into thermal imidization, chemical imidization, and
one-step processes. Although traditional polyimide synthesis
processes are well-established, they still present several draw-
backs. For example, thermal imidization generally requires high
temperatures above 300 °C, which may cause oxidative degra-
dation and reduce the optical properties of polyimides.
Additionally, if the intermediate polyamic acid (PAA) in thermal
imidization is left for extended periods or stored improperly, it
may degrade, leading to a reduction in molecular weight. The
chemical imidization process is complex, comprising multiple
steps such as polymerization, cyclization, washing, filtration,
drying, dissolution, and coating. It requires several molar equiva-
lents of catalysts and hundreds of times the volume of organic
solvents, leading to high consumption of time, energy, and
reagents, thus driving up preparation costs and increasing the
burden of chemical waste disposal. Both methods are incompa-
tible with the demands for sustainable development and
environmental protection, hindering their broader application.
In comparison, the high-temperature one-step process
offers a shorter reaction time. However, it typically requires
high-boiling solvents, whose toxicity has become a major
obstacle to widespread industrial adoption, especially given
the increasing emphasis on sustainable development and
environmental protection. Since the 1980s, researchers have
employed the one-step method to prepare high-strength, high-
modulus aromatic polyimide fibers.® In 1996, Hiroshi Inone
and colleagues demonstrated that solvents with hydroxyl
groups on the benzene ring could be used in the one-step
method."® According to the Globally Harmonized System of
Classification and Labeling of Chemicals (GHS) and the
European Chemical Agency Classification & Labelling
Inventory (ECHA), commonly used phenolic solvents in labora-
tories, such as m-cresol and p-chlorophenol, are highly toxic.
More recently, N-methyl-2-pyrrolidone (NMP) and N,N-di-
methylacetamide (DMAc) have been used in one-pot processes;
however, they are toxic to specific organs and the reproductive
system and can irritate the skin and eyes. DMAc is also sus-
pected of being carcinogenic. Furthermore, NMP tends to
generate colored impurities at high temperatures, darkening
the film color, making it less suitable for applications requir-
ing colorless polyimides. The colorless and heat-resistant
solvent y-butyrolactone (GBL)"' has also been classified as a
controlled precursor chemical. The prolonged and extensive
use of these solvents poses serious health risks to operators
and demands substantial investment in pollution control
measures. As a result, developing green, environmentally
friendly, and efficient processes for colorless transparent polyi-
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mides has become a significant research focus. There is an
urgent need to find environmentally friendly solvents with
good solubility, high boiling points, and no noticeable color
change, enabling low-carbon and economically sustainable
one-step processes.

In contrast, the new environmentally friendly solvent
3-methoxy-N,N-dimethylpropionamide (MDMPA) presents a
potential alternative due to its eco-friendliness (see Table S17).
MDMPA is a biodegradable aprotic polar solvent with a high
boiling point and stable physical properties.™” It is a colorless
liquid at room temperature and atmospheric pressure (see
Table 1). Although chemically similar to traditional amide sol-
vents, MDMPA exhibits lower toxicity to human health and the
environment, with no carcinogenic or ecotoxic effects identi-
fied. In industrial applications, the use of green solvents such
as MDMPA reduces health and safety risks while reducing
environmental pollution control costs.

Experimental section
Reagents

2,2'-Bis(3,4-dicarboxylicacid) hexafluoropropane dianhydride
(6FDA) and  2,2"-bis(trifluoromethyl)-4,4’-diaminobiphenyl
(TFMB) were purchased from Tianjin Zhongtai Technology
Co., Ltd and sublimed using a sublimation apparatus; 3,5-dia-
minobenzoic acid (DABA) was purchased from Tianjin
Zhongtai Technology Co., Ltd and purified by decolorization;
3-methoxy-N,N-dimethylpropionamide (MDMPA) pur-
chased from Guangzhou Ruiyue Trading Co., Ltd; N,N-di-
methylacetamide (DMAc) and xylene were purchased from
Beijing Bailingwei Technology Co., Ltd; N-methyl-2-pyrrolidone
(NMP) was purchased from Anhui Zesheng Technology Co.,
Ltd; pyridine (Py), benzoic acid (BA), isoquinoline (IQL), and
phthalic anhydride (PA) were purchased from Aladdin Reagent
Co., Ltd; acetic anhydride (Ac,0) was purchased from
Guangzhou Chemical Reagent Factory.

was

Preparation of the colorless transparent PI varnish

(1) High-temperature one-step method for preparing the
6FDA-TFMB colorless transparent PI varnish (Table 2, sample
a-g). The polyimides prepared by different processes are
denoted as PI-CxE,Sz, where Cy, Ey and S, represent the cata-
lyst, end-capping agent, and solvent, respectively. For example,
using benzoic acid (Cg) or isoquinoline (C;) as the catalyst, or
no catalyst (Cy), 6FDA (Eg) or PA (Ep) as the end-capping agent,
or no end-capping agent (Ey), and MDMPA (S,,), NMP (Sy), or

This journal is © The Royal Society of Chemistry 2025
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Table 2 One-step preparation of the 6FDA-TFMB varnish using different processes
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End-capping Reaction

Reaction Drying

No. CPIs Description Solvents Catalysts reagent temperature (°C)  time (h) temperature (°C)
a PI-CgEgSy  To explore the influence of catalysts MDMPA BA 6FDA 185 4 220
b PI-CEsSym IQL
c PI-CNErSy —
d PI-CgEpSy  To explore the influence of end- MDMPA BA PA
e PI-CgExSy  capping reagents —
f PI-CgEgSy  To compare MDMPA with common NMP BA 6FDA
g PI-CgErSp  solvents DMAc
h PI-CI To compare one pot synthesis with MDMPA Py/Ac,0O  6FDA Room 12 220
chemical imidization temperature
i PI-5D Autocatalytic one pot synthesis MDMPA DABA 6FDA 185 4 220
j PI-10D
X PI-350 Heat imidization as control MDMPA — 6FDA Room 12 350
y PI-5D-350 DABA temperature
Z PI-10D-350 DABA
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Scheme 1 The imidization process of polyamic acid in the presence of alkaline or acidic catalysts.
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Fig. 1 Characterization of various properties of Pl films prepared with different catalysts. (a) Polyimide structure, *H NMR spectrum, with an enlar-
gement of the 10—14 ppm region on the right, and ATR-FTIR spectrum. (b) UV-vis curves; the thicknesses of PI-CgEfSn, PI-CEfSm and PI-CNEgSm
are 18.5 pm, 15.4 um, and 30.3 pm in order. (c) PI films.
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Table 3 Properties of 6FDA-TFMB films prepared by different processes
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1D, 1D, Taoo®  Tieo_soo”  Thickness — Tso,© My M,, Breaking Tensile strength

No. CPIs (%) (%) (%) (%) (pm) (°C) (kpa) (kpa) PDI elongation (%)  (MPa)

a PI-CgErSy 88 99.6 80.7 87.3 18.5 517 70 100 1.40 8.13 £1.24 102.31 £ 2.18

b PI-C{EpSm 90 99.8 75.7 84.6 15.4 508 61 93 1.53 9.65 + 0.69 69.23 + 1.46

c PI-CNEpSym 100 99.1 63.0 81.8 30.3 495 30 46 1.56 2.41 +0.36 17.88 £2.79

d PI-CgEpSm 86 99.4 75.0 85.4 11.0 503 50 78 1.55 6.14 + 1.36 56.66 + 4.55

e PI-CgEnSMm 90 99.6 72.0 82.4 17.4 507 69 110 1.65 9.81 + 0.85 79.10 £ 10.44

f PI-CgErSn 99 100 67.0 84.9 25.0 523 47 56 1.27 4.38 + 0.56 68.08 + 6.93

g PI-CgErSp 88 99.6 76.0 86.3 30.0 513 38 50 1.30 5.04 £0.014 60.48 +16.72

“Transmittance at 400 nm wavelength, obtained from UV-vis testing. ” Transmittance in the 360-800 nm range, obtained from UV-vis testing.
“Temperature at 5% weight loss under a nitrogen atmosphere, obtained from TGA testing. The spectra are shown in Fig. S11-13.}

DMAc (Sp) as the solvent, several types of PIs were prepared.
To prepare PI-CgEgSy;, TFMB (1.6012 g, 5.00 mmol), 6FDA
(2.2434 g, 5.05 mmol) and MDMPA (12 mL) were added to a
three-neck flask to prepare a 25 wt% solution. The one-step
reaction setup was established, with benzoic acid (0.038 g)
and anhydrous xylene (4 mL) added to the flask. Anhydrous
xylene was also added to the Dean-Stark apparatus, and
argon gas was bubbled continuously into the flask. The temp-
erature was directly raised to 185 °C, and the total reaction
time was approximately 4 h, yielding a light-yellow varnish.
The mixture was then centrifuged at 7500 rpm for 20 min
without washing.

(2) Chemical imidization method for preparing the 6FDA-
TFMB colorless transparent PI solution (control, Table 2,
sample h). The PI solution prepared by this method is denoted
as PI-CL. 6FDA (2.2434 g, 5.05 mmol) and TFMB (1.6012 g,
5.00 mmol) were added to a sample bottle, followed by the
addition of MPA (22 mL). The mixture was reacted at room
temperature under magnetic stirring for 12 h to form a color-
less PAA solution. Acetic anhydride and pyridine were added
to the PAA solution at a molar ratio of n (carboxyl group):n
(acetic anhydride) = 1:5, and a volume ratio of V (acetic
anhydride) : V (pyridine) = 7: 3. The mixture was stirred mag-
netically at room temperature for 12 h to form a colorless PAA
solution. The PAA solution was then slowly poured into
ethanol (20 times its volume) to precipitate PI fibers. The
fibers were purified by Soxhlet extraction with ethanol for 12 h
and then dried in a vacuum oven at 80 °C for 12 h to obtain
white PI fibers. MPA (22 mL) was used as the solvent to
prepare the PI solution from the fibers.

(3) Self-catalyzed method for preparing the DABA-6FDA-
TFMB system PI varnish (Table 2, samples i and j). The PI
solution prepared by this method is denoted as PI-nD, where
“n” indicates the molar fraction of DABA in the polymer com-
position. For example, 6FDA-DABA, ,s-TFMBj 95 is named
PI-5D. To prepare PI-5D, DABA (0.0380 g, 0.25 mmol), TFMB
(1.5211 g, 4.75 mmol), 6FDA (2.2221 g, 5.00 mmol), and
MDMPA (12 mL) were added to a three-neck flask to prepare a
25 wt% solution. The one-step reaction was carried out follow-
ing the procedure described in step (1). The same procedure
was applied to prepare PI-10D.

Green Chem.

Preparation of colorless PI films

The solution was degassed under vacuum and then coated
onto a glass plate and dried at 80 °C for 2 h on a hot plate.
The film was then placed in a reducing gas oven with the fol-
lowing temperature program: room temperature to 150 °C for
0.5 h, 150 °C for 1 h, 150 to 220 °C for 0.5 h, and 220 °C for
1 h. This was followed by a gradient heating step to remove the
solvent and obtain the PI film. The structure of the PI films
was confirmed by ATR-FTIR and NMR spectroscopy (the data
are provided in the ESI, Fig. S1-S107).

Thermal imidization to prepare PI films for imidization degree
comparison (Table 2, sample x-z)

One-step solutions, without catalysts or end-capping agents,
were stirred at room temperature for 12 h. The solution was
degassed under vacuum, coated onto a glass plate, and dried
at 80 °C for 2 h on a hot plate. The films were then placed in a
nitrogen oven with the following heating program: room temp-
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Fig. 2 Characterization of various properties of Pl films prepared with
different end-capping agents. (a) Tensile strength and elongation at
break. (b) UV-vis curves; the thicknesses of PI-CgEfSm, PI-CgEpSm and
PI-CgENSMm are 18.5 pm, 11.0 pm, and 17.4 um in order. (c) PI films.
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erature to 350 °C for 2 h, followed by 350 °C for 1 h, to remove
the solvent and prepare the completely imidized PI films.

Results and discussion

One-step polymerization performance using different catalysts
in MDMPA

The performance of one-step reactions with different cata-
lysts in MDMPA was studied to identify the most suitable
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Fig. 3 Characterization of various properties of Pl films prepared with
different solvents. (a) UV-vis curves; the thicknesses of PI-CgEgSy,
PI-CgEgSn and PI-CgE(Sp are 18.5 pm, 25.0 pm, and 30.0 pm in order. (b)
PI films. (c) Tensile strength and elongation at break.
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catalyst for CPIs and to verify the feasibility of using
MDMPA in one-step polymerization. The one-step method
typically employs organic bases (e.g., quinoline and isoqui-
noline) or organic acids (e.g., benzoic acid and hydroxyben-
zoic acid) as catalysts. The catalytic mechanisms of organic
bases and organic acids are different (Scheme 1). Base cata-
lysts, such as isoquinoline and imidazole, may replace the
bound solvents and form hydrogen bonds with the -CONH
group. This increases the electron density of the nitrogen
atom, enhances its nucleophilicity, and significantly lowers
the reaction energy barrier. Kuznetsov et al. proposed a cata-
Iytic mechanism involving carboxyl groups in polyimide syn-
thesis."> Acidic catalysts protonate the carbonyl oxygen
atom, increasing the reactivity of the acyl cation and thereby
promoting the imidization reaction. Thus, benzoic acid, iso-
quinoline, and the no-catalyst condition were chosen for the
one-step polymerization.

The experimental setup is summarized in Table 2, samples
a-c and the reaction products were analyzed using various
characterization techniques. The ATR-FTIR spectrum and 'H
NMR spectrum (Fig. 1a and Fig. S6}) confirm the successful
synthesis of polyimides in all three cases, with the imidization
degree (ID) calculated from the two spectra, data provided in
Table 3, samples a-c (the calculations are provided in the
ESIf). ATR-FTIR spectroscopy is the most commonly used
method to analyze the ID of PI. However, as the imidization
level increases, infrared spectroscopy becomes less effective in
distinguishing variations in imidization levels."*"® Residual
amide solvents may exhibit infrared absorption at 1363 cm™*
and 1490 cm ™, interfering with the absorption peaks of polyi-
mide. Moreover, the ATR mode only provides surface chemical
information and does not reflect the overall structure of the

(b)
(@ One Pot () Chemical Imidization
. Reduce time by 94%
Time - 1 ’
| Cut solvent use by 73%
Solvent Y 1
Require only 0.5% catalyst
Catalyst - 1
Reduce ethanol consumption by 100%
Ethanol "
.. ] Cut electricity use by 60%
Electricity 1
1 T
0 50 100
Percent (%)

Scheme 2 (a) Schematic comparison of the implementation plan between the high-efficiency low-carbon one-step method and the traditional
two-step method. (b) Inventory of chemicals; energy consumption for different methods of producing polyimide films. Solvent includes reaction sol-

vents and the dehydrating agent.
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film. Therefore, the '"H NMR spectrum was used for a more
accurate characterization of the imidization degree in this
study.

"H NMR results indicate that when benzoic acid and isoqui-
noline were used as catalysts, the imidization degrees (ID,)
reached 99.6% and 99.8%, respectively, significantly higher
than the 99.1% achieved without any catalyst. The addition of
catalysts further enhances the imidization degree, demonstrat-
ing that MDMPA can be effectively used in high-temperature
one-step polymerization reactions with various catalyst
systems.

The UV-vis spectrum of the films is shown in Fig. 1b, and
the results are summarized in Table 3. It was noted that the PI
film prepared with benzoic acid was more transparent than
that prepared with isoquinoline or without a catalyst. The
transmittance of PI-CgzEgSy; at 400 nm was 80.7%, and the
total optical transmittance from 360-800 nm was 87.3%,
making the film nearly transparent.

The molecular weights and mechanical properties are
shown in Table 3. Both acidic and basic catalysts were found
to be beneficial for the preparation of high molecular weight
polyimides compared to the catalyst-free process, with the
number-average molecular weight of PI-CzESy, reaching up to
70 kDa. This helps to enhance the mechanical properties of
the film. PI-CgErSy and PI-C{EpSys exhibited tensile strengths
of 102.31 MPa and 69.23 MPa, with elongations at break of
8.13% and 9.65%, respectively. Considering transparency and
mechanical properties, benzoic acid is the most suitable cata-
lyst for preparing colorless transparent polyimides via the one-
step method.

Effects of different end-capping strategies on PI performance

Building on the -catalyst study, this research utilized
MDMPA as the solvent and benzoic acid as the catalyst
while exploring different end-capping strategies to further
enhance the transparency of polyimides. Polyimide syn-
thesis is a step-growth polymerization, and to achieve high
molecular weight products, it is crucial to maintain a
1:1 molar ratio of functional groups. However, this ratio
may be influenced by monomer purity and side reactions
during polymerization. Unreacted amine groups may
oxidize during the high-temperature solution reaction and
film formation, adversely impacting optical properties.
Thus, the oxidation of these amines can be minimized
through introducing an anhydride end-capping agent to
react with the residual amines, thereby improving the trans-
parency of the films.

The effects of three end-capping strategies on polyimide
performance were investigated: 6FDA self-end-capping,
phthalic anhydride (PA) end-capping, and no end-capping
agent (data shown in Table 3, samples a, d and e).
ATR-FTIR and 'H NMR spectra (Fig. S1 and S7{) confirm
that all three end-capping methods successfully produced
polyimides with a high degree of imidization. Among them,
the 6FDA self-end-capping strategy promotes the formation
of high-molecular-weight polymers, thereby enhancing
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mechanical performance (Fig. 2a and Fig. S14%). This is
likely due to the fact that the monoanhydride end-capping
strategy hinders further polymer chain growth. In the
absence of an end-capping agent, the oxidation of amino
end groups under high-temperature conditions may also
lead to a reduction in polymer molecular weight. Both
factors adversely affect the mechanical strength, as con-
firmed by experimental data.

The UV-vis spectra and photo images (Fig. 2b and c)
show that polyimide films with either dianhydride or mono-
anhydride end-capping agents exhibit superior transparency
compared to those without an end-capping agent. In par-
ticular, the film prepared with the 6FDA self-end-capping
strategy exhibited the highest level of colorless transparency.
Overall, employing a 1% excess of 6FDA for self-end-capping
is a simple and efficient strategy that achieves an optimal
balance between excellent transparency and mechanical
properties.

Comparison with common solvents in one-step methods

The previous sections demonstrated that MDMPA can suc-
cessfully support polyimide synthesis under various con-
ditions, including different catalysts and end-capping
methods. Among the tested conditions, the polyimide film
prepared with benzoic acid as the catalyst and 6FDA as the
end-capping agent exhibited the best overall performance.
This section compares the performance of polyimides syn-
thesized in MDMPA with those prepared using NMP and
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DMAc, following the processes outlined above (Table 3,
samples a, f and g¥).

The "H NMR spectra (Fig. S81) show that the polyimide syn-
thesized in NMP achieved a 100% imidization degree, higher
than the 99.6% achieved in MDMPA and DMAc. However, the
UV-vis spectra and photo images (Fig. 3a and b) revealed that
the film prepared with NMP exhibited significant yellowing
and reduced transmittance. In contrast, the film synthesized
in MDMPA exhibited higher transparency. MDMPA also con-
tributes to the synthesis of a high molecular weight polyimide,
which is beneficial for the superior tensile strength and
elongation at break (Fig. 3c and Fig. S14}). Considering trans-
parency, mechanical properties of the film and the toxicity of
the solvent, MDMPA is an ideal solvent for the one-step
method, providing an environmentally friendly approach for
high-performance polyimide synthesis while reducing health
and safety risks.

The solubility of the solvent plays a crucial role in polyimide
synthesis, influencing the polymerization process and final
properties of the films. To better understand the observed
differences, the Hansen solubility parameters (HSP) were con-
sidered. Based on literature values, all three solvents fall
within the solubility sphere (RED < 1), confirming their
general compatibility with the 6FDA-based polyimide system
(Table S2, the calculations are provided in the ESIt). MDMPA
exhibited the smallest RED (0.55), which is consistent with its
superior performance in producing high-molecular-weight and
mechanically robust CPI films. This theoretical analysis
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further supports MDMPA'’s suitability as an ideal solvent for
one-step polyimide synthesis.

Characterization of the CPI synthesized by the one-step
method compared to the two-step method

The improved one-step method offers several advantages over
traditional chemical imidization in terms of efficiency and
environmental sustainability (Scheme 2a, the quantification of
input materials and energy is provided in Table S4%). First,
this method significantly shortens the polymerization cycle.
Traditional chemical imidization involves multiple complex
steps, including polyamic acid polymerization, chemical imidi-
zation, washing with poor solvent, drying, and redissolution,
with a total duration of approximately 64 h in the laboratory.
In contrast, the one-step method requires only the addition of
1% catalyst relative to the monomer weight and a dehydrating
agent, with a reaction time of just 4 h at a high temperature to
obtain the varnish. This approach saves 94% of the time and
reduces electricity consumption by 60%. Additionally, in tra-
ditional chemical imidization, the catalyst and dehydrating
agent are used at approximately 15 times the molar amount of
the monomers, and the volume of poor solvent used for
washing is 20 times that of the reaction solvent (Scheme 2b).
The one-step method can significantly reduce reagent con-
sumption. This reduces the burden of pollution treatment and
minimizes environmental impact, making it advantageous
from safety, environmental, and economic perspectives. These
advantages make the method well-suited for sustainable devel-
opment and large-scale industrial applications.

Moreover, the film prepared using the one-step method
exhibits superior performance. The 'H NMR results are pre-
sented in Table 4. The film prepared via the one-step method
exhibits a higher imidization degree, as determined by 'H
NMR analysis, reaching 99.6%. The optical properties of the
films prepared by both methods were essentially the same
(Fig. 4a and b). XRD analysis (Fig. 4c) of both reveals broad
diffuse peaks, indicating that both films have an amorphous
structure. The average interchain distance of the film prepared
using the one-step method is smaller (calculated using Bragg’s
equation d = 1/2(sin ) (ref. 16)), suggesting a more tightly
packed molecular structure. This observation is consistent
with the density measurements reported in Table 4. The
higher imidization degree likely results in more compact mole-
cular packing, enhancing intermolecular interactions and
improving mechanical properties, including tensile strength
and Young’s modulus. The thermal stability of both films was
nearly identical (Fig. 4d).

Therefore, considering production efficiency, environmental
impact, and material performance (Fig. 4e), using MDMPA as a
green solvent for the one-step method offers a promising solu-
tion for the large-scale industrial production of high-perform-
ance polyimide substrates for flexible displays. Compared to the
traditional method, using the efficient one-step method main-
tains excellent material properties while aligning with environ-
mental protection and low-carbon principles, offering signifi-
cant benefits for sustainable development.
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Self-catalyzed preparation of the colorless PI

The previous sections demonstrated that both benzoic acid
and isoquinoline can effectively catalyze the synthesis of polyi-
mides, achieving high imidization degrees and molecular
weights. However, due to their high boiling points, these cata-
lysts may not be completely removed during the low-tempera-
ture curing process, potentially affecting the purity of the final
product. As evidenced by TGA (Fig. S117), films prepared with
benzoic acid or isoquinoline exhibit an additional weight loss
around 200 °C, indicating the presence of residual catalysts in
the final product. Although their amounts are minimal and
difficult to detect by "H NMR or FTIR spectroscopy, these
residuals may still influence the purity of the final films.
Considering the advantages of benzoic acid in enhancing
transparency and mechanical properties, this section explores a
self-catalyzed approach by introducing the benzoic acid group
into the polymer backbone through the incorporation of the
carboxyl group-containing diamine monomer DABA. By copoly-
merizing different amounts of DABA with the 6FDA-TFMB
system, polyimide varnishes, including PI-5D and PI-10D, were
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synthesized via the one-step method. After solvent removal, the
films were obtained, and their properties are summarized in
Table 5 and Fig. 5 in comparison with those prepared using
benzoic acid and those synthesized without a catalyst.

Compared with PI-CyErSy, the incorporation of DABA sig-
nificantly increases the molecular weight (M, > 40 kDa) and
imidization degree (ID, > 99.6%) (Fig. 5a), thereby enhancing
the mechanical properties of the films (Fig. 5b and Fig. S147).
These results indicate that the incorporation of carboxyl
groups into the polymer backbone facilitates the self-catalyzed
synthesis of polyimides with a high imidization degree, achiev-
ing catalytic efficiency comparable to that of external catalysts.
TGA (Fig. 5¢) shows that the initial weight loss temperature of
the DABA-containing polyimide system decreases to approxi-
mately 250 °C. This reduction is likely attributed to the de-
carboxylation of DABA prior to PI decomposition, which
induces polymer crosslinking and slight mass loss."”

A common challenge of the application of polyimide is the
insufficient adhesion between the polyimide substrate and
copper, which often necessitates the use of an adhesive layer
between the polymer and the metal circuit. However, this
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adhesive layer can increase the dielectric loss of the FCCL."®"°

The introduction of carboxyl groups in DABA enhances hydro-
gen bonding, increases the dipole moment, and boosts the
system’s polarization, thereby improving adhesion between the
polyimide and copper foil.*

In 90° peel tests (Fig. 6), significant differences in peel
strength were observed across the various PI systems. The peel
strength of films prepared without catalysts was only 0.36 N
mm~ ", while films prepared with benzoic acid as a catalyst
exhibited a peel strength of 0.49 N mm™", likely due to the
residual benzoic acid in the system. In contrast, the DABA self-
catalyzed system exhibited a significant improvement, with the
peel strength of PI-5D reaching 0.73 N mm™', demonstrating
the enhanced adhesion between the polyimide and copper
foil. This may be attributed to the decrease in the molecular
weight with increasing DABA content, which in turn leads to a
decline in mechanical properties and consequently reduces
the adhesion capability of the PI-10D.

Conclusion

In response to the growing demand for high-performance poly-
imide varnish, this study presents a high-temperature one-step
method using the environmentally friendly solvent MDMPA
for the low-carbon, efficient preparation of the 6FDA-TFMB
colorless transparent polyimide. This process addresses the
environmental issues associated with the use of toxic solvents
in conventional polyimide synthesis, while reducing the
polymerization cycle to just 6% of the original time. The result-
ing polyimide exhibits a higher imidization degree and a more
compact molecular structure, while retaining excellent optical
properties, with a transmittance exceeding 80% at 400 nm and
a total transmittance of 87.3% in the 360-800 nm range.
Furthermore, the one-step synthesis can be achieved without
external catalysts by incorporating 5% DABA, which co-poly-
merizes with 6FDA-TFMB. The polyimide produced not only
demonstrates a higher imidization degree but also signifi-
cantly improves the peel strength of the colorless films, reach-
ing up to 0.73 N mm ™",

Overall, the one-step method proposed here offers notable
advantages in terms of safety, environmental sustainability,

Green Chem.

and economic feasibility. It aligns with the principles of sus-
tainable development and provides a practical solution for the
industrial-scale production of high-performance polyimide
varnish.
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