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containing bio-based magnolol moieties¥

Huifa Meng,®® Kaijin Chen, ©2° Chuying Li,° Longfei Zhang,¢ Yanwei He ®

Zining Zhao,® Peixin Wu,? Hai Zhu, 2 ¢ Zhenguo Chi, ¢ Jiarui Xu,® Siwei Liu
and Yi Zhang () *ab

b

Traditional photosensitive polyimide (PSPI) materials require a high curing temperature and exhibit low
transparency, limiting their applications in thermally sensitive optical devices. To overcome this challenge,
soluble photosensitive polyimide resins were synthesized based on the structural design of a bio-based
magnolol monomer. It is noteworthy that the Pl photoresist, developed by using the as-prepared polyimides
and non-toxic solvents (2-acetoxy-1-methoxypropane, PGEMA) and other additives, demonstrated an
impressive low-temperature curing performance (180 °C). Furthermore, the solvent residue in the cured film
prepared using PGEMA as solvent was markedly decreased compared to that prepared using N-methyl
pyrrolidone (NMP). In addition, the C-PI-3 films cured by photoinitiated thiol—ene radical reactions exhibited
high transparency with an average visible light transmittance of 87.8%, as well as excellent thermal stability,
dielectric and breakdown properties, and photo-patterning capabilities. This partially bio-based and
innocuous solvent-based PSPI with low-temperature curability and high transparency properties could be
a pioneering example to resolve the challenges of energy efficiency and environmental sustainability and is

rsc.li/chemical-science

Introduction

Photosensitive polyimide (PSPI) is a key material with a wide
range of applications in the fields of semiconductors, micro-
electronics, and display devices, due to its excellent mechanical,
thermal, dielectric, and lithographic properties."™ In recent
years, there has been considerable interest in the development
of cured PSPI films with high optical transparency in the visible
range for use in flat-panel electronic displays and optical
devices, such as color filters (CFs).>® Although the introduction
of fluorine-containing monomers can effectively improve the
optical transparency of PSPI films, the problem of the high
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expected to be used in the field of color filters.

temperature (above 350 °C) imidization process remains unre-
solved.’® It is evident that processing at such elevated tempera-
ture has some detrimental impacts. It is possible that some of
the indispensable components of the photoresist may undergo
thermal decomposition, or that certain substrates utilized in
temperature-sensitive devices may be incapable of withstanding
the requisite curing temperatures.*’

It is understandable that the design of new PSPI, which
features low curing temperatures (<200 °C) and high optical
transparency, is attractive and can contribute to energy effi-
ciency. In many studies of negative-tone PSPI (n-PSPI), alkaline
catalysts (e.g., heteroaromatic-based," photo-based genera-
tors,'"* or thermal-based generators'*) have been employed to
efficiently reduce the energy barrier of the reactions, enabling
the precursors of PSPI to be cured at a low temperature. Another
alternative is to use diamine monomers with heteroaromatic
groups to facilitate the preparation of low-temperature curable
n-PSPI films." Nevertheless, the incorporation of an excessive
number of heterocycles may have an inevitable impact on the
optical characteristics of normal polyimide films.'® Besides, the
precursors of polyimides, which are always used as matrix
resins in these instances, must undergo structural or chemical
transitions to achieve the desired properties. This process
entails the generation of water vapor or the disruption of the
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Fig. 1

bond between the PI and the crosslinking network, which can
give rise to defects and shrinkage in the films."”

Another promising approach is to utilize soluble PI as the
matrix for PSPIs, obviating the necessity for further intra-
molecular cyclisation during the hardbake process.***®
However, soluble PIs with high transmittance often lack photo-
crosslinking groups, which poses a challenge in developing
efficient photo-crosslinking processes for photopatterning.
Furthermore, the process temperature is primarily concerned
with the complete removal of the casting solvent, with the aim
of ensuring reliability. The commonly used solvents for PSPI
solutions are N-methyl pyrrolidone (NMP) and 1,4-butyr-
olactone (y-GBL).****> However, both have boiling points
exceeding 200 °C, which renders the removal of casting solvents
from the films more challenging at a lower process temperature
(=200 °C)."” Additionally, it is important to note that NMP has
the potential to pose health risks.”® Consequently, the devel-
opment of PSPI systems utilizing soluble PIs with efficient
photosensitive groups, and innocuous green solvents with low
boiling points represents an inevitable trend.

Photoinitiated thiol-ene radical reactions represent an effi-
cient and rapid ligation reaction, providing a powerful
approach for the fabrication of multi-functional materials
through chemical synthesis,>** 3D printing,*® lithographic
patterning,”** and other techniques.** Thiol-ene-based
photoresists possess the advantage over their meth(acrylate)-
based counterparts of being relatively insensitive to oxygen
inhibition.>® Consequently, this circumvents the necessity for
exposure in an inert environment and permits the utilization of
low light intensities. Furthermore, the demand for olefins
extends beyond methacrylates to include vinyl ethers, allyl, and
alkynyl groups, which are also applicable in light-triggered
thiol-ene radical reactions.** Owing to these advantages,
several innovative petroleum-based or bio-based olefinic
monomers have been developed and investigated in previous
studies to enhance the properties of polyimides through thiol-
ene reactions.**®

Magnolol is a natural and safe product extracted from the
bark of Magnolia officinalis.*” The inherent biphenyl-bisphenol
structure of this compound exhibits low symmetry, thereby

3158 | Chem. Sci, 2025, 16, 3157-3167

(@) The main compositions of the PI-3 photoresist, (b) the reaction mechanism of the thiol-ene reaction, and (c) the reaction scheme.

enabling the synthesis of aromatic resins with low regularity
through feasible designs. Besides, the appended allyl groups
can serve as the reaction sites for the preparation of high-
performance resins through the light-triggered thiol-ene reac-
tion. In this work, a novel partially bio-based diamine monomer
(DDBA) was synthesized from magnolol, and polymerized with
commercially available monomers to prepare soluble polyimide
resins. Noteworthily, the preparation of these soluble poly-
imides can circumvent the complicated synthesis process of
traditional photosensitive poly (amic ester) precursors (PAEs),
which are used as the matrix for PSPIs.” Subsequently, the
polyimide photoresists were developed using the combinations
of the as-synthetic polyimide resins containing allyl groups,
photoinitiators, crosslinkers containing sulfthydryl or allyl ether,
and non-toxic solvents (PGEMA) (Fig. 1a). A reliable approach to
photopatterning of photosensitive polyimides was achieved
through the photoinitiated thiol-ene radical reaction, expand-
ing an available way to obtain the new PSPI with excellent
comprehensive properties and high pattern resolution (Fig. 1b
and c¢).*®* The outgassing, transparency, thermal stability,
dielectric and breakdown properties, and photo-patternable
capabilities of the as-prepared PSPI films cured at a low
temperature (180 °C) were investigated through a series of
characterization experiments. This work presents a novel
strategy for the development of bio-based photosensitive poly-
imides with good solubility in non-toxic solvents, superior low-
temperature curing performance, and exceptional lithographic
capabilities. This strategy may broaden the potential applica-
tions of bio-based photosensitive polyimides with high perfor-
mances in the fields of optoelectronics and semiconductors and
is also aligned with the contemporary trend of green and
sustainable development.

Experimental

Materials

4,4'-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA)
and  2,2'-bis(trifluoromethyl)-4,4’-diaminodiphenyl ~ ether
(6FODA) were supplied by China Tech (Tianjin) Chemical Co.,
Ltd and used as received. 2,4,6-Triallyloxy-1,3,5-triazine (TAC),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pentaerythritol tetrakis(2-mercaptoacetate) (TMTM), dicumyl
peroxide (DCP), (4-aminophenyl)boronic acid hydrochloride,
ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate (TPO-L), 4-
bromobenzoyl chloride, magnolol, and 2-acetoxy-1-
methoxypropane (PGMEA) were purchased from Aladdin
Industrial Corporation. Tripotassium orthophosphate (K;PO,)
triethylamine (TEA), tetrakis(triphenylphosphine)palladium
(Pd(PPhj),), trimellitic anhydride, and 2-(tert-butyl)-4,6-
dimethylphenol (TBX) were obtained from Bidepharm. N-
methylpyrrolidone (NMP), tetrahydrofuran (THF), N,N-dime-
thylacetamide (DMAc), dichloromethane (DCM), ethyl acetate
(EA), N-vinyl-2-pyrrolidinone (NVP), and pyridine (Py) were
bought from J&K Scientific and used as received. All other
common solvents were of analytical grade and used without
further purification.

Synthesis of 5,5'-diallyl-[1,1-biphenyl]-2,2'-diyl bis(4’-amino-
[1,1'-biphenyl]-4-carboxylate) (DDBA) and its intermediate
products

The detailed synthetic procedure and characterization are
illustrated in the ESLt

Preparation of polyimide resins

The polyimides were prepared by a two-step process. Taking PI-
2 as an example, to a solution of DDBA (5.0000 g, 7.61 mmol)
and 6FODA (2.5596 g, 7.61 mmol) dissolved in anhydrous NMP
solution (57 mL), trimellitic anhydride (0.3655 g, 1.90 mmol)
and 6FDA (6.3410 g, 14.27 mmol) were added to obtain a solu-
tion with a solid content of approximately 20 wt%. After stirring
for about 12 h at room temperature under argon conditions,
a poly(amide acid) (PAA) glue was obtained. Subsequently,
acetic anhydride (4.02 mL) and pyridine (1.73 mL) were added.
After stirring for the next 24 h, the mixed solution was precip-
itated in 2 L of deionized water and ethanol (7/3, V/V) and
washed three times with ethanol. Finally, the above precipitate
was dried at 80 °C under vacuum to obtain the PI powders.

Similarly, other PI resins were prepared using the same
method to PI-2 resins, except that the molar ratio of DDBA/
6FODA was changed, resulting in PI-1(0/100), PI-2(50/50), PI-
3(65/35), and PI-4(80/20), respectively.

Photopatterning of PSPI films

In a 100 mL flask equipped with a magnetic stirrer, synthetic PI
resins (10.00 g) were dissolved in PGEMA (20.55 g). Then, TPO-L
(0.40 g), antioxidant TBX (0.08 g), TAC (1.00 g), TMTM (0.90 g)
and DCP (0.30 g) were dissolved with stirring for 8 h to obtain
a homogeneous solution at about 30 wt% concentration. The
above solution was filtered through a 2 pm Teflon filter prior to
use.

The PSPI solutions were coated onto a silicon wafer at room
temperature and then soft baked at 70 °C for 2 min. The wafer
was maskless exposed to 380 nm light with an exposure time of
200 ms. Substrates can be developed with PGEMA (24 s) and
rinsed in ethyl alcohol (10 s) at about 25 °C to obtain the photo-
pattern of PI films. Finally, the wafer was baked in a low
temperature process at 180 °C for 1 h in a nitrogen environment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to remove the residual solvents. The cured PI films were named
C-PI-1, C-PI-2, and C-PI-3, according to the soluble polyimide
resin used.

Results and discussion
Synthesis and characterization of the polyimide resins

The diamine monomer (DDBA) was accessed from the bio-
based monomer magnolol in decent yields. The synthetic
routes and specific characterization results are detailed in
Fig. 2a, S1 and S10 (ESI).t The general synthetic route for the
partially bio-based polyimides is illustrated in Fig. 2b. Four
types of polyamide acid solutions (PAAs) were prepared by
polymerizing commercially available dianhydride 6FDA with
diamines, tailoring the feed molar ratios of DDBA and 6FODA
monomers. Meanwhile, trimellitic anhydride was used as an
end-capping agent to control the molecular weight. The ob-
tained PAAs were then chemically imidized by mixing acetic
anhydride with pyridine. The successful synthesis of the
partially bio-based PI resins was confirmed by FT-IR and NMR
analysis (Fig. S11 and S16, see the ESI for detailst). Traditional
photosensitive PAEs were developed using anhydride and
alcohol with the photosensitive group forming a diacid diester,
which subsequently reacted with a diamine after acyl chlori-
nation.>'* Different from the traditional complicated synthesis
process of photosensitive PAEs, the process for the preparation
of these bio-based polyimides, containing allyl groups (serving
as the photosensitive group), is relatively mild.

The poor solubility and processability of conventional rigid
polyimides have severely limited their wide applications. This is
due to the tighter chain stacking of these materials, which
prevents solvent molecules from penetrating. The incorporation
of low-polarity fluorine atoms or monomers with large steric
hindrance has been demonstrated to be an efficacious approach
for improving the solubility of polyimides.*® Given that DDBA is
a fluorine-free diamine monomer, it is essential to investigate
its molecular planarity prior to conducting a dissolution
experiment on synthetic polyimide resins. The theoretical
calculation demonstrated that DDBA displayed more non-
coplanar characteristics than 6FODA (Fig. S17, ESIt). Reason-
ably, all samples in this work were found to be soluble in
common organic solvents (e.g. NMP, DMAc, THF, and DCM),
and even NVP, a reactive diluent for the solvent-free preparation
of photocurable resins*’ (Table S17). Specifically, all the samples
except PI-4 were soluble in PGEMA and EA (non-toxic solvents)
at room temperature. This result is encouraging for the devel-
opment of polyimide coatings using environmentally friendly
and innocuous solvents. Therefore, the following series of
discussions will focus on polyimide coatings with the PGEMA-
based solvent.

To investigate the impacts of different backbones on the
chemical functionalization and various physical properties of
the as-prepared PIs, the number-average molecular weight (M,,)
of all PIs was controlled at about 2.5 x 10* g mol™*. M, was
measured in the range of 2.77-3.02 x 10" ¢ mol™" with the
polydispersity indices (PDI) between 1.32 and 1.34 (Table S17).
The intrinsic viscosity (n) of the synthetic polyimides spanned

Chem. Sci., 2025, 16, 3157-3167 | 3159
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the range of 0.25-0.35 dL g~ (Table S1t). Such a low 5 of the PI  crosslinkers, and other additives in a certain ratio. The litho-

solution minimizes loss during filtration, facilitates good graphic patterning of the PSPI films was obtained by photo-
spreading and wettability during the spin-coating process, and initiated thiol-ene radical reactions, after which the UV-

enhances the formation process to improve film quality. exposed films were baked at 180 °C for one hour to remove
the residual solvent and to carry out further crosslinking. The
Preparation and characterization of the cured PSPI films C=C double bond, with a specific absorption at approximately

1637 cm™ ' in FT-IR spectroscopy, can be monitored to deter-

The PSPI solutions were prepared by combining the soluble P1 mine the extent of the reactions.* As shown in Fig. S18a (ESI), T
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Fig. 3 Three-dimensional FT-IR spectra, the corresponding absorption spectra, and the functional group profiles (FGP) of the escaping gas
during heating processes: the PI-3 used (a—c) PGEMA and (d—f) NMP as solvents after curing at 180 °C for 1 h.
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the absorbance of C=C of C-PI-3 decreased dramatically after
exposure and almost disappeared after further heating, con-
firming the formation of the cross-linked network structure.
The results were further supported by the chemical resistance of
the cured PSPI films. As shown in Table S2,1 C-PI-2 and C-PI-3
had no obvious thickness change before and after the chemical
resistance experiment, indicating good chemical stability. In
addition, the three cured PI films showed a broad peak in X-ray
diffraction measurements, which indicated the amorphous
structure of the C-PI films (Fig. S18b, ESI}). The above results
showed that the incorporation of DDBA in soluble polyimide
enabled the formation of a cross-linking structure between the
PI-3 and crosslinkers under UV exposure, which is a prerequi-
site for lithography.

Outgassing of the cured PSPI films

To investigate the components escaping from the UV-exposed
wet film of C-PI-3 during the post-drying stage (180 °C),
thermogravimetry-infrared (TG-IR) measurement was carried
out with a heating rate of 10 °C min~" and kept at 180 °C for 1 h
under a nitrogen atmosphere. The three-dimensional FT-IR
spectra, Gram-Schmidt (GS) curves, and functional group
profiles (FGP) are shown in Fig. S19 (see the ESI for details).t
The result demonstrated that only solvent (PGEMA) volatilized
during the post-curing process in the UV-exposed wet film of C-
PI-3. Noteworthily, conventional photosensitive PAEs were
accompanied by the release of solvents, water or crosslinked
groups during the high-temperature imidization processing,*
which caused the cured films to shrink. In contrast, C-PI-3
exhibited a notable low-temperature curing performance (180 °©
C). In this case, the absence of structural transitions in imidized
PI-3 and the retention of crosslinkers in C-PI-3 were conducive
to the production of a high-quality film.

The aim is to use the innocuous solvent PGMEA to produce
PSPI solutions instead of toxic solvent NMP, which is the
common solvent used in traditional PSPI solutions. To compare
the solvent residue, we used both PGEMA and NMP to sepa-
rately dissolve PI-3 resin and other additives to prepare PSPI
solutions, abbreviated as the PGEMA system and the NMP
system. Then, both the UV-exposed wet films were kept in an
oven at 180 °C in a nitrogen atmosphere for 1 h, after which the
TG-IR experiments were carried out from room temperature to
330 °C at a rate of 10 °C min™"'. In Fig. 3a and d, both three-
dimensional FT-IR spectra showed the characteristic absorp-
tion of the H,O and CO, before 150 °C due to the test envi-
ronment and the water absorption of the cured films. However,
new absorption peaks were found simultaneously in both
systems when the temperature was above 150 °C, and the cor-
responding absorption spectra of the escaping gas are partially
shown in Fig. 3b and e. There was a good correspondence
between the absorption spectra of the escaping gas at 210 °C
and that of the pure PGEMA. Subsequently, the FGP curves
determined using the wavenumbers of the region between 1217
and 1254 cm ™! can be used to show that the escape of PGEMA
occurred in the temperature range of 150 °C to 240 °C (Fig. 3c).
Besides, the absorption peaks between 2126 and 2257 cm ™"

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The TGA curves of C-PI-3 prepared using different solvents
after curing at 180 °C for 1 h (red: PGEMA and green: NMP).

appeared at 270 °C, corresponding to the specific absorption of
CO. According to the FGP curves determined using the above
wavenumbers, it was found that this absorption occurred after
approximately 240 °C, indicating the onset of thermal decom-
position. In conjunction with the analysis of FGP curves, the GS
curves can be divided into two parts (Fig. S20a, ESIT). The initial
peak observed between 150 °C and 240 °C can be attributed to
the absorption peaks of PGEMA, while the subsequent peak
occurring at temperatures exceeding 240 °C was indicative of
the absorption of decomposition products. Similarly, the NMP
system can also be analyzed using the above approach. The
difference in the results for the NMP system is that the initial
peak in the GS curves was due to the absorption of NMP gas
(Fig. S20b, ESIt).

Thereby, the process of weight loss can be divided into three
main parts [I] - (35-150 °C), [II] - (150-240 °C) and [III] - (240-
330 °C) in the TGA curves (Fig. 4). The weight loss of the sub-
process [I] was attributed to the desorption of water from the
films. The sub-process [II] corresponded to the weight loss of
the residual solvent of the films, while both films began thermal
decomposition at above 240 °C. The residual solvents in the
PGEMA system can be calculated to be approximately 0.92 wt%
by weight, and in the NMP system, around 1.94 wt%. The results
indicated that higher reliability of the cured films was achieved
in the PGEMA system after the low temperature process.

Optical properties

In contrast to conventional photosensitive PAEs, the imidized
photosensitive PI resin does not necessitate a high-temperature
post-curing procedure, which is pivotal to prevent any deterio-
ration in optical properties of the cured films. As shown in
Fig. 5a and Table S1 (ESI),} the cut-off wavelength (4,) and
average visible light transmittance (AVT) from 400 to 780 nm of
the PI films with 9 + 1 pm thickness were 323-342 nm and 89.2—
92.9%, respectively. The transparency of PI is enormously
influenced by intramolecular and intermolecular charge trans-
fer interactions (CTC).** To gain further insights into the
influence of intramolecular CTC, time-dependent density

Chem. Sci., 2025, 16, 3157-3167 | 3161
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Table 1 Optical and thermal properties of the cured PSPI films

Sample A® (nm) AVT? (%) T,  (°C) CTE? (ppm K7Y) E'° (MPa) ve (mol cm?) Tqs' (°C) Char yield® (wt%)
C-PI-1 335 89.7 274 72.20 2.8 — 326 38.9

C-PI-2 342 87.3 272 70.64 43.6 1.6 x 103 354 42.7

C-PI-3 341 87.8 284 61.82 162.3 5.8 x 10 371 45.8

“ Cut-off wavelength. ? Average visible light transmittance (400-780 nm) of PSPI films with 12 & 1 um thickness. © Glass transition temperature was
determined from the maximum tan delta values in DMA tests at a heating rate of 3 °C min . ¢ Coefficient of thermal expansion (CTE) ranging from
50 to 180 °C was calculated by TMA at a heating rate of 10 °C min™". ¢ Storage modulus at the viscous state, measured by DMA at the temperature of

Ty + 40 °C. f Measured by TGA with 5% weight loss in nitrogen. & Residual weight percentage at 800 °C was measured by TGA in nitrogen.
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(a) UV-vis spectra of the PI films, (b) the simulated absorption spectra of model compounds, (c) the molecular models of MC-6FODA and

MC-DDBA, the repeating unit was terminated with trimellitic anhydride (gray, white, red, blue, and cyan balls represent C, H, O, N, and F atoms,
respectively), (d) the RDFs between one selected N atom of the imide ring and all C atoms of the carbonyl groups, (e) polymer simulation models
of MC-PI-1, MC-PI-2, and MC-PI-3, and (f) UV-vis spectra of the cured PSPI films.

functional theory (TD-DFT) calculations were performed on the
model compounds, abbreviated as MC-6FODA and MC-DDBA,
in order to obtain the simulated UV-vis absorption curves
(Fig. 5b, ¢ and Table S37). The results demonstrated that MC-
6FODA showed absorption peaks at shorter wavelengths in
comparison to MC-DDBA, indicating that the former displayed
a weaker intramolecular CTC. Subsequently, the calculations of
radial pair distribution functions (RDFs) were carried out to
investigate the impact of intermolecular CTC.*** Fig. 5d and e
illustrate the temporal development of the C-N distances for
one selected N atom of the imide ring and all C atoms of the
carbonyl groups, and polymer simulation models of MC-PI-1,
MC-PI-2, and MC-PI-3. The MC-PI-1 model represented 10
chains of PI-1 with 30 repeating units, terminated with tri-
mellitic anhydride, which were randomly positioned within
a cubic box. The mean density of the C atoms on the carbonyl
group within the box was observed to decrease with the
replacement of 6FODA by DDBA within 0.75 nm distance of the
selected N atoms (directly connected N-C combinations have
been excluded). To further elucidate, the incorporation of DDBA

monomers with relatively non-coplanar structures can

3162 | Chem. Sci, 2025, 16, 3157-3167

potentially loosen chain packing and diminish the intermo-
lecular CTC between PI chains. In other words, 6FODA improves
the light transmittance of PI through the electron absorption
effect, while DDBA affects the transparency through the
increase in free volume caused by the stereoscopic effect. The
experimental results demonstrated that the transmittance
decreases slightly with the increase of DDBA, so the electronic
effect is greater than the stereoscopic effect.

Nevertheless, the transparency of the cured PSPI films was
somewhat inferior to that of the resin itself, with the AVT ranges
of 87.3-89.7% (Fig. 5f and Table 1). This discrepancy may be
attributed to the formation of by-products after the decompo-
sition of the initiator. In short, the low-temperature curable
PSPI films displayed excellent optical transparency, demon-
strating compatibility with thermally sensitive and optical
devices.

Thermal properties and dimensional thermal stability

Thermal stability, dimensional stability and thermomechanical
properties are the most essential properties for polyimide films

© 2025 The Author(s). Published by the Royal Society of Chemistry
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used in electronics and other applications where the films are
subjected to extensive temperature excursions.** As illustrated
in dynamic mechanical analysis (DMA) thermograms (Fig. 6a
and b), the storage modulus at the viscous state (E') of C-PI-1
was close to 0 MPa, which was attributed to the plasticizing
effect of an aliphatic thioether structure blended into the PI
phase without interaction. However, the storage modulus of C-
PI-2 and C-PI-3 exhibited a rubbery plateau with approximate
values of 43.6 MPa and 162.3 MPa, respectively. The above
results indicated that the concentration of covalent bonds was
the highest in C-PI-3, while the non-bonding interaction
became weak at such high temperature.*® As shown in Table 1,
the calculated cross-linking density (ve) of C-PI-3 was higher
than that of C-PI-1 and C-PI-2, resulting in the highest T, (284 °©
C) among the cured PSPI films.

As the concentration of crosslinking combinations between
the polyimide and crosslinkers increased, the values of the
coefficient of thermal expansion (CTE) dropped from 72.20 to
61.82 ppm K, representing a decrease in CTE of about 17%
(Fig. 6¢c and Table 1). The obvious decrease was attributed to the
constraints of the main PI backbones passing through the
crosslinking reactions.** As illustrated in the TGA curves
(Fig. 6d), the volatiles before 400 °C are any thermally degraded
products from crosslinkers and photoinitiators in addition to
water and solvents. This is particularly significant for poly-
imides cured in a low temperature process. The decomposition
temperature at 5% weight loss (Tgs) of the cured PSPI films was
found to be 326-371 °C. The results demonstrated that the
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(c) TMA curves, and (d) TGA and DTG curves of the cured PSPI films.
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thermal stability of cured PSPI films was improved when the
polyimide participated in the formation of the crosslinking
network. Furthermore, a significant difference in the DTG
curves of the samples was observed up to 400 °C. This was
mainly attributed to the fact that in C-PI-3 with higher ve, more
aliphatic crosslinkers were connected to the aromatic backbone
by chemical bonds, delaying the thermal degradation and
making the release of these thermal decomposition products
more difficult.””

Water absorption, electrical and mechanical properties

The water absorption and electrical properties of PSPI insu-
lating materials are important to guarantee the efficiency and
long-term reliability of optical devices. The values of saturated
water absorption capacity at 95% RH and 25 °C are listed in
Table 2, in the range of 1.27% to 1.62%. Meanwhile, the cured
PSPI films also exhibited satisfactory dielectric properties,
which were due to the low water absorption. The dielectric
factor (Dy) values of the cured PI films at 10 GHz (50% RH, 25 °C)
were found to be 0.0095-0.0103, and the dielectric constants
(Dy) were less than 3.0 (Table 2). The water absorption and
dielectric properties of the cured PSPI films were inextricably
linked to the chemical structure and the aggregation form of
molecular chains (see Fig. S21a and b, ESI for detailst). Never-
theless, despite the inclusion of polar additives, the low-
temperature cured films in this study exhibited a diminished
capacity for water absorption and a comparable dielectric
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(a) DMA curves (storage modulus and tan delta versus temperature), (b) zoomed-in regions of DMA curves, ranging from 250 °C to 330 °C,
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Table 2 Water absorption, electrical and mechanical properties of the cured PSPI films

Dielectric

properties at 10

GHZ?

Water Breakdown Tensile Tensile Elongation at

Sample absorption” (%) Dy Dy strength® (kv mm ") strength (MPa) modulus (GPa) break (%)
C-PI-1 1.27 2.90 0.0095 283 102.0 £ 6.9 2.8 £0.2 4.8 £0.5
C-PI-2 1.62 2.90 0.0103 358 97.4 £ 6.8 2.3 +0.1 6.9 £ 0.8
C-PI-3 1.46 2.93 0.0096 381 92.1 £ 3.3 2.0 £ 0.1 71 +£0.8

¢ Maximum water absorption was measured by the gravimetric method on vacuum & dynamic vapor/gas sorption equipment and was recorded at
95% RH, 25 °C. ” Measured at 50% RH, 25 °C. © Measured by AC at room temperature in silicone oil.

property profile when compared to partially non-photosensitive
PI films.”** As shown in Table 2 and Fig. S21c, Weibull
breakdown strength (E,) increased dramatically at room
temperature from 283 kV mm ™' for C-PI-1 to 358 and 381 kV
mm~" for C-PI-2 and C-PI-3, respectively. The enhancement of
breakdown strength was attributed to the intermolecular
crosslinking structure between PI modified by allyl side groups

o
N N

Coating & Prebaking

(b)

(@)

Maskless exposure

(c)

C

l

b

©)

(h)

PSPI film

\’.V\
)

Dust

QD

and the curing agents in C-PI-2 and C-PI-3, which was more
conducive to decreasing electrical conductivity.>***

The tensile strength at break of the cured PSPI films was
measured in the range of 92.1-102.0 MPa, the tensile modulus
was 2.0-2.8 GPa, and the elongation at break was 4.8-7.1%
(Table 2 and Fig. S22, ESIT). Noteworthily, the cured PI films in
this study displayed comparable mechanical properties with

/ PSPI

Substrate

(
7

Development Curing

(d)

(2

1.0 nm

-1.0 nm

Fig. 7 Patterned thiol-ene click-based PSPI films. (a) The process of lithographic patterning. Photo images of lithographic patterns from (b) C-
PI-1, (c) C-PI-2, and (d) C-PI-3. (e) SEM image and EDS mapping (C element (f) and Si element (g)) of the lithographic pattern from C-PI-3, the
holes are 5 um in diameter. (h) Surface SEM image (the dust on the PI film was selected as the focusing point), (i) planar and (j) stereogram (45°)
AFM images of C-PI-3.
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those of previously reported petroleum-based or bio-based
polyimides.®*** This result indicated that the bio-based
diamine (DDBA) possessed inherent stiffness. Moreover, C-PI-
3 with higher cross-linking density exhibited lower tensile
strength, probably due to the uneven strength support of the
network chains with high cross-linking site content.*®

Photolithographic formability properties

Lithography plays an important role in the manufacture of
integrated circuits and the processing of semiconductors.
Photosensitive polyimide can be directly patterned and then
retained on the device as the principal insulating dielectric
material, which greatly simplifies the packaging process. Fig. 7a
illustrates the lithography process of the negative type of PSPI.
In this process, UV-exposed regions undergo chemical cross-
linking through photoinitiated thiol-ene radical reactions. As
shown in Fig. 1b, TPO-L is capable of absorbing light energy and
subsequently cleaving to produce trimethylbenzoyl and phenyl-
ethoxy-phosphonyl radicals with high initiating activity. Thiyl
radicals are produced when sulthydryl groups are affected by
the above radicals. Subsequently, two different reaction cycles
are possible, which involve alternation of chain transfer and
propagation, as well as chain-growth mechanisms. The above
mechanism is relatively insensitive to oxygen inhibition in
comparison to the photo-triggered methacrylate radical reac-
tions.” The cross-linking structure in UV-exposed regions can
resist the effects of developer etching. Conversely, unexposed
regions dissolve directly in the developing solutions. Finally, the
designed pattern is obtained after a post-curing process.

Fig. 7b-d present the photo images of the lithographic
patterns from the samples, which were based on the photo-
initiated thiol-ene radical reactions. It was evident that the C-
PI-1 lacked a lithographic pattern, which was attributed to the
absence of a cross-linked network between soluble PI-1 and
crosslinkers after UV exposure. In contrast, C-PI-2 and C-PI-3
with about 2.5 pm thickness showed excellent photosensitivity
with a resolution of 5 um (line). The result demonstrated that
the incorporation of DDBA in soluble fluorinated polyimide
enabled the achievement of its lithographic performance
through photoinitiated thiol-ene radical reactions. Meanwhile,
the incorporation of DDBA at a ratio of 50 mol% diamine
monomers can cause substantial alterations in the solubility of
the PI resins after UV exposure. Furthermore, the EDS mapping
of C and Si elements showed a uniform distribution in the
lithographic C-PI-3 sample with a resolution of 5 pm (via), as
shown in Fig. 7e-g. The surface morphology of C-PI-3 was
investigated using SEM and AFM, as illustrated in Fig. 7h-j. C-
PI-3 exhibited excellent flatness with a low roughness R, of
0.21 nm, which facilitated the manufacture of higher chip
encapsulation densities. The curing temperature and the
maximum resolution of C-PI-3 exhibited superior performance
in comparison to other reported PSPI materials (Table S47).
Overall, C-PI-3 exhibited excellent photolithographic, low-
temperature curable, and high transparency properties. The
results demonstrated favorable potential for the utilization of
bio-based DDBA as a diamine to synthesize soluble polyimides

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for use in innocuous solvent-based PSPI formulations,
providing a way for further advancements of innovative mate-
rials in high-performance PSPI systems.

Conclusions

In summary, a novel bio-based diamine monomer (DDBA) was
successfully synthesized from magnolol, which possesses
a unique asymmetric aromatic structure and a multitude of
modifiable reaction sites, including phenolic and allyl groups.
The DDBA was then polymerized with fluorinated monomers at
different ratios to prepare three soluble polyimides (PI-1, PI-2,
and PI-3). The partially bio-based photosensitive polyimide
solutions were developed using the as-synthesized polyimides
as a base, TMTM and TAC as crosslinkers, innocuous PGEMA as
a solvent and TPO-L as a photoinitiator. The results of the TG-IR
measurement showed that the sole ingredient (solvent, PGEMA)
was volatilized from the UV-exposed wet film (C-PI-3) during the
hardbake process. After curing at 180 °C for 1 h, C-PI-3 exhibited
a low solvent residue of 0.92 wt%, which was lower than that of
the cured films in which only the PGEMA was replaced by NMP.
The results showed that with the increase in DDBA diamine
molar content, the comprehensive properties of the cured films
were improved. C-PI-3 exhibited high transparency (an AVT
value of 87.8%), excellent thermal and electrical performances
(Ty = 284 °C, Dy = 2.93, Dy = 0.0096 (10 GHz), and breakdown
strength up to 380 kv mm ™). Moreover, C-PI-3 also exhibited
exemplary photolithographic formability properties with
a resolution of 5 um, based on photoinitiated thiol-ene radical
reactions. In short, our findings highlight the application
potential of bio-based DDBA and light-triggered thiol-ene
radical reactions in photolithography, providing a feasible and
reliable strategy for the structural design and photopatterning
approach of photosensitive soluble polyimide materials. C-PI-3
with low-temperature curability, high transparency, and excel-
lent photolithographic properties holds great potential as an
environmentally friendly photosensitive coating material, pre-
senting great attractiveness for employment in optoelectronics
applications.
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