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Abstract

Polyimides (PIs) play a crucial role in modern electronics, especially in flexible printed circuit boards (FPCBs). However, these
FPCBs are vulnerable to physical damage, which can compromise the copper wiring. To protect this wiring, encapsulation with
resin is commonly used. Traditional UV-curable resins, however, are ineffective due to the UV opacity of PI films, which hinders
proper curing. In this study, we present an advanced multicomponent photoinitiating system, activated by visible light, that enables
rapid and deep curing of acrylic resins even through UV-opaque PI films. This system, which integrates camphorquinone/amine (a
well-established type II system) with a highly efficient triplet-generating photoredox catalyst and coinitiators, offers exceptional
curing speed and depth. When tested on a real FPCB, the system achieved a curing depth exceeding 1 cm within just 10 s under 480
nm LED light, highlighting its practical value for intricate FPCB designs. We believe that this system will play a key role in a variety
of applications that require fast and deep photocuring, such as 3D/4D printing.
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Introduction

Polyimides (PIs) are high-performance polymer materials, highly esteemed for their excellent thermal stability, mechanical and
chemical resilience, and electrical insulation, making them ideal for harsh environments'2. These properties render PI essential in
modern electronic devices®*. Their remarkable thermal stability, in particular, makes them fundamental for mounting heat sinks in
high-performance smartphones and mobile devices, addressing thermal issues>®7%. In the electric vehicle sector, Pls are used as
thermal management materials for batteries, preventing issues such as fires and contributing to sustained high performance®.
Additionally, PI can achieve low dielectric constant through appropriate molecular structural optimization, which is beneficial for
minimizing data loss in high-speed communication equipment like 5G!®!!12, PIs are particularly essential for flexible printed circuit
boards (FPCBs) in modern electronic products with complex structures due to their high flexibility'>!. These boards feature intricate
copper (Cu) wiring patterns to transmit electrical signals, with PI films serving as supporting substrates and insulators, ensuring that
electricity flows along the intended circuit path (Fig. 1a). The high flexibility and stress resistance of PI films allow them to be
easily bent, folded, and shaped into intricate forms, thereby maximizing space utilization'>'%!”. However, issues arise when the
FPCB, particularly in sections that are bent and exposed, is subjected to physical impact, which can deform the FPCB and damage

the Cu wiring.

Wrapping the Cu wiring in these bent sections with a resin possessing excellent mechanical properties can protect them from
physical impact and deformation'8. However, conventional UV-curable resins are unsuitable for this purpose because the UV opacity
of the PI film prevents curing of the resin located inside (Fig. 1b)!*%, While thermal curing is an alternative, it risks damaging other
components and is slower than photocuring, making it less preferred in the industry?'. We hypothesize that this issue can be resolved
by using a photoinitiation system that operates efficiently under visible light, which can penetrate the UV-opaque PI film. However,
to date, no study has been reported on an optimized visible-light initiation system designed for photocuring through UV-opaque PI

films.

We here present a multicomponent photoinitiating system that allows rapid and deep photocuring of acrylic resins through UV-
opaque PI films under blue LED irradiation. To achieve our objectives, we employed a following strategy: i) We utilized
camphorquinone/amine, a well-established type II photoinitiating system already commercialized, as the primary photoinitiator. ii)
To address the challenges of slow curing speed and inadequate curing depth inherent to this camphorquinone/amine, we incorporated
a mixture of the 4DP-IPN/borate/iodonium, a recently developed high-efficiency photoredox catalyst-based photoinitiating system.
Our analysis revealed that this multicomponent system demonstrated superior initial curing speed and conversion under blue LED
irradiation. It significantly outperformed the individual use of camphorquinone/amine or 4DP-IPN/borate/iodonium in terms of
initial curing rate, conversion and curing depth. Mechanistic studies suggest that this superior performance is driven by efficient
Dexter-type energy transfer between 4DP-IPN and camphorquinone, as well as electron transfer between camphorquinone and
borate/iodonium. When applied to an actual FPCB, the system achieved a curing depth of over 1 cm in just 10 seconds under intense
480 nm LED irradiation (1000 mW/cm?), confirming its practical utility for high-curvature FPCB applications. We believe that this

system will play a key role in a variety of applications that require fast and deep photocuring, such as 3D/4D printing.

RESULTS AND DISCUSSION

Design of the system

The advent of energy-efficient, narrow spectral width LED-based light sources has enabled effective photocuring in both the visible
2
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and UV ranges??23, Visible-light curing, in particular, overcomes the limitations of conventional UV curing, such as low cure depth
due to high UV-absorption/-scattering in most materials, and potential harm to DNA and cells?25262728 Consequently, there has
been a significant increase in interest in photoinitiating systems activated by visible-light over the past decade, leading to their use

in various applications such as dental resins, 3D/4D printing, coatings, adhesives, paints, sealants, and resist materials?®30.31.32.3334

In visible-light curing, an efficient photoinitiation system is essential. A notable example is the camphorquinone/amine system, a
type Il curing agent commercialized in the 1970s (Fig. 1¢)%%:37383940 This system absorbs light at 468 nm, enabling it to cure
through polyimide. However, its slow initial reaction speed, due to limited rate of hydrogen abstraction, poses a drawback.
Increasing the amount used to enhance the reaction speed results in decreased curing depth*!. In contrast, type | systems, such as
BAPO and TPO (phosphine oxides), offer faster curing speeds and have been commercialized for various applications (Fig. 1c).
Despite their advantages, these systems struggle to cure through polyimide because their absorption is insufficient at around 420
nm (Supplementary Fig. 6). For such applications, type | systems with longer absorption wavelengths are required. Although several
new systems have been developed recently*?, they often involve relatively complex synthesis processes. Moreover, for type |
photoinitiators, the decomposition rate is critical; a slower rate requires higher concentrations for rapid curing, which reduces light
transmittance and limits curing depth. Additionally, it lacks oxygen tolerance compared to camphorquinone/amine or photoredox

catalyst-based photoinitiating systems*344,

Recently, numerous studies have focused on visible light curing systems composed of photoredox catalysts and coinitiators*®46:47:48,
Our team has developed several such systems based on cyanoarene-based photoredox catalysts*:5051:525354 syccessfully applying
them to a range of organic reactions and polymerizations®°>’, Originally proposed by the Adachi group as thermally activated
delayed fluorescence (TADF) emitters for high-efficiency OLED applications®, cyanoarene-based donor-acceptor molecules can
be customized to optimize various photoredox reactions, as their redox potential is easily controlled by adjusting the donor and
acceptor components®®°, Cyanoarene-based materials are particularly efficient because they utilize a long-lived triplet excited state,
enabling photoredox catalysts to proceed efficiently even in very small amounts. This makes them ideal for photocuring resins that
require transparency or deep curing. A representative cyanoarene-based catalyst, 4DP-IPN, absorbs light up to 500 nm and has an
excited-state triplet lifetime exceeding 100 us, making it an excellent visible-light photocatalyst (Fig. 1d, e)®%. Our recent study
demonstrated that when iodonium and borate are used as coinitiators, electron transfer with 4DP-IPN is rapid, forming an effective

photoinitiation system for visible light®2.

Building on these findings, we combined camphorquinone/amine as a primary photoinitiator with a mixture of 4DP-
IPN/borate/iodonium to address issues of slow curing speed and inadequate curing depth. We selected ethyl 4-
(dimethylamino)benzoate (EDB) as the amine to prevent cross-reaction with the 4DP-IPN/borate/iodonium system and ensure
sufficient oxygen tolerance. The acrylic resin used for evaluation was a mixture of bisphenol A-glycidyl methacrylate (Bis-GMA)
and N,N-Dimethyl acrylamide (DMAA) in a 60:40 weight ratio (Fig. 2a). This combination was chosen for its excellent mechanical

properties, making it ideal for protecting FPCBs®,

Kinetics of photocuring in multicomponent systems

Each photoinitiating system was initially optimized through kinetics monitoring (Fig. 2b—d). For kinetics experiments, films were
prepared by coating an acrylic resin containing each photoinitiating system between two silicone-treated 100 um thick polyethylene
terephthalate films (Youngwoo Trading) to a thickness of 50 um. These films were then cured using a 450 nm LED lamp at an
intensity of 10 mW/cm? (Fig. 2a). The conversion was analyzed using FT-IR spectroscopy by measuring the decrease in the C=C
double bond at 790 cm™ of the acryl group, relative to the C=0 bond at 1720 cm™, which remains unaffected by the curing process.
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To optimize the amount and ratio of the catalyst and each co-initiator in the 4DP-IPN/borate/iodonium system, a photocuring
experiment with acrylic resin was conducted. The kinetics were monitored by varying the PC content (10, 25, 50 ppm) while
maintaining the borate and iodonium contents at 3000 ppm and 5000 ppm, respectively (Fig. 2b). The results indicated that the
initial conversion rate increased with higher PC content, with no significant difference between 25 ppm and 50 ppm. Subsequently,
the PC content was fixed at 25 ppm, and the kinetics was compared by varying the borate and iodonium contents (Fig. 2c). The
results showed that the initial rate increased with higher co-initiator content, with minimal difference between the conditions of
borate 1800 ppm, iodonium 3000 ppm, and borate 3000 ppm, iodonium 5000 ppm. Thus, the optimal conditions were determined
to be 4PD-IPN 25 ppm, borate 1800 ppm, and iodonium 3000 ppm.

Subsequently, the CQ/EDB system was evaluated, with the kinetics monitored by varying the CQ content while keeping the EDB
content at six times the molar amount of CQ (Fig. 2d)®. As the CQ concentration increased, both the initial reaction rate and the
final conversion improved. The initial rate, however, was considerably slower than that of the 4DP-IPN/borate/iodonium system,
although the final conversion was slightly higher. Under optimized conditions, the 4DP-IPN/borate/iodonium system achieved
approximately 60% conversion within 10 seconds, after which no further conversion occurred despite prolonged curing. In contrast,
the CQ/EDB system reached around 20% conversion in 10 seconds and approximately 80% conversion in 300 seconds at a CQ

concentration of 4000 ppm.

As anticipated, the two systems exhibited distinctly different kinetics. The 4DP-IPN/borate/iodonium system displayed a rapid
initial rate but quickly reached saturation. In contrast, the CQ/EDB system had a slower initial rate but continued to increase
gradually until saturation. To harness the advantages of both photoinitiating systems, a multicomponent system was proposed. This
system comprised a 4DP-1PN/borate/iodonium component reduced to one-third of its original concentration (PC 10 ppm, borate
600 ppm, and iodonium 1000 ppm) and a CQ/EDB component halved in concentration (CQ 2000 ppm, EDB 12000 ppm). As shown
in Fig. 2e, the combined system exhibited an initial rate as rapid as the 4DP-IPN/borate/iodonium system. As the curing time
progressed, the conversion rate increased gradually, akin to the CQ/EDB system. These Kinetic patterns are expected to meet the
practical requirements for both rapid and thorough curing. Additionally, this approach is economically advantageous, as it

significantly reduces the need for the relatively expensive 4DP-IPN/borate/iodonium component.

Photocuring penetrated through PI film using the multicomponent system

Next, we investigated the efficacy of the developed multicomponent photoinitiating system in penetrating PI film to effectively cure
acrylic resin. For the kinetics experiments, an acrylic resin with a photoinitiation system was coated between two 100 pm thick
silicone-treated PET films to produce a 50 um thick film (Fig. 2a). A 25 um thick DuPont™ Kapton® PI film was then placed on
top, and a photocuring experiment was conducted using a 450 nm LED lamp at an intensity of 10 mW/cm2. As expected, a significant
decrease in curing speed was observed due to the PI film's transmittance of approximately 0.35% at 450 nm. Under optimized
conditions, the multicomponent photoinitiating system achieved about 30% conversion in 60 seconds and 60% conversion in 300
seconds (Fig. 2f). This was still much faster than the 4DP-1PN/borate/iodonium system or the CQ/EDB system.

To further increase the curing speed, we switched the light source to 480 nm, where the photoinitiating system has higher absorption
and the PI film shows better transmittance (approximately 7.3% at 480 nm). As anticipated, the multicomponent system's initial
curing speed was significantly higher with the 480 nm light source, achieving approximately 55% conversion in 60 seconds, and
again surpassing the 4DP-1PN/borate/iodonium and CQ/EDB systems (Fig. 2g). In summary, a light source of 450 nm results in
substantial light blockage by the P1 film, leading to slower curing speeds compared to when no PI film is present. However, using

a 480 nm LED and increasing light source intensity with the multicomponent photoinitiating system can achieve a curing speed

4
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suitable for practical applications.

Curing depth assessment of resin

FPCBs can be bent into various curvatures based on the shape and position of the electronic substrate, increasing the required
distance for resin curing as the curvature grows (Fig. 1b). This elongates and complicates the curing pathway, making both rapid
curing and deep curing depth crucial. The depth curing performance may vary depending on the type of initiator system used. It was
anticipated that longer-wavelength visible light would enhance depth curing by increasing transmittance through the PI film and

resin®e.

To assess the cure depth for each photoinitiating system, a black tube with a height of 30 mm and a width of 6 mm was used to
block light (Fig. 3a). This tube was vertically positioned and filled with resin containing one of the three systems: the
multicomponent system, the 4DP-IPN/borate/iodonium system, or the CQ/EDB system. The tube was then covered with a 25 pm
thick PI film and exposed to 450 nm and 480 nm light at an intensity of 10 mW/cm2. Curing proceeded vertically, and after

completion, the uncured liquid was removed and the depth of the cured portion was measured.

The overall pattern of the experiments on curing depth closely mirrored that of the curing speed. As shown in Fig. 3b, under 450nm
irradiation, the curing speed was extremely slow. During the 3-minute curing period, none of the three systems showed any signs of
curing. At curing times of 5 and 10 minutes, the multicomponent system achieved curing depths of approximately 0.3 cm and 0.7
cm, respectively. The 4DP-IPN/borate/iodonium system showed curing depths of 0.15 cm and 0.4 cm, while the CQ/EDB system
showed no curing at 5 minutes and a curing depth of approximately 0.25 cm at 10 minutes. In contrast, the 480nm irradiation
exhibited significantly improved curing behavior (Fig. 3c). The multicomponent system cured to a depth of 0.25 cm in 1 minute and
nearly 2 cm in 10 minutes, demonstrating much deeper curing than both the 4DP-IPN/borate/iodonium and CQ/EDB systems.
Interestingly, the curing depth increased linearly with time, indicating a consistent curing speed regardless of depth, and suggesting
minimal light intensity attenuation with depth. This efficiency is attributed to the multicomponent system's highly effective
photoinitiation, requiring only a small amount to achieve sufficient curing with minimal light absorption. When the light intensity
was increased to 1000 mW/cm2, the curing pattern remained similar, but the curing speed increased significantly (Fig. 3d). Under
480nm irradiation, the multicomponent system achieved curing depths of 0.8 cm in 5 seconds and nearly 2.5 cm in 1 minute,

representing a tenfold increase in speed compared to a light intensity of 10 mW/cmz.

Evaluation of the multicomponent system in simulated FPCB environments

Finally, to evaluate the practicality of the multicomponent system for an actual FPCB, we conducted an experiment under conditions
simulating real-life applications (Fig. 4a and Supplementary Fig. 7). The FPCB was constructed with 12.5um thick PI films on the
top and bottom, 100pm wide Cu wiring spaced 100um apart, and a 10um thick adhesive layer. It was then bent to a radius of 3mm
and placed in a silicone mold for resin injection. An acrylic resin containing the multicomponent system was injected into the bent
FPCB, and the mold was sealed to prevent resin leakage, with resin also applied to the exposed edges of the FPCB. The resin was
exposed to 450 nm or 480 nm LED light at an intensity of 1000 mW/cm2 for curing. After light exposure, the FPCB was removed,
the uncured resin was washed off, and the depth of the cured resin was measured over time (Fig. 4b). As anticipated, the curing
behavior at 480nm was significantly superior to that at 450nm, achieving a depth of 0.8 cm in 5 seconds and approximately 2 cm in
30 seconds. This highlights the substantial potential of the multicomponent photoinitiating system developed in this study for real-

world applications.

Photoinitiating mechanism of a multicomponent system

5
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To elucidate the origin of the multicomponent system's excellent performance, we examined its photoinitiating mechanism in detail.
We began by conducting a Stern-Volmer experiment, analyzing photoluminescence (PL) decay quenching of 4DP-IPN in the
presence of other components (Fig. 5b). To simulate the actual curing environment, DMAc was used as the solvent due to its polarity,
which closely resembles that of the monomer, DMAA. Notably, camphorquinone exhibited a very high quenching rate (kq = 2.4 x
108 Ms1), approximately ten times that of iodonium (kq = 2.1 x 107 M%), Borate displayed a much slower quenching rate (kq =
3.2 x 10* M), while almost no quenching was observed for EDB. These findings suggest that, contrary to our initial assumption,

the camphorquinone/EDB system and the 4DP-IPN/borate/iodonium system do not function entirely independently.

To investigate the PL quenching mechanism of 4DP-IPN in the presence of camphorquinone, we measured the redox potentials
and triplet energies of both compounds, supplementing our data with literature values when direct measurements were challenging
(Supplementary Table 1). These parameters indicated that both electron and energy transfer processes were feasible. Additionally,
we measured the quenching rates between camphorquinone and 4Cz-1PN and 4DCDP-IPN, which possess higher triplet energies
but lower excited-state reduction potentials compared to 4DP-IPN (Supplementary Table 1). The higher quenching rates for 4Cz-
IPN (kq = 3.1 x 108 M151) and 4DCDP-IPN (kq = 2.7 x 108 M-151), while still below the diffusion limit (6.1 x 10° M151)%, exceed
that of 4DP-IPN. This indicates that the quenching between 4DP-IPN and camphorquinone likely occurs through triplet—triplet
energy transfer. However, given the complexity of Dexter-type energy transfer, the electron transfer mechanism cannot be entirely

ruled out, warranting further investigation.

Building on these findings and the redox potentials of the other components (iodonium, borate, EDB), we propose the following
mechanism (Fig. 5a and Supplementary Fig. 9): both 4DP-IPN and camphorquinone absorb light, with similar absorption efficiency
given their comparable extinction coefficients. Upon absorbing light, 4DP-IPN rapidly transfers its energy to camphorquinone,
generating its triplet state. While camphorquinone may undergo a Type Il reaction with EDB, the electron transfer and hydrogen
abstraction processes are relatively slow, limiting the reaction speed. Instead, a rapid electron transfer from borate to camphorquione
leads to bond dissociation and the formation of an initiating radical. The camphorquinone radical anion intermediate is regenerated
to camphorquinone through electron transfer to iodonium, which, upon accepting the electron, undergoes bond dissociation to
produce an initiating radical. This cycle allows for the consumption of iodonium and borate without significantly depleting 4DP-
IPN or camphorquinone. Once sufficient consumption has occurred, the Type Il reaction between camphorquinone and EDB,

sensitized by 4DP-IPN, becomes the dominant reaction pathway.

CONCLUSIONS

High-performance polymer materials, such as PI film, play a crucial role in numerous industrial sectors, including electric vehicle
batteries, smartphones, OLED panels, and high-speed communication equipment. The flexibility of P1 film makes it an indispensable
component of FPCBs, which connect circuits in various electronic devices and need protection against physical impact and
deformation. Traditional UV curing systems are ineffective due to the UV opacity of PI film. To address this, a novel multicomponent
photoinitiating system was developed for rapid and deep photocuring of acrylic resins through UV-opaque PI films under visible-
light irradiation. By combining camphorquinone/amine with 4DP-1PN/borate/iodonium, the system demonstrated superior curing
speed and depth, proving highly effective for high-curvature FPCB applications. It significantly outperformed the individual use of
camphorquinone/amine or 4DP-IPN/borate/iodonium in initial curing rate, conversion, and curing depth. The multicomponent

system showed excellent initial speed and final conversion performance under both 450 nm and 480 nm visible light. Curing depth
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assessments revealed greater curing depths with extended light exposure, particularly at 480 nm. Application to actual FPCBs
confirmed effective deep curing, even in high-curvature configurations, indicating reliable performance. Additionally, the dual
system reduces the high cost of traditional PC systems, enhancing its industrial applicability and potential. This study demonstrated
that visible light-curing technology effectively cures internal resins within UV-opaque films like PI film across various industrial

applications, significantly improving durability and safety in diverse industrial fields.

Methods

General experimental procedures for film polymerization. The resin used in the experiment was a mixture of BisGMA
and DMAA at a 60:40 weight ratio. Prior to mixing, the photoinitiator, co-initiator, and PC were first dispersed in the DMAA. The
resin mixture was coated between two sheets of polyethylene terephthalate (silicon-treated PET film, 100 pm, Youngwoo Trading).
The resin thickness was precisely controlled to 50 um using a film applicator. Following this, the film was placed into LED curing
equipment and exposed to light at wavelengths of 450 nm and 480 nm for various durations, with an intensity set at 10mW/cm?.

Curing evaluations were conducted on films both covered and uncovered with a PI film to assess the curing rate post PI transmission.

General experimental procedures for curing depth assessment. To assess the cure depth of each photoinitiating system, a
black tube with a height of 30 mm and a width of 6 mm was vertically positioned and filled with resin. The resin contained one of
three systems: the multicomponent system, the 4DP-IPN/borate/iodonium system, or the CQ/EDB system. A PI film 25 pum thick
was then placed over the top, allowing light projected from above to pass through the PI and irradiate the resin. The resin was
exposed to light at wavelengths of 450 nm and 480 nm with an intensity of 10 mW/cm?. The curing process was conducted vertically,

and after completion, any remaining uncured resin was removed to measure the depth of the resin that had successfully cured.

General experimental procedures for curing depth assessment in simulated actual FPCB. To determine the curing
depth for an actual FPCB, an FPCB with layers of 12.5pum PI films on both surfaces, copper wires 100pm wide and spaced 100um
apart, and a 10pum adhesive layer was fabricated. A custom silicone mold was designed to mimic the real-world form of the FPCB.
This FPCB was then curved into a 3mm radius and placed within the silicone mold, where a multicomponent acrylic resin was
injected. The mold was tightly sealed to avoid any leakage of the resin, which was also applied to any exposed edges of the FPCB.
Exposure to LED light at 450 nm and 480 nm wavelengths at an intensity of 1000 mW/cm? was used for curing. Following this
procedure, the FPCB was extracted from the mold, any uncured resin was cleaned off, and the depth of the resin that had cured was

measured.

Data Availability

The authors declare that the data supporting the findings of this study are available within the paper and its Supplementary

Information.
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Fig. 1 Schematic overview of this study: a) Structure of FPCB. b) Schematic depiction of the UV curing challenges in the inner
resin of FPCB. ¢) Structures of key Norrish type I visible-light photoinitiators (BAPO and TPO) and Norrish type II photoinitiators
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Fig. 5 Mechanistic study of the multicomponent visible-light initiating system. (a) Proposed mechanism of the multicomponent
visible-light initiating system. (b) Stern-Volmer plots for delayed fluorescence (DF) quenching in a degassed solution of 4DP-IPN
in DMAc (1.0 x 10~ M) at room temperature, obtained by adding iodonium, camphorquinone, borate, and EDB. Delayed
fluorescence decay of 4DP-IPN was monitored using time-correlated single photon counting (TCSPC) techniques at Aex = 377 nm
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