
2204776 (1 of 11) © 2022 Wiley-VCH GmbH

www.advmat.de

Visible-Light-Curable Acrylic Resins toward UV-Light-
Blocking Adhesives for Foldable Displays

Jong-Ho Back, Yonghwan Kwon, Hyeju Cho, Huesoo Lee, Dowon Ahn, Hyun-Joong Kim, 
Youngchang Yu,* Youngdo Kim,* Wonjoo Lee,* and Min Sang Kwon*

J.-H. Back, H. Cho, H. Lee, D. Ahn, Y. Yu, W. Lee
Center for Advanced Specialty Chemicals
Korea Research Institute of Chemical Technology (KRICT)
Ulsan 44412, Republic of Korea
E-mail: ycyu@krict.re.kr; winston@krict.re.kr
J.-H. Back, H.-J. Kim
Department of Agriculture
Forestry and Bioresources
Seoul National University
Seoul 08826, Republic of Korea
Y. Kwon, M. S. Kwon
Department of Materials Science and Engineering
Seoul National University
Seoul 08826, Republic of Korea
E-mail: minsang@snu.ac.kr
Y. Kwon
Department of Materials Science and Engineering
Ulsan National Institute of Science and Technology (UNIST)
Ulsan 44919, Republic of Korea
Y. Kim
Samsung Display Co., Ltd.
Cheonan 31086, Republic of Korea
E-mail: colour.kim@samsung.com

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202204776.

DOI: 10.1002/adma.202204776

1. Introduction

The field of flexible electronics has 
emerged as a key future technology 
that enables a variety of novel appli-
cations, such as flexible lighting and  
displays,[1–3] wearable sensors for health 
monitoring,[4–6] implantable electronics 
for medical diagnosis and treatment,[7,8] 
soft robotics,[9–11] and conformable energy-
harvesting devices.[12–14] An adhesive is one 
of the most essential components of a flex-
ible electronic device. Beyond the conven-
tional role of bonding two objects,[15,16] it can 
also prevent the destruction of the device 
by relieving the “tensile and compressive 
stresses” generated when the device is 
deformed.[17,18] Moreover, the adhesive is 
further required to have additional func-
tional properties depending on the final 
device; for example, it is expected to have 
optical transparency,[19] electrical/thermal 
conductivity,[20,21] biocompatibility,[22–24]  
biodegradability,[25–27] and other properties.

The importance of adhesives in flexible devices can be clearly 
seen in the recently developed foldable smartphones. In 2019, 
the world’s first foldable smartphone was launched, pioneering 
the development of a flexible smartphone that breaks away 
from the classic bar-type smartphone.[28] A smartphone is 
composed of many thin layers with a complex architecture, and 
the adhesive plays an important role (Figure 1a). Particularly, in 
a foldable phone, the adhesive is required to aid the dissipation 
of the generated stress to prevent delamination and/or warping 
of the films even at large external deformations.[29,30] Moreover, 
the adhesive should have sufficient adhesion, flexibility, and 
elasticity in extreme environments (high/low temperature and/
or high humidity), as well as be optically transparent.[19] Hence, 
a new type of adhesive with the aforementioned advanced prop-
erties, which are not normally required in a conventional rigid 
phone, was specially developed for the foldable phone (previ-
ously reported optically clear adhesives (OCAs) for flexible 
devices are summarized in Table S1, Supporting Informa-
tion). For the current foldable display, a novel technology was 
developed that reduces the power consumption of the panel 
by 25%. Owing to the unique panel design of the current fold-
able display, the use of an additional polarizer layer, which is 
normally used to prevent the panel from reflecting external 
light, can be eliminated (Figure  1a).[31] However, interestingly,  

Current technological advances in the organic light-emitting diode 
panel design of foldable smartphones demand advanced adhesives with 
UV-blocking abilities, beyond their conventional roles of bonding objects 
and relieving deformation stress. However, optically clear adhesives 
(OCAs) with UV-blocking ability cannot be prepared using conventional 
UV-curing methods relying on a photoinitiator. Herein, a new acrylic resin 
that can be efficiently cured using visible light without oxygen removal 
is presented, which may be used to develop UV-blocking OCAs for use in 
current flexible displays. A novel photocatalyst and a specific combina-
tion of additives facilitate sufficiently rapid curing under visible light in 
the presence of UV-absorbers. Only a very small amount of the highly 
active photocatalyst is required to prepare UV-blocking OCA films with 
very high transparency in the visible region. Using this system, a UV-
blocking OCA that nearly meets the specifications of an OCA used in 
commercialized foldable smartphones is realized. This technology can 
also be utilized in other applications that require highly efficient visible 
light curing, such as optically clear resins, dental resins, and 3D/4D-
printable materials.

ReseaRch aRticle

Adv. Mater. 2023, 35, 2204776

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202204776&domain=pdf&date_stamp=2022-11-03


© 2022 Wiley-VCH GmbH2204776 (2 of 11)

www.advmat.dewww.advancedsciencenews.com

this technological advance demands an adhesive with 
UV-blocking ability to serve the role of the polarizer that pro-
tects the panel by absorbing UV from the outside.[32]

Conventional adhesives used in smartphones are OCAs that 
are prepared by the UV-light curing of acrylic resins:[33] for a suc-
cessful transmission of the light emerging from the panel to 
the outside, adhesive films should not absorb visible light. As 
UV-blocking OCAs contain additives with strong UV-light absorp-
tion properties, which prevent effective UV-light absorption by 
the photoinitiator, they cannot be prepared by the conventional 

photocuring method. Although thermal curing could be utilized 
as an alternative process,[34,35] this method suffers significantly 
from inherent drawbacks, such as the inhomogeneity of the 
cured film, emission of volatile organic compounds, difficulty in 
producing large-area films, and thermal damages. We therefore 
envisioned that the development of a new acrylic resin that can 
be effectively cured through visible-light irradiation would be an 
excellent solution to this issue. Furthermore, the new system 
would be more beneficial for addressing the inherent issues of 
the current UV-curing systems, such as their oxygen sensitivity.[36]

Adv. Mater. 2023, 35, 2204776

Figure 1. a) Device structure of a foldable smartphone with conventional organic light-emitting diode (OLED) panel (left) and advanced OLED panel 
(right). b) Proposed mechanism for photocatalyzed visible-light-driven free radical polymerization in the presence of sacrificial reductants. Here, PC, 
ISC, ET, and PET denote photocatalyst, intersystem crossing, electron transfer, and photo-induced electron transfer, respectively. c) Molecular structures 
and experimentally evaluated redox potentials of photocatalysts (PCs) and sacrificial reductants. Calculated HOMO and LUMO energies of each PCs 
and reductants are also shown. The ground redox potentials (Ered

0 and Eox
0) were measured against standard calomel electrode (SCE) in CH3CN using 

cyclic voltammetry (CV). The excited reduction potential (Ered*) was obtained by Ered = E00 − Ered
0; E00(S1) and E00(T1) were evaluated from the onset 

of photoluminescence (PL) and gated PL spectra of PCs in ethyl acetate at 65 K, respectively. †The redox potentials of the ground state were evaluated 
from the half-peak potentials (Ep/2

0) due to their irreversible CV cycle.
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In this study, we developed a new acrylic resin that can be 
efficiently cured using visible light without oxygen removal 
and realized UV-blocking OCAs that can be applied in flexible 
displays for the first time. Most importantly, a novel photo-
catalyst (PC) and a combination of additives, which facilitates 
sufficiently rapid curing under visible light in the presence of 
UV-absorbers, are presented. Owing to the high catalytic activity 
of the PC, only an extremely small amount of it (10 ppm with 
respect to monomers) was used to prepare UV-blocking OCA 
films. This allowed the films to exhibit very high optical trans-
parency in the visible-light region. Screening of various amine-
based reductants revealed that the role of amine additives is 
not limited to being sacrificial reductants, as they can serve 
as initiators, oxygen scavenger, and cross-linkers. The under-
standing of the role of amines helped us to optimize the struc-
ture of amine-based reductants, and thus minimize the use 
of additives (i.e., an external cross-linker and/or initiator) and 
also enhance the curing rate. Furthermore, we observed strong 
oxygen-tolerance behavior with a specific combination of the 
PC and sacrificial reductants, which has been rarely observed, 
only in systems employing special agents, such as boron deriva-
tives,[37,38] thiol derivatives,[39,40] and chain-transfer agent.[41–43] A 
mechanism for the oxygen-tolerance behavior is also proposed 
through experimental studies combined with quantum chem-
ical calculations. Using this system, we successfully developed 
a UV-blocking OCA that nearly meets the specifications of an 
OCA used in a commercialized foldable smartphone. We believe 
that this technology would not be limited to the development of 
UV-blocking OCAs, but could be widely extended to a variety 
of applications that require a highly efficient visible-light-curing 
process, such as in the development of optically clear resins,[44] 
dental resins,[45] and 3D/4D-printable materials.[46]

2. Results and Discussion

2.1. Design Strategy

Since the pioneering studies on photoredox catalysis by 
MacMillan,[47] Stephenson,[48] and Yoon[49] in 2008, visible light 
has been actively used as an energy source for a variety of organic 
reactions. This strategy was subsequently combined with preva-
lent polymerization reactions, resulting in considerable advance-
ment in visible-light-driven polymerization processes relying 
on the photoinduced electron transfer (PET) between PC and 
substrate.[50–57] Despite the recent intensive efforts, it is still very 
difficult to achieve a visible-light-curing resin system for pro-
ducing UV-blocking OCAs because of the following reasons:  
i) a high loading of the colored PC, which lowers the optical 
transparency of the resultant OCA;[55] ii) the use of additives that 
are colored and/or contain sulfur or halogen atoms,[58,59] which 
are not permitted for use in electronic devices; iii) a slower curing 
rate compared to that of a UV-light/photoinitiator system; and  
iv) ambiguous oxygen-tolerance. In fact, the oxygen-tolerance of 
a photoredox-mediated polymerization is known to be very sensi-
tive to reaction conditions.[36]

To ensure optical clarity in the visible region as well as a  
sufficiently high curing rate, a visible-light-curing system 
that has a sufficiently fast polymerization rate even at ppm 

level loading of the PC is required. We thus developed a PC 
that effectively generates long-lived triplet excited states (T1) 
(Figure  1b). In fact, the population of T1 plays a crucial role 
in photoredox catalysis, as T1 shows a lifetime long enough to 
enable efficient PET.[60,61] Furthermore, the T1 is known to be 
less susceptible to back electron transfer (BET), which reduces 
the efficiency of the catalyst.[60]

To minimize additives and ensure oxygen-tolerance, a reduc-
tive quenching cycle was selected as the mechanistic pathway 
for the visible-light curing of the system (Figure 1b). Note that 
established reaction processes in photoredox catalysis include a 
reductive and an oxidative quenching cycle.[59] Tertiary amines 
can be the most suitable sacrificial reductants here as they can 
have additional roles such as initiator and oxygen scavenger. In 
the reductive cycle, PET first occurs between the PC and the 
amine-based sacrificial reductant to afford a PC radical anion 
(PC•-) and amine radical cation (R3N•+). Subsequently, R3N•+ 
loses a proton (H+) to generate an α-amino radical species that 
acts as an initiator of the free radical polymerization of the 
monomer.[36] Tertiary amines also reduce oxygen-inhibition. 
They can react with unreactive peroxyl radicals produced by 
the reaction of growing radical species and oxygen, converting 
them to reactive α-amino radical species.[62,63] Further, an  
electron transfer reaction between PC•- and O2 regenerates the 
ground-state PC,[64,65] allowing the catalytic cycle to proceed 
smoothly.

Considering these facts, four PCs with a strongly twisted 
donor–acceptor (D–A) structure were prepared (Figure  1c). 
Molecules with such a structure usually generate long-lived 
T1 in an effective manner because they can satisfy both the 
requirements of a small energy gap and the orthogonality 
rule.[66] In fact, according to previous studies by our group[66–69]  
and others,[70–75] 4Cz-IPN and 4DP-IPN were considered as  
representative PCs that have such a structure because of their 
significantly high photocatalytic performance in a variety of 
chemical reactions involving a reductive or oxidative cycle. In 
addition to these two PCs, we designed two additional PCs with a 
significantly lower highest occupied molecular orbital (HOMO) 
energy to facilitate PET between the PC and amine-based  
sacrificial reductant and thus enhance the catalytic perfor-
mance; since the PET between PC and the sacrificial reducing 
agent is usually located in the Marcus “normal region”, 
reducing the HOMO energy of PC increases the driving 
force (−ΔGPET) and thus the electron transfer rate.[76] As the 
HOMO is localized in the donor moiety in the strongly 
twisted D–A type molecule, we introduced a strong electron-
withdrawing group (i.e., –CN group) into the donor group to 
reduce the HOMO energy (Figure 1c). A full description of the  
synthesis and characterization of the PCs (i.e., 1H NMR 
spectra, UV–vis absorption spectra, photoluminescence  (PL) 
emission spectra, and cyclic voltammograms) are provided in 
the Supporting Information. According to our expectations, 
the introduction of the electron-withdrawing –CN groups 
indeed increased the excited state reduction potentials of the 
PCs (Ered

*(PC)), consistent with the trend of the HOMO ener-
gies of the PCs predicted by density functional theory (DFT) 
calculations (Figure  1c). Further, four tertiary amines with  
different oxidation potentials were selected as sacrificial 
reductants (Figure 1c).

Adv. Mater. 2023, 35, 2204776
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2.2. Bulk Polymerization

Using the four PCs and sacrificial reductants, we studied the 
visible-light-driven bulk polymerization of acrylic monomers, 
which is the first step in the preparation of OCAs. Note that 
acrylic OCAs are usually prepared by the photo-mediated 
bulk polymerization of acrylic monomers followed by a  
subsequent photoinduced film curing process (Figure S1,  
Supporting Information).[33] In this study, n-butyl acrylate 
(BA) and 4-hydroxybutyl acrylate (HBA) were chosen as 
monomers, because they are known to yield OCAs suit-
able for a foldable display.[33] The BA is a monomer with a 
low glass transition temperature (Tg) that imparts consid-
erable flexibility to OCAs even at low temperatures, while 
HBA is used to impart good cohesive strength to OCAs 
(Table S2, Supporting Information). As a control experi-
ment, we first conducted the bulk poly merization of a 
mixture of BA and HBA using a conventional photoini-
tiator (i.e., 1000  ppm of Irgacure 184; Table S5, Supporting 
Information, for details) under argon atmosphere and  
UV-light illumination (365  nm, 8  W, 20 s; entry 6, Table S5,  
Supporting Information). Continuous light irradiation pro-
vided poly(BA-co-HBA) with a moderate conversion (5.22%) 
and high molecular weight (Mn = 1319 kg mol−1). No polym-
erization occurred when the same reaction was performed 
without degassing, which clearly confirmed that conven-
tional photo initiator-mediated photocuring of the BA/HBA 
mixture is not resistant to oxygen, as expected (entry 5,  
Table S5, Supporting Information).

2.3. Optimization of PC and Reductant

To evaluate the catalytic performances of the prepared PCs, we 
conducted the same polymerization using 10 ppm of each PC 
in the presence of DMAEAc (5000 ppm) chosen as the sacrifi-
cial reductant under argon atmosphere and 455 nm light-emit-
ting diode (LED) irradiation (18 W, 30 s; Table 1). Significantly 
different results were obtained for different PCs, among which, 
4Cz-IPN showed the highest catalytic performance, which 
is somewhat unexpected (vide infra). In fact, PCs with lower 
HOMO energies were expected to perform better. As shown 
in Table 1, under the polymerization conditions without degas-
sing, no polymerization was observed with most of the PCs 
except in the cases of 4Cz-IPN and 4-p,p-DCDP-IPN. Although  
4-p,p-DCDP-IPN exhibited powerful oxygen-acceleration 
behavior, and the monomer conversion was considerably 
increased from 6.1 to 24.0% in the presence of oxygen, it had 
solubility issues in the monomer mixture (Figure S5, Sup-
porting Information). The 4Cz-IPN exhibited the best perfor-
mance among the PCs without any solubility issue. It provided 
a significantly high conversion (23.0%) even under non-
degassed conditions, with the conversion being slightly higher 
than that obtained under argon atmosphere. For comparison, 
the same bulk polymerizations were also performed in an  
oxidative quenching cycle where alkyl bromide was employed as 
an initiator instead of DMAEAc (Table S5, Supporting Informa-
tion). No polymerization occurred in non-degassed conditions, 
indicating that reductive quenching cycle is a better choice for 
this case, as expected (see Section 2.1., “Design strategy”).

Adv. Mater. 2023, 35, 2204776

Table 1. Results of the bulk polymerizations with various PCs and reductants.

Entry PC [10 ppm] Reductant [5000 ppm] Conversion [%]

Under argon Under air

1 – – No separable polymer No separable polymer

2 – DMAEAc No separable polymer No separable polymer

3 4DP-IPN DMAEAc 6.7 No separable polymer

4 4Cz-IPN DMAEAc 20.0 23.0

5 4-o,p-DCDP-IPN DMAEAc 1.3 No separable polymer

6 4-p,p-DCDP-IPN DMAEAc 6.1 24.0

7 4Cz-IPN – 3.8 No separable polymer

8 4Cz-IPN DIPEA 4.0 No separable polymer

9 4Cz-IPN TEA 18.8 14.8

10 4Cz-IPN DMBA 11.2 15.7

Composition of monomer mixture was fixed as follows: [BA]:[HBA]:[Reductants]:[PC] = 80:20:0.5:0.001. The bulk polymerizations were conducted under blue LED 
illuminations (455 nm, 18 W, 30 s; see Supporting Information for details) and argon or air atmosphere. Conversions were gravimetrically evaluated. Full details of the bulk 
polymerizations are given in Tables S7 and S8, Supporting Information.
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We then investigated the effects of the sacrificial reductants 
on the catalyst performance (Table 1 and Table S6, Supporting 
Information). For this, 4Cz-IPN was used as the PC at 10 ppm. 
Among the four reductants (i.e., DIPEA, TEA, DMBA, and 
DMAEAc), DMAEAc provided the highest conversion in both 
ambient and inert conditions. The results were completely dif-
ferent from our expectations because DMAEAc has the lowest 
HOMO energy among the amines, and electron transfer from 
it to PC was expected to be the slowest. The DIPEA with the 
highest HOMO energy exhibited the poorest performance, and 
no polymers were obtained when the reaction was conducted 
without degassing.

2.4. Origin of the Catalytic Performance

Before investigating the curing of the OCA film, mechanistic 
studies were performed to understand the origin of the unex-
pected results obtained in the bulk polymerization reactions 
using different PCs and amines: i) 4Cz-IPN exhibited better 
catalytic performance than the other PCs with lower HOMO 
energies, ii) DMAEAc with the lowest HOMO energy was the 
best sacrificial reductant among the amines, and iii) strong 
oxygen-tolerance behavior was observed for 4Cz-IPN in the 
presence of DMAEAc.

When the sacrificial reductant is the same, the catalyst 
performance is solely determined by the PET and BET between 
the PC and sacrificial reductant. Contrastingly, the rate of PET 
is described by Equation (1):

[PC ][S]PET PET= ∗v k  (1)

where [PC*] is the concentration of the PC in the excited state 
and [S] is the concentration of the sacrificial reductant. First, 
to determine the rate constant of the PET (kPET) in various 
systems, the PET from the sacrificial electron donor, DMAEAc, 
to the PC was monitored through PL decay quenching experi-
ments by transient PL measurement using the time-correlated 
single-photon counting technique. Considering the bulk poly-
merization conditions, ethyl acetate was used as a solvent for 
the photophysical studies. The 4-p,p-DCDP-IPN was excluded 
from this study owing to the aforementioned solubility issue. 
Under argon atmosphere, in the absence of DMAEAc, most of 
the PCs exhibited a PL with two components having approxi-
mately nanosecond and microsecond lifetimes (Figure  2a, 
inset). According to a previous report,[77] the short and long 
components are assigned to prompt and delayed fluorescence, 
respectively, and the latter arises from a reverse intersystem 
crossing from the lowest T1 of the PC to its lowest singlet 
excited state (S1). Weak delayed fluorescence with a short decay 
time was observed for 4-o,p-DCDP-IPN, suggesting that the 
generation of long-lived T1 is inefficient.

In the presence of DMAEAc, the lifetime of the delayed PL 
component of each of the PC was shortened (Figure  2b left 
and Figure S6, Supporting Information), suggesting that the 
T1 of the PCs plays a critical role in the PET event. In fact, 
no quenching of the emission was observed for 4-o,p-DCDP-
IPN even at a high DMAEAc concentration, because it has a 
negligible delayed component. Considering the excited-state 

Adv. Mater. 2023, 35, 2204776

Figure 2. a) UV–vis absorption and steady-state PL of PCs (1.0 × 10−5 m) in ethyl acetate at room temperature. The inset shows the PL decay of 
PCs (1.0 × 10−5 m) in an ethyl acetate. Fluorescence lifetimes of prompt and delayed component are also shown. PL spectra were obtained from 
non-degassed (dotted line) or degassed (solid line) solution of the PCs by purging with argon for 10 min. The PL quantum yield (ΦPLQY) of PCs were 
determined through a relative method using ΦPLQY of coumarin 153 (1.0 × 10−5 m) in ethanol solution as a reference.[92] b) Stern–Volmer plots for the PL 
quenching of a series of PCs in ethyl acetate by DMAEAc (left) and for the PL quenching of 4Cz-IPN in ethyl acetate by various tertiary amine reductants 
(right). c) Results of kinetics simulation for the variations of the relative populated of the lowest singlet excited state (S1; left) and triplet excited state 
(T1; right), referred to the total concentration, of selected PCs (6.9 × 10−5 m) over time after turn-on continuous 455 nm irradiation (see Supporting 
Information for more detail).
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reduction potentials of the PCs (Ered *(T1, 4DP-IPN) = 0.72  V 
and Ered *(T1, 4Cz-IPN) = 1.47 V), the rate constant of PET was 
determined to increase with increasing −ΔGPET, agreeing with 
the Marcus “normal region” behavior (Figure 2b and Figure S6, 
Supporting Information).[76] Hence, the very small kPET value of 
4DP-IPN is due to its smallest −ΔGPET.

As the rate of PET is determined by Equation  (1), we 
attempted to estimate the effective excited-state concentra-
tions of 4Cz-IPN, 4DP-IPN, and 4-o,p-DCDP-IPN. We modeled  
the time-dependent excited-state concentrations of the PCs 
under 455  nm irradiation based on the rate law using the 
rate constants obtained from our experiments (Figure  2c and 
Table S3, Supporting Information; see the Supporting Infor-
mation for the details of the simulation and the rate equations 
employed). In the photostationary state, the relative T1 concen-
trations of 4Cz-IPN and 4DP-IPN were found to be approxi-
mately 10 and 100 times higher than that of 4-o,p-DCDP-IPN,  
respectively. Indeed, the generation of long-lived T1 in  
4-o,p-DCDP-IPN was found to be significantly ineffective 
compared to that in 4Cz-IPN or 4DP-IPN, the reason for 

which is currently under investigation. The results of these 
investigations adequately account for the best catalytic perfor-
mance of 4Cz-IPN (i.e., a high excited-state population and 
moderate kPET).

The PET from various amine reductants to 4Cz-IPN was 
monitored to investigate the effect of the amine-based additive  
on the polymerization of the BA/HBA mixture (Figure  2b 
right and Figure S7, Supporting Information). As expected, 
the PET was found to lie in a Marcus normal region. The 
slowest PET was observed for DMAEAc (kPET = 2.1 × 107 m−1 s−1  
and Eox

0(DMAEAc) = 0.96  V), which is clearly opposite to the 
observed high conversion in bulk polymerization. We thus 
hypothesize that the formation of α-amino radical species 
from the one-electron-oxidized amine reductant might be the 
rate-determining step instead of the initial PET event. To test 
this hypothesis, we calculated the free energy profiles along 
the reaction pathway for the formation of the α-amino radi-
cals of DMAEAc and DIPEA (Figure 3a, lower part). Of the two 
possible reaction pathways (Figure  3a and Figure S10, Sup-
porting Information), the one in which the proton-transfer is 

Adv. Mater. 2023, 35, 2204776

Figure 3. a) Proposed mechanistic pathway for the formation of α-amino radical from radical cation of tertiary amines (top) and the density functional 
theory (DFT) calculated energy profiles of each pathways (bottom). b) Proposed mechanism of the oxygen-tolerance of bulk polymerizations in the 
presence of tertiary amines. The bond dissociation energies (BDEs) of C−H at the alpha position of DMAEAc and DIPEA are given.
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assisted by another amine required the lower activation energy 
(i.e., “path B”).[78–81] Furthermore, in path B, the formation of 
α-amino radical of DMAEAc exhibited a significantly lower 
activation barrier (10.15  kcal mol−1) than that required for the 
formation of α-amino radical of DIPEA (22.49  kcal mol−1), 
indicating that the α-amino radical generation is crucial for the 
entire photomediated polymerization process.

Finally, we investigated the role of oxygen in the bulk poly-
merization. The effect of oxygen in the bulk polymerization was 
found to be very sensitive to amines (Table 1). As stated above, 
tertiary amines are known to mitigate the oxygen-inhibition 
in photoinduced free radical polymerizations by converting 
inactive peroxyl radicals to reactive α-amino radical species.[36] 
We thus calculated the bond dissociation energies (BDEs) for 
the α-hydrogen of DMAEAc and DIPEA. As seen in Figure 3b, 
DMAEAc exhibited a BDE of α-hydrogen (84.77 kcal mol−1) that 
is higher than DIPEA (86.39  kcal mol−1), which is consistent 
with the observed oxygen-effect. These results strongly suggest 
that the generation of α-amino radical species from a peroxyl 
radical is an essential step for achieving oxygen-tolerance. In 
addition, PCs also have a significant effect on oxygen-tolerance 
behavior. Indeed, a substantial decrease in PL lifetimes of PCs 
was detected in the presence of oxygen (Figure S8, Supporting 
Information), indicating that electron/energy transfer between 
3PC* and oxygen is followed by the generation of reac-
tive oxygen species such as singlet oxygen (1O2) (Figure S9,  
Supporting Information), superoxide radical anion (O2

•-),  
and hydroperoxyl radical. These reactive oxygen species 
could react with tertiary amine resulting in oxygen-toler-
ance behavior to keep the polymerization. For example, the  
generated superoxide radical anion (O2

•-) can accelerate the  
initiation step by i) facilitating the formation of α-amino  
radical species[82] and/or ii) generating reactive radical species 
such as hydroperoxyl radical (Figure  1b);[83] in fact, our DFT  
calculations indicated that this pathway is feasible. However, 
it is very difficult to completely understand this behavior 
because of its complexity, and hence, further investigations are  
currently underway.

2.5. Film Curing

We further investigated the visible-light curing of the 
pre-polymer mixtures obtained by the bulk polymerization of 
the BA/HBA mixtures using the best combination of the PC and 
reductant, namely, 4Cz-IPN (10  ppm, Figure S11, Supporting 
Information) and DMAEAc (5000  ppm, Table S9, Supporting 
Information). Being different from the conventional UV-curing  
process, this process did not require additional photo initiators 
because the PC is reused within the catalytic cycle of the 
pre-polymer preparation process. Moreover, a cross-linker such 
as poly(ethylene glycol) diacrylate (PEGDA) for the curing 
of films was not included in this process (which is discussed 
further below). The mixture obtained by the bulk polymeriza-
tion was coated between two release films (silicone-treated  
50 µm-thick poly(ethylene terephthalate) film (PETf), Youngwoo 
Trading) and then cured using a string-type LED (452 nm, 6 W, 
see SI for detail). The final thickness of the adhesive film was 
set to ≈50 µm.

As in the bulk polymerization process, the film curing rates 
were found to be optimal at 10 ppm of 4Cz-IPN and 5000 ppm 
of DMAEAc, and 91.6% conversion was achieved in 3  min 
under 455  nm LED irradiation (Figure S12, Supporting Infor-
mation). Unexpectedly, a significantly high gel content of 44.4% 
was observed even without the addition of PEGDA (Table  2). 
This is presumably because the hydroxybutyl moiety can partic-
ipate in the cross-linking reaction in the presence of the PC and 
reductant, which occurs through a hydrogen atom transfer that 
is similar to that in the Norrish type || reaction.[84] Indeed, film 
curing of the pre-polymer obtained for the bulk poly merization 
of BA did not show a gel content, clearly indicating that the 
hydroxy group plays a crucial role in the formation of cross-
links (Table S10, Supporting Information). Further comprehen-
sive investigations are currently underway to fully understand 
the underlying mechanism.

These results indicated that substantial cross-linking could 
be achieved without the addition of cross-linker, but the degree 
of cross-linking was still insufficient to satisfy the mechanical 
and adhesive properties required for foldable OCAs. In fact, 
an OCA with a low degree of cross-linking is known to have 
a high peel strength owing to its good wettability,[85] but it 
would exhibit low strain recovery because of the insufficient 
formation of the polymer network.[86] In this study, to further 
increase the degree of cross-linking, we considered the use of 
DMAEA (or DMAEMA), a derivative of DMAEAc with an acryl 
(or methacryl) substituent on one end, instead of DMAEAc, 
based on the proposed mechanism of the photoredox-mediated 
visible  light-driven free radical polymerization employed in 
the present study. As the iminium ion produced as an inter-
mediate during the catalytic cycle can react with the hydroxyl 
group of HBA, DMAEA can act as a cross-linker owing to its 
bifunctional nature (see Figure in Table 2, bottom/right panel). 
Therefore, we employed a mixture of DMAEAc and DMAEA 
(or DMAEMA) as the hybrid reductant, while all other experi-
mental conditions were maintained the same. As the OCA film 
curing rate was significantly faster with the use of DMAEA 
than with DMAEMA (Figure S12, Supporting Information), 
the DMAEAc/DMAEA mixture was found to be a better 
mixed reductant than DMAEAc/DMAEMA. As the proportion 
of DMAEA, which induces cross-linking, was increased, the 
gel content and strain recovery increased, and conversely, the 
peel strength and stress relaxation decreased (Table 2). A film 
with excellent peel strength, strain recovery, and stress relaxa-
tion was obtained at a DMAEA fraction of 40% or 60% in the  
mixture (Table  2, entries 3 and 4), and the properties of the 
OCAs prepared at these fractions were similar to those of the 
foldable OCA produced by 3M (CEF 3602).

The OCAs have been used to bond various substrates, 
including the cover window, within foldable displays. There 
are two types of cover windows for foldable displays: glass and 
colorless polyimide (CPI), and we assessed the peel strength 
of our OCA using these two substrates as adherends (Table 2). 
Glass is a much more hydrophilic substrate than CPI, and 
most OCAs, including CEF 3602, usually exhibit higher 
adhesion to hydrophilic substrates than to hydrophobic ones 
because of their differences in wettabilities.[87] However, the 
prepared OCAs showed substantially higher peel strength 
to CPI than to glass, which has been rarely observed in 
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 conventional adhesives. In particular, the peel strength of the 
OCA prepared using the optimal content of DMAEA (40% or 
60%) is three times higher than that of CEF 3602. The pre-
pared OCA showed poor CPI peel strength at a short attach-
ment time, but its peel strength was significantly improved 
with increasing attachment time (Figure S14, Supporting 
Information). Although the reason for this unusual increase 
in peel strength is still unclear, further investigations are cur-
rently underway.

2.6. UV-blocking OCAs

Next, we added a UV-absorber to the optimized OCA com-
positions (mixtures with 40% and 60% DMAEA) to produce 
the targeted UV-blocking OCAs. Among the various types of  
UV-absorbers, namely, benzotriazole, triazine, benzophenone, 

formamidine, and oxanilide,[88] we used a cyanoacrylate-based 
UV-absorber with excellent compatibility with the acrylic mono-
mers (ethyl 2-cyano-3,3-diphenylacrylate, UV-absorber 2 in 
Figure 4b). However, when UV-absorber 2 was used alone, only 
light wavelengths of less than 350 nm were blocked (Figure S15,  
Supporting Information). An additional UV-absorber was 
required to block light wavelengths from 350 to 400 nm (i.e., dime-
thyl 2-(4-(dimethylamino)benzylidene)malonate, UV-absorber  
1 in Figure  4b). Therefore, two UV-absorbers, namely, 0.3 phr 
(per hundred resin) of UV-absorber 1 and 1 phr of UV-absorber 
2, were added to the pre-polymer prepared through bulk poly-
merization, and UV-blocking OCAs were successfully prepared 
by curing the film using a blue LED. The resultant UV-blocking 
OCA exhibited excellent transmittance in the visible-light 
region (T452 nm  ≈100%) while effectively blocking the UV-light  
(T373 nm  = 1.2%, Figure  4b). Such excellent transparency and 
UV-blocking ability have hardly been achieved together in 

Adv. Mater. 2023, 35, 2204776

Table 2. Properties of the prepared OCA films with different ratios of hybrid reductant.

Entry Reductant 
DMAEAc:DMAEA

Bulk polymerization 
conversion [%]

Gel content [%] Peel strength at 25 °C [N cm−1] Strain recovery at  
25 °C [%]

Stress relaxation at 
25 °C(%)

Glass CPI

1 100:0 21.8 44.4 (±3.1) 8.64 (±0.34) 8.39 (±0.77) 26.5 89.6

2 80:20 20.0 55.1 (±3.3) 6.85 (±0.57) 7.06 (±0.11) 54.1 69.5

3 60:40 20.7 68.6 (±4.8) 4.72 (±0.06) 6.83 (±0.18) 63.5 66.2

4 40:60 18.6 76.0 (±1.3) 4.20 (±0.05) 6.60 (±0.21) 79.7 54.8

5 20:80 17.1 78.5 (±2.8) 3.60 (±0.07) 5.20 (±0.18) 83.1 47.9

6 0:100 20.8 82.1 (±1.3) 2.33 (±0.16) 3.93 (±0.46) 83.5 45.2

7a) 60:40 16.1 72.7 (±1.0) 2.75 (±0.27) 5.42 (±0.50) 79.7 54.9

8a) 40:60 19.3 72.9 (±1.3) 2.41 (±0.28) 5.37 (±0.26) 81.1 51.2

9 CEF 3602 (3M Foldable OCA) 64.0 (±1.1) 5.58 (±0.21) 1.94 (±0.04) 71.1 70.9

a)Adding UV absorber after bulk polymerization.
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polyacrylate composites.[89–91] Upon using a 452  nm blue 
LED, the curing time increased from 10 to 30 min according 
to the addition of the UV-absorbers, but it was significantly 
faster than when 373  nm light was used (Figure S15, Sup-
porting Information). Although the peel strength of the 
OCA and stress relaxation decreased following the addition 
of the UV-absorbers, it still exhibited sufficiently decent peel 
strength (≈5.4 and ≈2.8 N cm−1 on CPI and glass, respectively) 
and strain recovery (≈80%) compared to those of CEF 3602 
(Table 2).

We then conducted dynamic folding tests to verify whether 
the prepared UV-blocking OCAs are suitable for a foldable 
display (Figure 4c). The structure of the folding test specimen 
was designed with reference to the actual foldable smart-
phone (Figure S16, Supporting Information);[30] the radius 
of curvature and the folding cycle were fixed at 1.5  mm and 
0.5 Hz, respectively. To simulate the actual usage environment 
of a foldable smartphone, tests were conducted under three 
condi tions: room temperature (25  °C for 200  000 cycles), low  

temperature (−20 °C for 30 000 cycles), and high temperature 
with high humidity (60 °C and 93% humidity for 50 000 cycles). 
Two specimens were tested at each condition, and the folding 
durability was evaluated quantitatively (i.e., change in surface 
texture after folding, Figure  4d) and qualitatively (i.e., occur-
rence of defects after folding, Figures S17 and S18, Supporting 
Information). Indeed, the prepared OCAs exhibited excellent 
folding durability even at a low temperature (Figure 4e), owing 
to their low storage modulus and high strain recovery at −20 °C 
(Tables S11 and S12, Supporting Information). As the testing 
temperature increased, the change in surface texture (ΔZ) 
was found to increase because of the reduction in the storage 
modulus. However, this would not generate significant prob-
lems because cracks were observed in only one specimen (at 
25 °C folding with 40% DMAEA, Figure 4e and S18, Supporting 
Information). Interestingly, regardless of test conditions, UV-
blocking OCA containing 60% of DMAEA exhibited excellent 
folding durability, nearly satisfying the specifications for fold-
able displays. Nevertheless, by applying only a minimized 

Figure 4. a) Scheme for film curing of UV-blocking OCA. b) Chemical structure of UV-absorbers used in this work and UV–vis spectrum of the prepared 
UV-blocking OCA. Detailed information on the composition and preparation method is described in Figure S15, Supporting Information. c,d) Schematic 
illustration for procedure of dynamic folding test (c) and quantitative evaluation of folding durability (d). e) Results of dynamic folding experiments of 
UV-blocking OCAs. The structure of the specimen for the dynamic folding test is shown in Figure S16b, Supporting Information, and the UV-blocking 
OCAs in entries 7 and 8 in Table 2 were used for the experiments.

Adv. Mater. 2023, 35, 2204776
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monomer composition and without using any functional addi-
tives such as those for improving the flexibility (Table S1, Sup-
porting Information), we successfully produced UV-blocking 
OCAs that showed an excellent performance. In the future, 
superior UV-blocking OCAs of various grades may be prepared 
by employing a more complex composition with functional 
additives and monomers.

3. Conclusion

We have developed a novel and highly effective visible-light-
curing resin system to produce UV-blocking OCAs for foldable 
displays. Various photocatalysts and reductants with different 
properties were evaluated, and the combination of 4Cz-IPN 
and DMAEAc was determined to be the best for developing the 
UV-blocking OCA film. This mixture exhibited a fast photo-
induced electron transfer rate that originated from excellent 
generation of triplet excited states and proper redox potentials, 
a facile generation of α-amino radical species, and a sufficient 
solubility in acrylic monomers, all of which helped to achieve 
the best curing performance with a strong oxygen-tolerance. 
After finding the best combination of the photocatalyst and 
reductant, we employed a mixed reductant system to finely con-
trol the cross-linking degree of the OCA. A mixture of DMAEAc 
and DMAEA was used as the hybrid  reductant, and the OCA 
containing 40% or 60% of DMAEA had a suitable cross-
linking degree and exhibited sufficient peel strength, strain 
recovery, and stress relaxation. Finally, by adding UV-absorbers 
to the optimized OCA composition, we successfully prepared  
UV-blocking OCAs that blocked wavelengths below 400  nm. 
The UV-blocking OCA containing 60% DMAEA exhibited 
excellent folding durability without any defects after dynamic 
folding tests under various conditions (25  °C, −20  °C, and 
60  °C with 93% humidity), nearly satisfying the specifications 
for commercial foldable displays. Thus, a UV-blocking OCA 
was successfully prepared from two acrylic monomers using 
a limited number of additives (photocatalyst, reductant, and  
UV-absorber), and its potential can be improved further by 
adding other functional additives. Furthermore, the utility of 
the proposed visible light-curing system is not limited to the 
preparation of UV-blocking OCAs. It can also be applied to 
develop other systems such as optically clear resins, dental 
resins, and 3D/4D-printable materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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