
Polymer Journal (2024) 56:297–307
https://doi.org/10.1038/s41428-023-00875-5

FOCUS REVIEW

Recent progress in photoreactive crosslinkers in polymer network
materials toward advanced photocontrollability

Hiroshi Masai 1,2
● Tomoki Nakagawa1 ● Jun Terao1

Received: 20 September 2023 / Revised: 7 November 2023 / Accepted: 8 December 2023 / Published online: 16 January 2024
© The Author(s) 2024. This article is published with open access

Abstract
Photochemically adaptable polymer materials, which change shape and physical properties under light irradiation, are widely
used in the fields of medicine, electronics, and engineering due to their precise and remote processability. This processability
is attributed to the photocleavage of chemical bonds introduced into the polymer materials. In particular, the efficient
photolytic cleavage of the crosslinking points in the network induces rapid softening and degradation of the materials.
Recently, diverse designs of light-responsive units have been developed to fabricate various photocontrollable materials with
low-energy, rapid, and reversible photoreactivity. Furthermore, multiple stimuli-responsive materials have been
demonstrated to control photodegradation reaction rates and photoreactivity by combining light with another stimulus,
leading to advanced photocontrollable capabilities. This paper reviews the recent progress in developing photochemically
adaptable polymer network materials by designing photoresponsive units, focusing on the chemical structures of cleavable
moieties.

Introduction

Photochemically adaptable polymeric materials have
gained importance in industrial fields as a photocontrol-
ling technology because their shape and physical proper-
ties can be fine-tuned under light irradiation [1–6]. Their
photocontrollability enables precise and remote microscale
tuning over a large area and has diverse applications in
process engineering [7, 8] and biomaterials [9–12]. This
photoresponsive phenomenon is primarily attributed to the
photolytic cleavage of covalent bonds in polymer mate-
rials. In particular, the cleavage of the crosslinking points
in three-dimensional polymer network structures induces
rapid softening and degradation of the materials (Fig. 1a)

[13–15]. Moreover, the partial cleavage of crosslinkers
allows fine control of material characteristics based on the
degree and scale of light irradiation, demonstrating the
high spatiotemporal control of photochemically adaptable
polymeric materials [16, 17].

Various photochemically adaptable materials can be
developed based on novel designs of photocleavable
crosslinkers. The photoreactivity, which involves the
degradation rate and response wavelength, can be freely
controlled by modifying the chemical structures of the
crosslinkers [18–20]. Recently, various photoresponsive
crosslinking points have been developed, realizing new
concepts and applications of photoactive materials. Novel
photocontrollable materials with low-energy light reac-
tivities and rapid and reversible photoreactivities have
been reported. Furthermore, compared with conventional
materials that undergo monotonic degradation in response
to light, advanced photocontrollable materials that com-
bine multiple stimuli sequentially or simultaneously
exhibit stepwise, gradual, and on/off-switchable photo-
degradation (Fig. 1b). This Focus Review summarizes
recent studies on photodegradable and photocontrollable
materials that utilize the chemical cleavage of 3D poly-
meric network structures, focusing on their molecular
designs.
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Photodegradable materials developed via
photocleavage of crosslinkers

Photolabile materials responsive to UV light

Hydrogels, which comprise polymer networks swelled in
water (which is used as a solvent), are widely utilized as
biocompatible materials for medical supplies and cell
media. In 2009, Anseth et al. reported a new class of
hydrogels that introduced efficient photoreactive moieties as
crosslinkers in polymer network materials [21]. They
focused on the photocleavage of o-nitrobenzyl ester deri-
vatives to produce benzyl ketones and carboxylic acids
under 365 nm UV light irradiation (Fig. 2a) [22–24]. Pho-
tocontrollable hydrogels were fabricated by incorporating
an o-nitrobenzyl ester derivative as a crosslinker for
poly(ethylene glycol) chains. The elasticity of the hydrogels
decreased under 365 nm UV light irradiation via photo-
cleavage of the o-nitrobenzyl ester-based crosslinkers,
which softened and degraded the hydrogels (Fig. 2b).

The high spatial resolution of light enables the precise
control of material properties, including shape and stiffness.
The hydrogels crosslinked with an o-nitrobenzyl ester
derivative were degraded under 365 nm light irradiation
with a photomask to realize micrometer-scale patterning
(Fig. 2c). Moreover, the inner space of the hydrogel was
selectively degraded via the two-photon absorption of o-
nitrobenzyl ester derivatives by focusing on the inside of the
material under 740 nm laser irradiation (Fig. 2d). Spatially
processable hydrogels were then used as platforms for
controlling cells. Cell migration was controlled in the inner

processed area of the hydrogels because the cell mobility
increased by decreasing the crosslinking density of the
hydrogel networks. These results demonstrate that the
photocontrollability of hydrogels is a promising tool for
controlling cells in microenvironments.

In 2014, Anseth et al. reported a material composed of a
coumarinyl methyl ester as a photoresponsive moiety [25].
The coumarinyl methyl ester was cleaved under 365 nm
light irradiation, which generated the corresponding cou-
marinyl methyl alcohol and carboxylic acid [26–28]. This
photoresponsive moiety was incorporated into a poly-
ethylene glycol-based network as a crosslinker to obtain a
photodegradable gel (Fig. 3a). Furthermore, in 2017, Weder
et al. demonstrated the utility of azo groups as photoreactive
crosslinkers in polyvinyl alcohol-based networks [29]. The
organogels decomposed to the sol state through photo-
cleavage of crosslinkers with 320–390 nm light (Fig. 3b)
[30]. This photoreactivity was applied to adhesives for the
lap joining of glass, which could be immediately debonded
under light irradiation. Thus, various photocleavable moi-
eties have been incorporated into polymer network materi-
als as crosslinkers to develop photochemically adaptable
materials and their applications.

Visible and near-infrared light-responsive materials
utilizing ruthenium complexes

The diversification of light wavelengths for photoreactions
has been extensively studied for the application of

Fig. 1 a Schematic of photodegradation of polymer network materials
with photoreactive units and b categories of photodegradation in this
Focus Review; sole stimulus of light and sequential or simultaneous
stimuli of light and reagent
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Fig. 2 a Photocleavage reaction of an o-nitrobenzyl ester derivative.
b Photodegradation of polymer networks crosslinked by an o-nitro-
benzyl ester derivative. c Image of micrometer-scale hydrogel pat-
terning with a photomask (scale bar, 100 μm). Adapted with
permission from ref. [21]. Copyright 2009 AAAS. d Illustration of the
internal photopatterning of the gels achieved by controlled rastering of
the laser focus
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photochemically adaptable materials in various fields.
Shortwavelength light enables fine processing, whereas
longwavelength light serves as a low-energy light proces-
sing technology. In particular, photoreactions within the
near-infrared wavelength region, which is referred to as the
biological window with high biotransparency, are indis-
pensable for use in drug delivery and biological imaging
technologies [31].

In 2017, Monkowius, Teasdale and coworkers developed
a photodegradable gel that was responsive to visible and
near-infrared light by introducing a photolabile ruthenium
complex as a crosslinking point in a polyurea-based net-
work [32, 33]. They utilized the coordination bond of
4-aminomethylpyridine with the ruthenium(II) bis(2,2’-
bipyridine) complex, which was efficiently cleaved under
460 nm excitation by a metal-to-ligand charge transfer
(MLCT) transition (Fig. 3c) [34]. The polymer material
crosslinked with the ruthenium complex degraded into a
solution state through the dissociation of the pyridine ligand
connected to the polymer chains under light irradiation
(Fig. 3d). Photodegradation of the organogels and hydrogels
proceeded with acetonitrile and water as solvents, respec-
tively. Moreover, near-infrared laser irradiation at a wave-
length of 800 nm was applied to the photocontrollable
hydrogels via two-photon absorption in a ruthenium com-
plex. As a result, the use of a ruthenium complex as a

crosslinker enabled the photocontrol of polymer network
materials using longwavelength irradiation, encompassing
both visible and near-infrared light.

Reversible and rapid photoresponsive materials

Reforming photocleaved crosslinkers into original cross-
linkers can produce reversible or reusable photocontrollable
materials. In 2008, Iwamura et al. incorporated hexaar-
ylbiimidazole derivatives as crosslinking moieties and
reported a polymer network material [35]. These hexaar-
ylbiimidazole derivatives were cleaved into two tripheny-
limidazolyl radicals under light irradiation (Fig. 3e)
[36–38]. In 2017, Honda and Toyota reported a
hexaarylbiimidazole-crosslinked polymer material using a
star-network system, which enabled rapid and reversible
photoreactivity [39]. In the network, the hexaar-
ylbiimidazole crosslinkers were cleaved only during light
irradiation. The crosslinkers were reversibly regenerated
immediately after irradiation (Fig. 3f). Based on this unique
responsiveness, the glass transition temperature of network
materials comprising poly(n-butyl acrylate) or poly-
dimethylsiloxane chains crosslinked with hexaar-
ylbiimidazole moieties decreased during light irradiation,
changing from the solid to the liquid state. After irradiation,
the material returned to the solid state, demonstrating rapid

e f

d

ca

b

Fig. 3 Schemes of the photodegradation of polymer network materials
with a coumarinyl ester and b azo moieties [25]. c Photocleavage
reaction of a ruthenium complex. d Chemical structure of the polymer
networks crosslinked by ruthenium complexes [32]. e Reversible

reaction between hexaarylbiimidazole and triphenylimidazoryl radi-
cals. f Photocleavage and subsequent recoupling of a polymer network
based on a hexaarylbiimidazole moiety [39]
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and reversible conversion between the solid and liquid
states with light irradiation. More recently, Honda et al.
demonstrated a photodetachable adhesive material by uti-
lizing the reversible reactivity of hexaarylbiimidazole moi-
eties [40].

Photoresponsive materials utilizing self-assembled
metal complexes

Self-assembled capsules have been used as the crosslinking
points of polymer network materials because they provide
unique features to the materials. Johnson et al. reported supra-
molecular polymer networkmaterials comprisingmetal–organic
capsules as network junctions [41]. Coumarin- or poly(ethylene
glycol)-functionalizedm-benzenedicarboxylate ligands (L) were
coordinated to Cu(II) ions to form cuboctahedral capsules
(Cu24L24) as the junction points of gels. During photoirradiation,
the Cu(II) ions were reduced to Cu(I) and Cu(0) species, and the
junction capsules were degraded, resulting in a gel–sol phase
transition. Furthermore, the resultant Cu(I) and Cu(0) were
reoxidized by O2 to provide a reversible sol–gel phase transition
of the supramolecular system.

In 2018, Johnson et al. reported a novel method for the
photocontrolling of the stiffness of polymer materials by
utilizing self-assembled complexes as crosslinking points
[42]. A diarylethene derivative bearing two pyridyl groups
(L′) could be photoisomerized between closed- and open-
ring states [43], thereby altering the angle between the two
pyridyl groups through photoirradiation. In the open-ring
state under UV irradiation, the angle between the pyridyl
groups on diarylethene was 62°, which allowed the mole-
cules to self-assemble with three circularly connected Pd(II)
ions to form a ring structure (Pd3L′6) (Fig. 4a). This ring
structure was reversibly rearranged under visible-light
irradiation through ring closure of diarylethene, thereby
widening the angle between the pyridyl groups to 138° and
generating a rhombicuboctahedral capsule (Pd24L′48) with
24 palladium ions at its vertices [44]. Consequently,
poly(ethylene glycol)s bearing two diarylethene derivatives
formed polymer networks with palladium ions, where the
self-assembled structures served as crosslinking points
linking multiple poly(ethylene glycol) chains (Fig. 4b).
Among these materials, icosahedral capsules (Pd24L′48)
formed crosslinking points with more poly(ethylene glycol)
chains than ring structures (Pd3L′6). Thus, the Pd24L′48-
crosslinked network exhibited greater elasticity than the
Pd3L′6 network. In other words, the elastic modulus of
materials can be controlled through photoirradiation,
enabling alteration of the number of polymer chains accu-
mulated at crosslinking points. These findings present a new
methodology for controlling the elasticity of polymer
materials through reversible photoswitching of the polymer
network topology.

Photocontrollable materials utilizing the
sequential treatment of multiple stimuli

Crosslinking with multiple stimuli-responsive
moieties

The abovementioned photoresponsiveness of the materials
was attributable to the chemical reactions induced by pho-
toexcitation. These materials can deteriorate or decompose
under ambient light, limiting their long-term utility in
ambient-lit environments. In other words, highly photo-
responsive materials easily deteriorate even under weak
irradiation, strictly limiting their applications to environ-
ments devoid of light. Recently, the previous focus on the
design of photoreactive materials has shifted to a focus on
utilizing multiple stimuli, including light, to enable new
degradation control mechanisms instead of solely relying on
light as the responsive stimulus [45–47]. For example, Sato
and Matsumoto developed a debondable adhesive material
using a linear block copolymer composed of two types of
polyacrylic esters that respond to two sequential stimuli:
light irradiation and heat [48]. Moreover, sequential mate-
rial degradation has been achieved via the photolysis of
polymer side chains at physical crosslinking points, fol-
lowed by the cleavage of other chemical crosslinking points

8

Pd3L′6 junction

Pd24L′48 junction

UV light Green light

62

a

b

138

Fig. 4 a Photoresponsive polymer ligand composed of diarylethene
and pyridyl moieties (L′). b Schematics of the photoconversion
between Pd3L′6 and Pd24L′48 triggered by UV and green light irra-
diation, respectively, which afford two different network topologies
[42]
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with chemical reagents. Huang and Yan et al. investigated
the pH- and light-responsive crosslinking points in
chitosan-based polymeric micelles (Fig. 5a) [49]. Chitosan
polymer chains bearing o-nitrobenzyl succinate side chains
were crosslinked with glutaraldehyde to form polymeric
micelles via self-assembly. The micelles were applied to
drug delivery systems of camptothecin (an anticancer drug),
which was quickly released at a low pH with 365 nm UV
irradiation. Zhu et al. reported a polyetherimide-based
micelle-like assembly containing o-nitrobenzyl derivatives
and disulfide moieties as physical and chemical crosslinking
points, respectively (Fig. 5b) [50]. The nanoparticles were
degraded after exposure to 365 nm UV light and treatment
with glutathione as a reducing agent, which was subse-
quently applied to the release system of doxorubicin (an
anticancer drug).

Crosslinking with orthogonal stimuli-responsive
units connected in parallel

In 2018, DeForest et al. reported the design of multiple
stimuli-responsive crosslinkers in hydrogels, where the
stimuli-responsive moieties were configured in both parallel
and series arrangements [51, 52]. This configuration enables
programmed degradation of hydrogels by combining mul-
tiple stimuli. A series of crosslinkers were synthesized by
utilizing three types of orthogonal stimuli-responsive moi-
eties: o-nitrobenzyl ester derivatives cleaved by 365 nm
light irradiation, disulfide bonds cleaved by reducing
reagents, and peptide sequences cleaved by matrix
metalloprotease-8 as an enzyme (Fig. 6a) [53]. For example,
a crosslinked network comprising photocleavable o-nitro-
benzyl ester derivatives and reductively cleavable disulfide
bonds cleavable units connected in series (linear) degraded

when exposed to light or reductive stimuli (Fig. 6b). In
contrast, a crosslinker with photocleavable and reductively
cleavable units arranged in parallel (cyclic) resulted in
polymer network degradation only under both light and
reducing stimuli (Fig. 6c). Conversely, the network
remained intact under either light or reducing stimuli. This
strategic arrangement of connections among multiple
stimuli-responsive units allows for the precise control of
material degradation under specific combinations of stimuli.
Consequently, 17 distinct types of gel materials with var-
ious stimuli responsiveness were successfully synthesized,
as exemplified in Fig. 6d. Moreover, this unique respon-
siveness was employed in drug delivery technology,
wherein a drug connected to gel materials was released in
the presence of a specific combination of stimuli through
the decomposition of the gel. This approach demonstrates
the advantages of materials that respond to combined sti-
muli, enabling the expansion of the usability of photo-
reactive materials to broader targets.

Photocontrollable materials bearing multiple
photoresponsive units to different wavelengths

In 2021, Truong and Barner-Kowollik demonstrated that the
elasticity of hydrogels could be photomanipulated by incor-
porating three types of photodegradation moieties, each of
which respond to different wavelengths [54]. These three units
consisted of syn-tetramethylbimane, o-nitrobenzyl ester, and
dimethylaniline derivatives. These products were employed as
crosslinkers and degraded under 420, 365, and 325 nm light
irradiation (Fig. 6e). The photodegradable crosslinkers in the
hydrogels were selectively cleaved by irradiation with indivi-
dual wavelengths of light. For example, a hydrogel containing
dimethylaniline-based crosslinkers was efficiently degraded
under 325 nm light irradiation but remained primarily intact
under 360 or 380 nm light irradiation [55]. Conversely, a
hydrogel with o-nitrobenzyl ester-based crosslinkers decom-
posed under 325 and 360 nm light irradiation but was stable at
420 nm. Additionally, a hydrogel with syn-tetramethylbimane-
based crosslinkers exhibited efficient photodegradation under
420 nm light irradiation but remained relatively stable under 325
or 360 nm light irradiation [56, 57].

Hydrogels with the abovementioned multiple crosslinkers
exhibited tunable elasticity upon exposure to stepwise irradia-
tion at multiple wavelengths. For example, the elasticity of a
hydrogel bearing syn-tetramethylbimane and o-nitrobenzyl ester
derivatives as crosslinkers in a 1:1 ratio was reduced by 50%
with 420 nm light irradiation. Subsequently, the hydrogel was
completely decomposed by 365 nm light irradiation. Further-
more, a hydrogel containing a syn-tetramethylbimane deriva-
tive, o-nitrobenzyl ester, and dimethylaniline at a 1:1:1 ratio was
exposed to 420, 365, and 325 nm light in sequence to decrease
its elasticity by approximately 30% each time (Fig. 6f). These

Acidic
cleavage Photo-cleavage

a

b

Reductive
cleavage

Photo-cleavage

Physical
crosslinker

Physical
crosslinker

Fig. 5 Chemical structures of polymer networks based on a chitosan
chains bearing o-nitrobenzyl succinate crosslinked with glutaraldehyde
[49] and b polyetherimide chains containing o-nitrobenzyl derivatives
and disulfide moieties [50]
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results demonstrate the stepwise tunability of the material elas-
ticity by combining multiple photoresponsive crosslinkers that
react with the corresponding wavelength of light irradiation.

Degradable materials in response to sequential
stimuli with light and acid

An approach to achieve higher-order control of photodegrada-
tion involves altering the chemical reactivity of the crosslinker
through photoreactions. A novel photoresponsive unit, the o-
nitrophenylethanol derivative, was incorporated into polymer
network materials by Wang et al. in 2019 [58]. This derivative
induced photocyclization to initiate degradability under acidic
conditions (Fig. 7a). Specifically, the electron-withdrawing nitro
group on the aromatic ring stabilized the acetal group at the para
position. However, this nitro group was converted to an oxi-
ndole moiety via intramolecular photocyclization upon irradia-
tion with 300 nm light [59, 60]. The resulting electron-rich
oxindole moiety facilitated the hydrolysis of the acetal group on
the aromatic ring under acidic conditions. Therefore, the o-
nitrophenylethanol unit demonstrated unique degradability
through sequential stimulation with 300 nm light irradiation
followed by the application of acidic conditions. A hydrogel
formulated with polyacrylic acid ester crosslinked with this o-
nitrophenylethanol derivative remained stable under light irra-
diation but rapidly degraded under acidic conditions at pH 5
following irradiation (Fig. 7b, c). Even at pH 7.4, a level of
acidity that is comparable to the skin surface, the hydrogels
degraded, albeit at a lower reaction rate than at pH 5. Thus,
precise control of hydrogel degradability was achieved through
the sequential use of photoreactions and chemical reactions.

Another approach to controlling the photodegradation of
polymer network materials was reported by Truong and Barner-
Kowollik in 2020 [61]. These authors altered the photoreactivity
of crosslinkers through chemical reactions with acids, specifi-
cally using the styrylquinoxaline moiety (Fig. 7d). This vinyl
moiety underwent a [2+ 2] photocycloaddition reaction,
resulting in cyclobutane derivatives [62, 63]. The styrylquinox-
alines were dimerized with green light irradiation under low-pH
conditions. In contrast, the reaction was inhibited under high-pH
conditions via protonation of the aromatic nitrogen atom within
the styrylquinoxaline structure. Another hydrogel composed of
polymer networks incorporating styrylquinoxaline moieties
exhibited an increased crosslinking density and storage modulus
through [2+ 2] photocycloaddition under irradiation (Fig. 7e).
Conversely, under acidic conditions, the elastic modulus
remained constant even after light exposure. Thus, the photo-
reactivity of the crosslinker and the elasticity of the hydrogels
could be controlled by varying the pH of the external
environment.

Photocontrollable materials utilizing
simultaneous treatment with multiple
stimuli

Material degradation under simultaneous light and
acid stimuli

The aforementioned stimuli-responsive materials degrade
sequentially under various conditions. However, light irra-
diation without other stimuli triggers localized chemical

Light

Enzyme
Light

Enzyme

Light

Enzyme

Reduction

Light
(or Enzyme)

Reduction

Light

Enzyme

=

=

=

b
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da

Degraded under light (420 nm) Light
(420 nm)

Light
(365 nm)
Light
(320 nm)

=

=

=

Degraded under light (365 nm)

Degraded under light (320 nm)

syn-Tetramethyl bimane derivative

o-Nitrobenzyl ester derivative

Dimethylaminobenzene derivative

e f

Fig. 6 a Orthogonal stimuli-
labile moieties and their
cleavage reactions via light,
reduction, and enzymes.
b Schematics of (b) linear and
(c) cyclic crosslinkers in
network materials, which are
cleavable via either light or an
enzyme or a combination of
light and an enzyme,
respectively [51].
d Representative crosslinkers
bearing three types of stimuli-
labile moieties and their
cleavage reactions. e Chemical
structures of photocleavable
moieties under three irradiation
wavelengths. f Schematic of the
subsequent degradation of a
network material with three
photocleavable crosslinkers [54]
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reactions within the material. Thus, these materials are not
completely stable for long-term use under light irradiation.
To address this problem, new materials have been designed
that are degradable under simultaneous treatment with
multiple stimuli. These materials possess enhanced stability
in light-irradiated environments because chemical degra-
dation reactions are initiated only in the presence of light
and an additional stimulus.

In 2022, the present authors developed cooperatively
degradable materials in the presence of two stimuli, namely,
acid and light. In a platinum acetylide complex covered by
two permethylated α-cyclodextrins (PM α-CDs) [64–66],
the Pt–C bond was cleaved under 365 nm UV irradiation in
the presence of HCl, generating a chloroplatinum complex
and chloroalkyne derivative (Fig. 8a) [67]. In contrast, the
platinum complex was stable when exposed to either
365 nm UV light or HCl, demonstrating specific respon-
siveness to simultaneous light and acid stimuli [68]. The
covering structure of the PM α-CDs contributed to the
improvement in the acidic tolerance of the platinum

complex due to steric hindrance [69, 70]. Thus, a new
reactivity was determined for the platinum acetylide com-
plex under light and acidic conditions. Next, the incor-
poration of the unique reactivity of the covered platinum
acetylide complexes into poly(methyl methacrylate) as
crosslinkers yielded a degradable polymer network material
under simultaneous stimulation with 365 nm UV light and
HCl, whereas the material was not reactive under either
stimulus (light or acidic conditions). Interestingly, the
cleavage reaction was attributed to the singlet oxygen spe-
cies generated via energy transfer from the excited platinum
acetylide complex. Therefore, instead of degradation in
response to 365 nm UV light irradiation, 470 nm visible-
light irradiation also induced material degradation under
acidic stimuli in the presence of an iridium photosensitizer,
which generated singlet oxygen via energy transfer from
excited iridium to oxygen molecules [71]. These results
demonstrated that simultaneous stimuli-degradable materi-
als under light and acidic conditions could be obtained by
utilizing the covered platinum complex as a crosslinker.

b

a

d

c

e

Fig. 7 Cleavage reactions of
a an o-nitrophenylethanol
derivative, b the crosslinked
network material via sequential
stimuli with light and acid, and
c SEM images of the network
material treated under different
conditions. Adapted with
permission from ref. [58].
Copyright 2019 Wiley-VCH
Verlag GmbH & KaA,
Weinheim. d [2+ 2]
Photocycloaddition of a
styrylquinoxalne derivative and
inhibition of the reaction under
acidic conditions. e Time
evolution of the storage modulus
under 470 nm irradiation at
different pH levels. The images
were reused under a CC BY
license from ref. [61]
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Functionalities of acid-induced photocontrollable
materials

Polymer network materials crosslinked with a covered
platinum complex could be exploited for the photocontrol
of various functionalized materials utilized under light
irradiation owing to their unique reactivity under simulta-
neous treatment with light and acid. After photoreaction
with acid for processing, the photostability of the resultant
materials was restored by removing the acidic reagents. In
other words, network materials crosslinked by covered
platinum acetylide complexes could be utilized as photo-
controllable materials under acidic conditions as well as
optically functional materials without acidic reagents. The
platinum acetylide complex in the materials exhibited yel-
low phosphorescence at 535 nm under 365 nm UV light
excitation, with a vibration band at ~570 nm (Fig. 8b). In
contrast, the photocleaved products with acid on the
platinum-carbon bond, including the chloroalkyne deriva-
tives, emitted blue fluorescence at 430 nm under 365 nm
excitation. As a result, the photoreaction of gels with
365 nm UV light under acidic conditions afforded lumi-
nescent colors that differed from those in the initial states. In
other words, the micropatterning of luminescent colors,

such as microscale letters described with a photomask, was
achieved using an acid-induced photoreaction followed by
the removal of the acid (Fig. 8c). The luminescent letters
were readable under 365 nm UV irradiation and transparent
under ambient light, which could be applied to encryption
and information-hiding technologies.

The degradation phenomenon under simultaneous light
and acidic stimuli can be applied to photopolymerized
materials [72]. N-(2-hydroxylethyl)acrylamide (HEAA) was
photopolymerized under 365 nm UV light in the presence of
covered platinum acetylide complexes as crosslinkers. The
platinum acetylide crosslinkers remained intact during pho-
topolymerization because of the high photostability of the
platinum complex without acids. However, the photo-
polymerized gels could be degraded under 365 nm photo-
irradiation with acid, demonstrating the acid-induced
photodegradation of the photofabricated materials under the
same wavelength of light irradiation. Thus, the compatibility
of the two photoprocesses, that is, fabrication and degrada-
tion, could be applied to photoadhesive materials [73–75]. A
solution of the HEAA monomer and platinum complex
crosslinker was coated between multiple polymer films and
irradiated with 365 nm UV light to bond the films (Fig. 8d).
Subsequently, after the bonded sample was immersed in an

b
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Debonded
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Bonding 

Site-selective
debonding

365 nm UV 365 nm UV

HCl

Pregel solution

UV light UV light
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HCl and 365 nm UV light
(Condition A)
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HCl, Ir complex, 

and 470 nm Vis. Light
(Condition B)

a

Fig. 8 a Cooperative cleavage reaction of a polymer network cross-
linked with platinum complexes under light and acidic conditions.
b Photoluminescence spectra of the crosslinked gel before and after the
cooperative reaction with light and acid. c Photographs of the polymer
network observed under white light (left) and 365 nm UV light (right)
irradiation, revealing the microscale letters obtained by processing

with 365 nm UV light and acid. d Schematic and e photographs of
photoadhesive and site-selective debonding of polymer films with
365 nm UV light and acid observed under white light (top) and 365 nm
UV light (bottom) irradiation. Adapted with permission from ref. [67]
and [72]. Copyright 2022 and 2023 Wiley-VCH Verlag GmbH &
KaA, Weinheim
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acidic solution, 365 nm UV light irradiation was used to
debond the polymer films on the irradiated area. After
removing the acid, the photoluminescence of the bonded
region under 365 nm excitation exhibited yellow phosphor-
escence. In contrast, the debonded area showed blue fluor-
escence (Fig. 8e). The results demonstrated macroscopic
debonding of the polymer films attributable to the micro-
scopic cleavage of the covered platinum acetylide complexes
under light and acidic stimuli. Accordingly, acid-induced
photoreactivity can be exploited for photoadhesives that can
be debonded with the same wavelength of light irradiation.

Photodegradation under acidic conditions can be extended
to occur under 470 nm blue light by utilizing a photo-
sensitizer. The bonded samples were stable under 470 nm
light exposure; however, they rapidly debonded under irra-
diation at 470 nm in the presence of an iridium complex due
to the energy transfer from the excited photosensitizer.
Conventionally, photochemically adaptable materials are
unstable under light irradiation, which hinders their long-term
use or limits the environment of the irradiated light wave-
lengths. In contrast, acid-induced photocontrollable materi-
als, which are derived from reactivity under simultaneous
treatment with light and acidic stimuli, are photostable under
irradiation at various wavelengths without acidic
reagents. This unique reactivity enables materials with
diverse photofunctionalities, including photoluminescence
and photoadhesion, to be controlled by photoirradiation with
an acid, regardless of the irradiation wavelength. Accord-
ingly, the acid-induced photoreactivity of materials can lead
to a new class of intelligent materials by combining their
photocontrollability and photofunctionalities.

Conclusion

This Focus Review discusses recent advancements in pho-
tochemically adaptable polymer network materials on the
basis of their reaction systems. These advancements include
cleavage reactions at the crosslinking points triggered by
standalone photoirradiation, sequential treatment with light
and other stimuli, and simultaneous treatment with light and
other stimuli. In conventional systems activated solely by
photoirradiation, novel photoreactive moieties have been
engineered and integrated into materials as crosslinkers. This
approach facilitates rapid responsiveness, broadens the range
of effective irradiation wavelengths, and enables reversible
reactivity. Additionally, polymer network materials incor-
porating multiple stimuli-responsive crosslinkers undergo
sequential degradation in response to specific combinations
of stimuli. Such sequential reactivity offers new avenues for
fine-tuning material properties, such as elasticity, and enables
stepwise photodegradation. Moreover, a new class of pho-
toreactive crosslinkers that can be cleaved under the

simultaneous influence of light and acidic conditions was
prepared. This cooperative reactivity allows for the devel-
opment of photochemically adaptable materials that are
stable in the absence of acidic agents, effectively enabling an
on/off switch for photodegradation. These unique properties
have led to the development of new and unprecedented
phototechnologies, such as photocontrollable luminescent
materials and photoadhesives, that can be debonded using
light. As described above, advancements in photocontroll-
ability are attributed to the precise molecular design of pho-
tocleavable units incorporated into polymer networks. The
preparation of a new class of photocleavable moieties could
open new avenues for more sophisticated methods for pho-
tocontrolling polymer network materials, paving the way for
a wide array of functional applications. The integration of
sophisticated photoresponsive designs with diverse polymer
network materials is expected to drive the development of a
new generation of photocontrollable materials.
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