
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
8:

55
:5

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Photoinduced po
aDepartment of Materials Science and Engin

Engineering, Vidyasirimedhi Institute of S

Thailand. E-mail: daniel.crespy@vistec.ac.th
bGeorge & Josephine Butler Polymer Researc

Science & Engineering, Department of Chem

Florida 32611, USA. E-mail: sumerlin@chem

† Electronic supplementary information
protocols, methods, instrumentation, 1

polymers, release prole of photolabile
formation, thickness of coatings, stabilit
DSC data, and composition of
https://doi.org/10.1039/d5sc00637f

Cite this: Chem. Sci., 2025, 16, 5976

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd January 2025
Accepted 22nd February 2025

DOI: 10.1039/d5sc00637f

rsc.li/chemical-science

5976 | Chem. Sci., 2025, 16, 5976–59
lyelectrolyte complexation for the
formation of stable films with reversible
crosslinking†

Krisada Auepattana-Aumrung,a Lauren M. Bishop,b Kaden C. Stevens,b

Kevin A. Stewart,b Daniel Crespy *a and Brent S. Sumerlin *b

Thin films formed by complexation of oppositely charged polyelectrolytes have significant potential in

applications such as separation membranes, biocompatible or anticorrosion coatings, and drug delivery

systems. While layer-by-layer deposition is a reliable method for producing conformal films, this multi-

step process limits scalability. In this study, we functionalize polymers with photoactive protecting and

crosslinking groups, allowing a one-step approach for preparing polyelectrolyte complex (PEC) films. To

achieve this goal, we introduced o-nitrobenzyl and coumarin groups into a polyanion. The o-nitrobenzyl

protecting groups can be selectively deprotected upon exposure to 365 nm light, revealing charged

pendent groups that initiate polyelectrolyte complexation. Simultaneously, the coumarin units in the

copolymers undergo dimerization, enhancing the solvochemical stability of the PEC films. Notably,

short-wave UV irradiation (254 nm) enables retrocyclization of the coumarin dimers, returning the PEC

film to its uncrosslinked state. These UV-driven deprotection, crosslinking, and de-crosslinking processes

provide a versatile and tunable platform for fabricating reversibly crosslinked films. By integrating

photoresponsive polymers and reversible covalent linkages, this approach offers new opportunities for

designing PEC materials with tunable dynamic properties for advanced applications.
Introduction

Polyelectrolytes are polymers containing ionizable groups that
can bear positive or negative charges, classifying them as pol-
ycations or polyanions, respectively.1 When solutions of oppo-
sitely charged polyelectrolytes are combined, polyelectrolyte
complexes (PECs) spontaneously emerge as either viscous
liquids or solid lms, depending on environmental conditions
and polymer composition.2–6 The primary driving forces behind
this self-assembly are the entropically favorable counterion
release and enthalpic contributions from specic ion pairing
between ionic sites on the polymer backbone or side chains.7–10

The functionality of PECs has generated signicant interest in
the development of PECs as membranes,11–13 coatings/lms,14–16
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hydrogels,17–19 electrospun bers,20–22 and encapsulation
technologies.23–25

More recently, PEC thin lms have emerged as an important
class of materials with potential applications across engi-
neering and technology. Layer-by-layer (LbL) assembly, which
generates lms by depositing alternating layers of polyanions
and polycations onto a substrate, is widely used for preparing
PEC lms due to precise control over lm thickness and
material composition.26,27 However, the LbL approach requires
a separate deposition for each layer, making it time-consuming
and challenging to scale for industrial applications. A possi-
bility of accelerating the formation of materials from poly-
electrolyte complexes is to process them in the presence of large
amounts of salts (“saloplastics”), which need to be removed
aer shaping the material.28 The formation of PEC coacervates
via liquid–liquid phase separation in solutions of oppositely
charged polymers offers a straightforward and more efficient
method of preparing polyelectrolyte coatings. However, pro-
cessing PECs into well-dened thin lms or coatings remains
a signicant challenge. In 2021, Li et al. demonstrated a single-
step method for the fabrication of PEC lms, utilizing a volatile
base as a trigger for complexation (Fig. 1A).29 Ammonia was
used to tune the pH of poly(acrylic acid) (PAA), thereby pre-
venting premature complexation when mixed with poly(-
ethylene imine) (PEI). This approach allows the formation of
a homogeneous solution, with complexation between the two
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc00637f&domain=pdf&date_stamp=2025-03-29
http://orcid.org/0000-0002-6023-703X
http://orcid.org/0000-0001-5749-5444
https://doi.org/10.1039/d5sc00637f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00637f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016014


Fig. 1 (A) Previous work demonstrating the preparation of poly-
electrolyte complex films using pH as a trigger. Focus on concepts of
(B) photolabile polymers containing o-nitrobenzyl groups and (C)
photocrosslinking polymers containing coumarin groups. (D) This
work, wherein polyelectrolyte complexes with reversible crosslinking
is achieved using light as a trigger.
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oppositely charged polyelectrolytes only occurring upon the
evaporation of ammonia. However, this method required the
addition of a volatile base (ammonia), which could affect the
overall lm quality. We propose a novel approach to address
these limitations using stimuli-responsive polymers containing
photolabile groups. These photolabile groups deprotect upon
UV irradiation, revealing ionizable groups that facilitate the
spontaneous complexation of oppositely charged
polyelectrolytes.

Photolabile chemistries have become a powerful tool in poly-
mer material design, introducing functional linkers or pendent
groups that provide control over key material properties such as
surface modications, structural integrity, matrix degradation,
and mechanical strength.30,31 The use of protecting groups in
material synthesis involves temporarily masking a chemical
functionality to enable on-demand chemical transformations,
followed by selective deprotection to reveal the original func-
tionality.32,33 Photochemical deprotection methods are orthog-
onal to most chemical functionalities, providing precise
spatiotemporal control and selectively targeting photocleavable
groups without interfering with chemically sensitive backbones
or pendant groups.34,35 Among the many photolabile groups that
have been studied, o-nitrobenzyl alcohol derivatives have partic-
ularly gained attention due to their high photocleavage efficiency
under near-UV irradiation.36–38 Upon exposure to UV light, these
groups undergo a photoisomerization process, converting into o-
nitrosobenzaldehyde and simultaneously releasing a free
carboxylic acid (Fig. 1B).33,39,40 This light-driven deprotection and
subsequent revealing of an ionizable functional group provide
a mild and straightforward stimulus to initiate complexation
between oppositely charged polyelectrolytes.

The mechanical strength, stability, and tunability of poly-
electrolyte complex (PEC) materials are critical for their
© 2025 The Author(s). Published by the Royal Society of Chemistry
practical application in various elds.19,41 However, achieving
both robust physical properties and dynamic adaptability
remains a challenge. Traditional PEC materials require expo-
sure to aqueous solutions of variable salinity or pH to adjust or
reverse their structures, which limits their utility in aqueous
environments where the pH and salinity of the complex are
outside a controlled setting.42 Such longstanding issues can, in
principle, be overcome by introducing reversible/dynamic
linkages within PECs, thereby enabling enhanced stability
under harsh environments and a functional tool for ne-tuning
the overall material properties.

Reversible covalent linkages have emerged as a powerful tool
in the design of dynamic and adaptable materials, offering the
stability of covalent bonds combined with the processability or
reversibility typically associated with noncovalent interac-
tions.43,44 These dynamic linkages allow for controlled assembly
and disassembly of polymer networks, enabling the modulation
of physical and chemical properties post-synthesis. A variety of
reversible covalent chemistries have been explored for material
fabrication, including photoresponsive cycloadducts,45–48 Diels–
Alder adducts,49–53 disuldes,54–56 oximes,57,58 boronic esters,59,60

and Schiff bases,61–63 which impart self-healing and reprocess-
ability to the resulting materials. Photoresponsive systems are
particularly attractive due to the inherent spatiotemporal
control and mild conditions associated with photochemical
dynamicity. By carefully selecting the wavelength and intensity
of light, specic covalent bonds can be formed or cleaved,
allowing for precise tuning of material properties.64,65 This
approach has been applied to the development of photoinduced
polymer networks, where functional groups such as
coumarins,66–69 anthracene derivatives,70–72 and pyrimidine or
thymine bases73–75 undergo reversible dimerization and
cleavage reactions under UV irradiation. Coumarin and its
derivatives have been extensively studied due to their efficient
dimerization and cleavage under UV irradiation, which occur
without the need for photosensitizers or catalysts.76,77 Upon
exposure to long-wave UV light (365 nm), coumarin undergoes
a [2 + 2] cycloaddition, forming cyclobutane-linked dimers,
while short-wave UV light (254 nm) induces a cycloreversion
reaction, restoring their monomeric state (Fig. 1C).78–80 This
photoreversible crosslinking behavior provides a versatile plat-
form for controlling material properties, making coumarin-
modied polymers highly suitable for the design of stimuli-
responsive and recongurable materials.

Herein, we report a novel one-step method for fabricating
stable polyelectrolyte complex lms (Fig. 1D). This is achieved
by introducing photolabile protecting groups to inhibit
premature complexation between oppositely charged poly-
electrolytes, thereby preventing undesired precipitation prior to
lm formation. Following lm casting, long-wave UV irradia-
tion (365 nm) induces the deprotection of ionizable groups,
facilitating complexation between the polyelectrolytes. Simul-
taneously, coumarin units within the copolymers undergo
photodimerization, enhancing the stability and overall func-
tionality of the PEC lms. Finally, we demonstrate how the
crosslinked PEC lms can be reverted to uncrosslinked PEC
lm upon short-wave UV irradiation (254 nm) due to the
Chem. Sci., 2025, 16, 5976–5985 | 5977
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dynamicity of the coumarin linkages. This photochemical
approach of on-demand, concomitant complexation and
dynamic covalent crosslinking offers a versatile and accessible
method for fabricating PEC lms.
Results and discussion

The synthesis of the photoresponsive functional monomers o-
nitrobenzyl acrylate (NBA) and 7-(2-acryloyloxyethoxy)-4-
methylcoumarin (CoumAc) were adapted from previous litera-
ture procedures (Fig. 2A).81–84 NBA was synthesized by the
reaction of acryloyl chloride with o-nitrobenzyl alcohol in the
presence of triethylamine. A polymerizable acrylate derivative of
coumarin was synthesized via a reaction between 4-methyl-
umbelliferone and 2-chloroethanol, followed by a reaction of
acryloyl chloride in the presence of triethylamine to yield Cou-
mAc. Both monomers were thoroughly puried via vacuum
distillation and silica gel column chromatography. The chem-
ical structures of the intermediates and monomers were
conrmed by 1H NMR spectroscopy (Fig. S1–S3†).

The photoactive copolymers were designed using photo-
labile o-nitrobenzyl and photoresponsive coumarin monomers
(NBA and CoumAc, respectively), along with a comonomer, N-
hydroxyethyl acrylamide (HEAA) [P(CoumAcx-co-HEAAy-co-
NBAz)]. HEAA was selected as a comonomer for polyelectrolyte
complex (PEC) lms due to its hydrophilic and non-ionic
nature. P(CoumAcx-co-HEAAy-co-NBAz) copolymers were
synthesized via free radical polymerization at 70 °C in dimethyl
sulfoxide (DMSO), employing azobis(isobutyronitrile) (AIBN) as
the initiator (Fig. 2B). The photolabile anionic copolymers were
synthesized with varying molar ratios of CoumAc to investigate
the inuence of coumarin crosslink density on the formation of
polyelectrolyte complexes (PECs) (Fig. S4–S6†). The molar ratio
Fig. 2 Reaction schemes for (A) the preparation of the monomer o-nitro
(CoumAc) and (B) the conventional radical polymerization of CoumAc
polymers P(CoumAcx-co-HEAAy-co-NBAz).

5978 | Chem. Sci., 2025, 16, 5976–5985
of CoumAc was determined by integrating the signals associ-
ated with the aromatic protons of CoumAc relative to the –CH2–

protons of NBA via 1H NMR spectroscopy. For all synthesized
polymers, NMR analysis conrmed that the incorporation of
coumarin units in the puried polymers closely matched the
initial monomer feed ratio (Table S1†). The apparent number-
average molecular weight (Mn) ranged from 30 to 33 kg mol−1.

The photoreactivity of the P(CoumAcx-co-HEAAy-co-NBAz)
copolymers was rst examined in solution. Under UV irradia-
tion at 365 nm, photocleavage of the o-nitrobenzyl units and
photodimerization of the coumarin units occurred simulta-
neously (Fig. 3A). The release of the o-nitrobenzyl group was
investigated by 1H NMR spectroscopy in solution at different
irradiation time intervals. Both P(CoumAc0.03-co-HEAA0.87-co-
NBA0.10) and P(HEAA0.90-co-NBA0.10) copolymers were dissolved
in DMSO-d6 and irradiated with UV light at 365 nm. For the o-
nitrobenzyl deprotection study, DMSO-d6 was selected as
solvent for minimizing issues associated with proton exchange.
Because the deprotection reaction generates carboxylic acid
groups, using water could lead to pH-dependent chemical shi
variations and broadened signals due to exchange of labile
protons, hence complicating quantitative analysis. A represen-
tative temporal evolution of 1H NMR spectra of the copolymers
is shown in Fig. 3B and S7.† The cleavage of o-nitrobenzyl
groups from the copolymers was monitored by comparing the
signals of the –CH2– protons from the o-nitrobenzyl group (HA)
with the proton of the newly formed –CHO group (HB).85 The
signal for the –CH2– protons of the o-nitrobenzyl group at
5.4 ppm gradually decreased with increasing irradiation time,
while a new peak corresponding to the –CHO group at 12.1 ppm
increased proportionally. Aer 5 h of UV irradiation, the
cumulative release of o-nitrobenzyl groups from P(CoumAc0.03-
co-HEAA0.87-co-NBA0.10) copolymer reached approximately 93%
benzyl acrylate (NBA) and 7-(2-acryloyloxyethoxy)-4-methylcoumarin
, N-hydroxyethyl acrylamide (HEAA), and NBA to obtain photolabile

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Reaction scheme for the photoreactions of the copolymers after irradiating with UV light at 365 nm. (B) Temporal evolution of 1H NMR
spectra and (C) release profiles of the o-nitrobenzyl group from P(CoumAc0.03-co-HEAA0.87-co-NBA0.10) in DMSO-d6. UV-vis study of the
reversible crosslinking reaction of P(CoumAc0.03-co-HEAA0.87-co-AA0.10) in water. (D) UV-vis spectra of photodimerization and (E) percent
coumarin dimerization as a function of irradiation time at 365 nm. (F) UV-vis spectra of photocleavage and (G) percent coumarin cleavage as
a function of irradiation time at 254 nm.
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(Fig. 3C). Similarly, the cumulative release from the copolymer
without coumarin, P(HEAA0.90-co-NBA0.10), was approximately
92% (Fig. S8†), indicating that the incorporation of coumarin
unit into the copolymers did not adversely affect the photo-
reactivity of the o-nitrobenzyl group.

To investigate the reversible photodimerization of the
coumarin groups, a copolymer without NBA, P(CoumAc0.03-co-
HEAA0.87-co-AA0.10), was prepared (Fig. S9†) as the released o-
nitrobenzyl group exhibited strong absorption in the same
wavelength region as the coumarin compound.86 The solution
dimerization and cleavage behavior of the copolymers were
monitored using UV-vis spectroscopy. The characteristic
absorbance of coumarin at 320 nm corresponds to the vinyl
group of the a,b-unsaturated ester.84 A dilute aqueous solution
of P(CoumAc0.03-co-HEAA0.87-co-AA0.10) (0.1 wt%) was irradiated
with 365 nm UV light, and the absorbance at 320 nm was
recorded as a function of irradiation time. For the isomerization
reactions of coumarin derivatives, water was used to match the
conditions under which the polyelectrolyte complexes were
formed and studied. While solvent polarity and hydrogen
bonding can inuence photochemical reactions, coumarin
dimerization and cycloreversion reactions are primarily
© 2025 The Author(s). Published by the Royal Society of Chemistry
governed by intramolecular interactions, making them rela-
tively insensitive to solvent quality in this case. However, in
highly hydrogen-bonding solvents like water, subtle differences
in reaction kinetics may occur due to changes in coumarin
solubility and local microenvironment effects. The local poly-
mer environment, particularly in polyelectrolyte complexes, can
inuence reaction efficiency by altering the spatial arrangement
and accessibility of reactive groups, as demonstrated in studies
on single-chain nanoparticle formation via solvent-induced
polymer collapse. Notably, previous studies have shown that
methanol enhances coumarin dimerization due to its polarity,
which increases the quantum yield of the reaction.87 This
suggests that solvent-mediated compaction or solvophobic
interactions, as seen in polymer systems, may play a role in
tuning reaction kinetics, particularly in aqueous or hydrogen-
bonding environments.

As expected, the absorbance gradually decreased as the
coumarin units dimerized (Fig. 3D). Approximately 84% of
coumarin moieties formed dimers aer 4 h of irradiation
(Fig. 3E). Given that coumarin dimers can revert to their
monomeric form under 254 nm UV light, we hypothesized that
the original polymer could be regenerated. Upon irradiation
Chem. Sci., 2025, 16, 5976–5985 | 5979
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with 254 nm UV light, the absorbance at 320 nm recovered
(Fig. 3F), indicating that approximately 79% of the coumarin
dimers were cleaved back into their constituent monomers
within 4 min (Fig. 3G). However, complete cycloreversion was
not achieved, which we attribute to an equilibrium between the
forward and reverse reactions under short-wave UV
exposure.84,88–90 Therefore, under storage conditions (e.g., in the
dark), we believe a signicant fraction of the coumarin moieties
remains in the dimerized (crosslinked) state. The persistence of
these coumarin crosslinks enhances the overall stability of the
polymer network, as evidenced by the improved durability of
the free-standing polyelectrolyte complex lms in both deion-
ized water and 1 M NaCl aqueous solutions. Although our study
did not include long-term shelf-life testing under various
storage conditions, the observed equilibrium suggests that the
polymer is likely to retain its crosslinked structure over pro-
longed periods in the absence of short-wave UV light. Notably,
when comparing the dimerization under 365 nm irradiation to
the cleavage of the o-nitrobenzyl groups, the rates of these
processes were found to be comparable (Fig. 3B–G).

We hypothesize that at high polymer concentrations,
increased intermolecular interactions and solution viscosity
may lead to slower reaction rates, as diffusion-controlled
processes such as photoisomerization and proton transfer
could be hindered. Additionally, self-screening effects may
reduce the efficiency of UV-light absorption in highly
Fig. 4 (A) Schematic representation of the preparation of polyelectroly
electrolyte complexes of P(CoumAc0.03-co-HEAA0.87-co-NBA0.10) or P(
concentrations.

5980 | Chem. Sci., 2025, 16, 5976–5985
concentrated solutions, potentially affecting photoconversion
uniformity. For the o-nitrobenzyl deprotection, the carboxylic
acid ratios should remain consistent under both dilute and
concentrated conditions, provided that sufficient UV exposure
is provided to complete the reaction. However, aggregation or
altered local microenvironments in concentrated samples may
slightly reduce the efficiency of the reaction. Coumarin dimer-
ization may increase at higher concentrations due to enhanced
monomer proximity, but photodimerization and cycloreversion
efficiency could vary with light penetration depth, leading to
potential variability in crosslink density in bulk samples
compared to predicted efficiency in dilute solutions.

PECs were prepared by mixing solutions of our photo-
responsive anionic copolymer with the established polycation
(Fig. 4A). Specically, to initiate the complexation process, stock
solutions of P(CoumAcx-co-HEAAy-co-NBAz) and the polycation
poly(N,N-diallyldimethylammonium chloride) (PDADMAC)
were prepared in deionized water and transferred to a 1.5 mL
Eppendorf tube (Table S2†), followed by immediate vortexing to
ensure homogeneous mixing. The mixed solutions were irra-
diated with UV light at 365 nm for 4 h, inducing the release of
the o-nitrobenzyl group from the P(CoumAcx-co-HEAAy-co-NBAz)
copolymer, which generated acrylic acid units. At a pH above
the pKa of the poly(acrylic acid) (pKa = ∼4.5),91,92 the carboxyl
groups were deprotonated and revealed negatively charged
te complexes. (B) Optical micrographs and (C) photographs of poly-
HEAA0.90-co-NBA0.10) with PDADMAC under different polyelectrolyte

© 2025 The Author(s). Published by the Royal Society of Chemistry
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residues on the copolymers, leading to the formation of
complex coacervates with PDADMAC (Fig. 4B).

To investigate the effects of polyelectrolyte (PE) concentra-
tion on the PEC formation, PECs with a 1 : 1 matching ratio
between polyanion and polycation repeating units with total PE
concentrations during complexation of 1, 5, and 10 wt% were
prepared (Table S2†). At 1 and 5 wt% total PE concentrations,
liquid-like coacervates were formed, indicating successful
complexation (Fig. 4C). However, complexation was inhibited
when total polymer concentrations exceeded 5 wt% due to self-
suppression effects that hindered PEC formation.93,94 These
effects result from enhanced polymer chain interactions and
steric hindrance at higher concentrations, which reduce the
availability of charged groups for effective complexation. The
effect of charge ratios on the PEC formation was further
explored by maintaining a total PE concentration at 5 wt% while
altering the charge ratios between P(CoumAcx-co-HEAAy-co-
NBAz) and PDADMAC to 0.5 : 1, 1 : 1, and 1.5 : 1 (Table S3†). The
successful formation of PECs at a stoichiometric 1 : 1 charge
ratio was evidenced by the observation of liquid-like
Fig. 5 (A) Schematic for the preparation of polyelectrolyte complex
coatings without andwith UV irradiation at 365 nm.Weight loss analysis o
irradiation at 365 nm after immersing in deionized water. (E) Photocle
irradiation at 254 nm. (F) Stability of P(CoumAc0.03-co-HEAA0.87-co-NB
254 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
coacervates, which indicate efficient complexation between the
polyelectrolytes, as shown in Fig. S10.† PECs were formed most
effectively at a 1 : 1 charge ratio, where entropic gain from
complexation between polycations and polyanions is maxi-
mized, resulting in stable complexes. Deviations from this ratio
disrupt charge neutralization, leading to reduced stability and
incomplete complexation.95–97 Similar results were obtained
using the photolabile anionic copolymer without coumarin
units, P(HEAA0.90-co-NBA0.10), conrming the presence of
coumarin units did not hinder PEC formation (Fig. S10†).

With the optimal PE concentrations and charge ratios
identied for stable PEC formation, we next sought to translate
these conditions into the preparation of PEC coatings. By
leveraging the charge-matched conditions, PE coatings were
fabricated by drop-casting, and their structural and surface
properties under UV irradiation were examined. A mixture
containing photolabile anionic polymer, cationic polymer, and
deionized water was drop-cast onto dried glass substrates. The
total PE concentration was kept at 5 wt%. The coated substrates
were irradiated with UV light at 365 nm for 4 h and dried at 25 °
films. (B) Contact angle of P(CoumAc0.03-co-HEAA0.87-co-NBA0.10)
f P(CoumAcx-co-HEAAy-co-NBAz) coatings (C) without and (D) with UV
avage reaction of P(CoumAc0.03-co-HEAA0.87-co-NBA0.10) under UV
A0.10) films in a 1 M NaCl aqueous solution following UV irradiation at

Chem. Sci., 2025, 16, 5976–5985 | 5981
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C for 24 h (Fig. 5A). The thickness measured by prolometry of
irradiated PE coatings containing 0, 1, and 3 mol% CoumAc
were 5.88 ± 0.12, 5.72 ± 0.06, and 6.05 ± 0.11 mm, respectively,
whereas the thickness of the PE coatings without UV irradiation
was slightly higher (Fig. S11†). UV-induced complexation
signicantly altered the surface properties, as indicated by the
contact angle measurements. Indeed, the static water contact
angle of P(CoumAc0.03-co-HEAA0.87-co-NBA0.10)/PDADMAC coat-
ings increased from 72 ± 2° to 105 ± 2° aer UV exposure
(Fig. 5B). The increase in contact angle was attributed to UV-
induced complexation between oppositely charged poly-
electrolytes, which leads to the formation of a more compact
structure that reduces the exposure of hydrophilic groups.
Additionally, UV-induced crosslinking further rigidies the
network, restricting the mobility of the hydrophilic groups and
reducing their availability for water interaction. These effects
collectively result in a signicant decrease in surface hydro-
philicity, as evidenced by the increase in contact angle.

The stability of the PE coatings in water was evaluated
gravimetrically by monitoring weight loss over immersion time.
PE coatings containing 0, 1, and 3mol% CoumAc were prepared
on glass substrates with and without UV irradiation. The coat-
ings were rst immersed in deionized water, and the weight
change was measured as a function of immersion time. Non-
irradiated coatings were completely removed from the
substrates within 5min (Fig. 5C and S12A†), while UV-irradiated
coatings remained on the substrates for up to 5 d (Fig. 5D and
S12B†). Notably, incomplete complexation during lm forma-
tion results in the presence of a fraction of water-soluble poly-
mer chains or low-molecular-weight species that are not fully
incorporated into the crosslinked network. Moreover, this
initial mass loss is due to leaching of o-nitrosobenzaldehyde
following photodeprotection. Upon immersion, these compo-
nents rapidly diffuse out, leading to an initial decrease in mass.
Aerward, the remaining crosslinked network reaches equilib-
rium, inducing a stabilization of the mass over time. Moreover,
the remaining weight of the UV-irradiated coatings increased
proportionally with CoumAc content. Indeed, the remaining
weight of the PECs coatings containing 0, 1, and 3 mol% Cou-
mAc were ∼4, 21, and 60% of the original weight, respectively.
PECs exhibit higher water stability than individual PEs due to
strong electrostatic interactions between oppositely charged
polymers, which neutralize charges and reduce water
solubility.98

To further conrm the role of coumarin crosslinking on the
improved stability, free-standing PEC lms were immersed in
a 1 M NaCl aqueous solution (Fig. S13A†). The PECs lms
without coumarin rapidly broke into pieces and sank to the
bottom of the vial aer 3 min, whereas the PECs lms con-
taining 3 mol% CoumAc remained structurally intact and fully
sank to the bottom of the vial aer 30 d (Fig. S13B†). This result
demonstrates the signicance of the role coumarin-based,
covalent crosslinking has in reinforcing PEC lm stability.
Although our results demonstrate that coumarin crosslinking
prevents the lms from dissolving, we acknowledge that high
ionic strength could potentially weaken noncovalent electro-
static interactions that contribute to complex formation.
5982 | Chem. Sci., 2025, 16, 5976–5985
However, we believe this underscores the utility of our orthog-
onal methodology in that while the polyelectrolyte complexes
are initially formed through electrostatic interactions, the
subsequent covalent crosslinking via coumarin dimerization
locks in the network structure. This covalent reinforcement is
expected to preserve the integrity of the complexes, even if some
degree of ionic screening occurs in high-salt conditions.
Moreover, our extended stability tests show that free-standing
PEC lms containing 3 mol% CoumAc remain intact for up to
30 d in a 1 M NaCl solution (Fig. S13B†), suggesting that the
internal complexes do not undergo signicant destabilization
over time.

The reversible photocleavage of coumarin dimers under
short-wave UV light (254 nm) is demonstrated in Fig. 5E. Upon
exposure to 254 nm UV, cycloreversion reactions occurred,
wherein crosslinked coumarin dimers were partially converted
back to their de-crosslinked form.99 This photoreversible
process enables the transition of lms between a chemically
crosslinked state, induced by long-wave UV irradiation (365
nm), and a de-crosslinked, soluble state under short-wave UV
exposure (254 nm). To conrm this process also occurs in PECs,
free-standing lms of P(CoumAc0.03-co-HEAA0.87-co-NBA0.10)/
PDADMAC, which had been previously crosslinked under
long-wave UV light, were immersed in a 1 M NaCl aqueous
solution and then irradiated with a 254 nm UV light (Fig. 5F).
Within 15 min of irradiation, the lms began to dissolve and
sink to the bottom of vials, conrming that the coumarin
crosslinks had been sufficiently cleaved. Aer an additional
90 min of short-wave UV exposure and overnight immersion in
the salt solution, the lm fully disintegrated, providing strong
evidence of coumarin dimer reversion leading to soluble,
uncrosslinked copolymers. Compared to the lms without UV
irradiation at 254 nm, the lms remained stable throughout the
experiment. Additionally, differential scanning calorimetry
(DSC) of the PECs lms aer irradiating with short-wave UV
light revealed a decrease in the glass transition temperature (Tg)
compared to the original PECs lms (Fig. S14†), further con-
rming the de-crosslinking reaction of coumarin units. Indeed,
our copolymer, composed of o-nitrobenzyl acrylate, coumarin
acrylate, and 2-hydroxyethyl acrylamide, exhibits a Tg of 53 °C
when not exposed to UV light. This relatively high Tg is attrib-
utable to the rigid, aromatic nature of the o-nitrobenzyl acrylate
segments and the acrylamide comonomer units. Upon irradia-
tion with 365 nm UV light, photoinitiated coumarin dimeriza-
tion increases the crosslink density, resulting in an increase of
Tg to 57 °C due to enhanced network rigidity and restricted
chain mobility. However, subsequent exposure to 254 nm UV
light leads to a signicant reduction in Tg to 38 °C. We believe
indeed that o-nitrosobenzaldehyde acts as a plasticizer during
the photolysis of o-nitrobenzyl groups, reducing intermolecular
interactions and increasing the exibility of the polymer
network. Moreover, under 254 nm irradiation, the cleavage of
coumarin dimers should further increase chain mobility. These
effects collectively lead to the observed decrease in Tg for the
lm exposed to both 365 and 254 nm UV light.

The ability to reversibly modulate crosslinking in PEC lms
through light exposure provides a functional platform for
© 2025 The Author(s). Published by the Royal Society of Chemistry
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designing materials with tunable mechanical and solubility
properties. Such materials could be of interest for applications
in smart coatings, self-healing materials, and responsive
hydrogels, where environmental stimuli, such as light, can be
used to trigger structural changes and control material perfor-
mance. Additionally, precise control over crosslinking and de-
crosslinking offers potential for recyclable or reprocessable
materials, which is highly advantageous in reducing waste and
improving the sustainability of polymer-based systems. These
ndings underscore the importance of coumarin-based photo-
crosslinking mechanisms in developing advanced PEC lms
with reversible, light-responsive properties.

Conclusions

We have developed a photomediated approach for fabricating
stable polyelectrolyte complex (PEC) coatings with reversible
crosslinking. By copolymerizing vinyl monomers containing o-
nitrobenzyl and coumarin units with a water-soluble como-
nomer, we synthesized copolymers capable of forming stable
PECs with PDADMAC upon irradiation with long-wave UV light
(365 nm). Crosslinking within the PECs was achieved via the
dimerization of coumarin units, signicantly enhancing the
coatings' stability in both water and salt solutions. Importantly,
the coumarin-based cyclobutane dimers enabled reversible
crosslinking, as exposure to short-wave UV light (254 nm)
restored the PECs to their soluble state, offering a viable
pathway to both a robust and recyclable material system. This
conceptual design can be further adapted to impart tailored
functionalities by modifying the photolabile groups, stimuli-
responsive triggers, or comonomer units, allowing for a broad
range of practical applications. Moreover, this approach opens
the possibility of incorporating active payloads within the lms,
which could be released upon deprotection of the photolabile
groups, further broadening the potential utility of these
materials.
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