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Antagonistic Two-Color Control of Polymer Network

Formation

Arnau Marco, Marc Villabona, Tugce Nur Eren, Florian Feist, Gonzalo Guirado,
Rosa M. Sebastidn, Jordi Hernando,* and Christopher Barner-Kowollik*

Offering high spatiotemporal resolution, dual wavelength-controlled soft
matter network formation paves the way to advanced printing techniques with
optimized performance. One of the most promising approaches is the antago-
nistic control of covalent bond-forming reactions with two colors of light, where
photoexcitation with one wavelength induces a photochemical reaction, while
irradiation with the other ceases it in the presence of the first color. Herein, we
combine a photoactivatable diene precursor and a photoswitchable dienophile,
establishing a dual-wavelength-gated cycloaddition reaction capable

of controlling polymer crosslinking. Upon incorporation of the diene precursor
into a methacrylate copolymer and the synthesis of a difunctional dienophile
cross-linker, selective polymer network formation is promoted under sole UV
illumination, while it can be efficiently suppressed with simultaneous redlight
irradiation. Critically, the methodology is used for the preparation of solid

resolution,l!) an advantageous feature that
is exploited in a variety of applications rang-
ing from adhesive bonding/?! to polymer
self-healing,[*) surface patterning,[* and ad-
ditive manufacturing.®! Most of the light-
induced network formation processes oc-
cur under irradiation with a single illumi-
nation source, which poses several limita-
tions to the time and spatial accuracy with
which they can be conducted.’] For in-
stance, photoactivated reagents can diffuse
out of the irradiated region or survive longer
than the photoexcitation time, thus preclud-
ing efficient spatiotemporal confinement of
photopolymerizations. In addition, the spa-
tial resolution with which reactive systems

polymer materials with antagonistic two-color control of their cross-linking
status, ultimately allowing the fabrication of spatially patterned polymer films.

1. Introduction

The control of chemical reactions with light allows polymer net-
work formation and manipulation remotely with spatiotemporal
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can be photoexcited with far-field optics is
restricted by diffraction and, consequently,
impedes light-controlled polymerization on
the nanoscale. To overcome these hurdles,
the use of two colors of light can effectively
control polymer network formation,®”] which also provides ad-
ditional advantages such as polymer post-modification,!®] multi-
material preparation’® and 4D printing.['"!

To perform dual wavelength network formation with enhanced
spatiotemporal control, two main strategies are utilized as we
have recently summarized in ref. [11] On the one hand, coop-
erative or synergistic photoactivation with two colors of light can
be employed, where the absorption of photons of two different
wavelengths by onel®!?] or twol!?] reactive species is required to
trigger liquid resist curing, thereby favoring polymer network for-
mation in the overlapping volume element of the two irradiation
beams. For instance, this behavior can be accomplished syner-
gistically by using dual-color photoinitiators!®!2 or cooperatively
with cross-linkers functionalized with two independently reac-
tive chromophores.[*?! Although excellent results have been ob-
tained with this approach,[®!?! polymerization/cross-linking out-
side of the two-color irradiated area can take place depending on
the diffusivity and lifetime of the photoactivated species. To cir-
cumvent this limitation, antagonistic photochemical systems in-
spired by stimulated emission depletion (STED) microscopy have
been devised, which make use of one excitation wavelength to
induce polymerization and another to suppress it in an orthogo-
nal manner.”] Thus, by judiciously selecting the shapes of these
two illumination beams, polymer network formation can be ef-
fectively confined spatially. Typically, the second color of light
halts polymerization by annihilating the reactive excited state of
a photoinitiator!!*l or activating a photoresponsive inhibitor,**]
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Scheme 1. Schematic representation of our antagonistic two-color photochemical reaction strategy to control polymer network formation by exploiting
the light-modulated oxo-Diels-Alder reaction between photocaged dienes and photoswitchable dienophiles.

which however require very high excitation intensities and the
incorporation of additional components to the formulation, re-
spectively. Alternatively, the use of photoswitches has been pro-
posed, which can toggle between active and inactive states for
polymer curing under irradiation with two different excitation
wavelengths.1%] However, despite its high promise, this strat-
egy has been seldom exploited to date and — to fully unleash its
potential— the development of novel antagonistic photoswitch-
able reactive systems is required.

Herein, we address this challenge by reporting an antago-
nistic two-color photochemical strategy based on photoswitch-
able motifs to control polymer network formation. With re-
spect of previous studies, herein we propose a sophisticated dual
color reaction scheme for polymer cross-linking: the use of two
different bond-forming photoreactive entities to start and stop
cross-linking reactions in an antagonistic fashion with two col-
ors of light. To our knowledge, we follow an unprecedented
approach, providing refined spatiotemporal resolution to poly-
mer network formation, which we demonstrate to work not
only in solution but also for the preparation of solid materi-
als. We thus exploit a dual wavelength gated oxo-Diels-Alder
cycloaddition (0DA) reaction recently described by us, which
takes place under ambient conditions. Specifically, a photocaged
o-methylbenzaldehyde precursor (oMBA) generates a transient
o-quinodimethane diene (0QDM), which reacts with a triflu-
oromethyl ketone dienophile whose reactivity is reversibly al-
tered by an appended dithienylethene photoswitch (DTE-COCF;)
(Scheme 1).17] As a result, the 0DA process is selectively triggered
upon UV illumination by concomitantly generating the reac-
tive 0QDM and closed-state DTE-COCF, species (DTE_-COCF;),
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while it can be orthogonally suppressed with simultaneous red
light irradiation by rendering the dienophile inactive in its open
isomer form (DTE_-COCF;). We herein demonstrate that our an-
tagonistic on-off photochemical system can be exploited for the
two-color control of solid polymer network formation by react-
ing oMBA-pendant polymers (PoMBA) with difunctional DTE-
COCF;-based cross-linkers (diDTE-COCF;) (Scheme 1). Notably,
our approach can be extended to other polymers decorated
with highly reactive photocaged diene precursors different from
oMBA.

2. Results and Discussion

2.1. Synthesis and Photochemical Reactivity of Polymers and
Cross-Linkers

To apply the two-color controlled 0DA process to polymer net-
work formation, the photoreactive POMBA polymer and diDTE-
COCEF; cross-linker were synthesized (Figure 1a). For PoMBA
preparation, an oMBA-functionalized monomer was initially
obtained by esterification between (hydroxyethyl)methacrylate
and a carboxylic acid-terminated o-methylbenzaldehyde deriva-
tive previously reported by us!'®l (o0MBA-HEMA, Scheme S1,
Supporting Information). A mixture of oMBA-HEMA and
methyl methacrylate (MMA) was subsequently subjected to
free radical polymerization conditions to afford PoMBA as
a methacrylate-based poly[MMA-co-oMBA-HEMA| copolymer
(Figure 1a; Scheme S1, Supporting Information). In a first
step, a chain transfer agent was used to adjust the number
average mass of the polymer formed close to 10 000 g mol~!
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Figure 1. a) Structures of POMBA and of the open and closed states of diDTE-COCF;. b) SEC recorded molecular weight distribution of POMBA;go00-
c) UV-vis absorption spectra of oMBA, POMBA; oq9, diDTE,-COCF; and diDTE_-COCF; in toluene. d) Variation of the molar fraction of diDTE_-COCF;
in toluene upon consecutive photoswitching cycles with UV (1e,. = 365 nm) and visible (4e, = 625 nm) light irradiation. e) '’F NMR spectra (282 MHz,
toluene-dg) of a reaction mixture of oMBA (c = 0.32 mm) and diDTE_-COCF; (c = 0.08 mm) subjected to UV irradiation (LED365 with Ag,c max = 365 nm,
1.177 mW cm~2) under ambient conditions for 0, 15, and 30 min (refer to Section 4.1 in the Supporting Information for further details). f) SEC elugrams
in THF of aliquots of a reaction mixture of POMBA;¢gqo (¢ = 0.83 mm) and DTE,-COCF; (¢ = 0.83 mwm) in toluene-dg subjected to UV irradiation (LED365

with iexc,max
details).

(M, = 10400 g mol™!, D = 1.4), which should ensure suf-
ficient solubility in organic solvents to allow analysis by size
exclusion chromatography (SEC) even after substantial cross-
linking (PoMBA, 4o, Figure 1b; Figure S2 and Table S1, Sup-
porting Information). The oMBA-HEMA:MMA monomer ra-
tio in POMBA,(,, Was determined to be 1:8, in line with the
comonomer feed ratio used, and corresponds to around 9 oMBA
pendant groups per chain (Figure S3 and Table S1, Support-
ing Information). The oMBA content was intentionally kept low
to disfavor non-selective polymer cross-linking in subsequent
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=365nm, 1.17 mW cm~2) under ambient conditions for 0, 10, 20, and 60 min (refer to Section 4.2 in the Supporting Information for further

experiments, which can take place by self-dimerization of two
0QDM diene units photoproduced from oMBA.[84] As a such pro-
cess is promoted by high oMBA concentrations and UV irradia-
tion intensities, reducing the oMBA monomer ratio in PoMBA
should allow minimizing its contribution to polymer cross-
linking relative to the desired oDA reaction with diDTE-COCF;.
The UV-vis absorption spectrum measured for POMBA,,, in
toluene solution was consistent with the presence of thioether-
substituted o-methylbenzaldehyde pendant groups, which are
known to exhibit a defined absorption band at 4 ~ 350 nm

abs,max
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(e.g., oMBA in Figure 1c, which is an o-methylbenzaldehyde
monomer bearing a n-butylsulfanyl substituent)./17:18]

To achieve POMBA cross-linking, the synthesis of the diDTE-
COCF; dimer was required due to the particular reactivity of
its trifluoroacetyl moieties. Although each DTE-COCF; unit con-
tains two equivalent lateral trifluoromethyl carbonyl dienophiles,
only the first 0DA photoligation between one of these groups and
oMBA is favored in the closed isomer of the system.['”] The en-
hanced reactivity is caused by the electronic communication se-
lectively established between the two initial electron-withdrawing
trifluoromethyl ketones in DTE_-COCF;, which mutually re-
duces the electron density on their carbonyl groups and, there-
fore, critically enhances their dienophilic character. However,
once the first of these groups undergoes 0DA cycloaddition and
transforms into a hemiketal species, this resonant activating ef-
fect is lost, which reduces the reactivity of the remaining tri-
fluoromethyl ketone akin to that of the non-conjugated trifluo-
romethyl carbonyl moieties in DTE, -COCF,.['7] Thus, individual
DTE-COCEF, units cannot be used as cross-linkers of PoOMBA op-
erating via double 0DA photoreaction, which led us to design a
truly difunctional diDTE-COCEF, cross-linker.

To synthesize diDTE-COCEF;, we followed the strategy reported
by Johnson and coworkers for the preparation of a different DTE
dyad, which requires attaching a reactive phenol moiety to the
central cyclopentene ring during the construction of the photo-
switch scaffold.'®! As already reported by us,!'”! we introduced
the lateral trifluoromethyl ketone groups to the dithienylethene
core by lithiation-mediated acylation of a dichlorinated DTE pre-
cursor, while dimerization was accomplished via double ester-
ification of a dicarboxylic acid spacer with two of the phenol-
DTE conjugates prepared (Scheme S2, Supporting Information).
Thus, dodecandioic acid was selected as a linker due to two main
reasons. First, we envisioned that its linear alkyl backbone pro-
vides sufficient conformational flexibility to favor the oDA pho-
toligation reaction on both sides of the dimer. Second, it ensures
large separation between the two individual DTE-COCF,; units, a
requirement to preserve their good photoswitching properties.
In multiphotochromic compounds where DTE units are teth-
ered through shorter spacers, the occurrence of excited state en-
ergy transfer processes detrimentally affects the efficiency of the
second (and subsequent) ring-closing reactions and leads to in-
complete photoconversion.?%l This drawback was prevented in
diDTE-COCF; due to the long C12 tether. Thus, when the UV-
absorbing open-state diDTE_-COCF; obtained after synthesis
was irradiated at 4., = 365 nm in toluene solution, nearly quan-
titative photoisomerization to the fully closed isomer diDTE-
COCF; was observed by sequential photocyclization of its two
DTE_-COCF; units (96% conversion in the photostationary state),
which took place with high quantum yields (D, =~ 0.38 for the
two ring-closing steps) (Figure 1c,d; Scheme S3, Figure S4, and
Table S2, Supporting Information). Reverse photoisomerization
from the blue-colored diDTE_-COCF; isomer to the initial col-
orless diDTE -COCF; state was subsequently quantitatively pro-
moted under red light irradiation (4., = 625 nm, ®_, ~ 0.011
for the two photocycloreversion steps), allowing repetitive pho-
toswitching of the compound with high efficiency and without
apparent signs of photodegradation (Figure 1d).

As PoMBA,y and diDTE-COCF; entail the absorption spec-
tra of monomeric oMBA and DTE-COCF; units, they could un-

Adv. Funct. Mater. 2025, 35, 2415431 2415431 (4 of 9)

www.afm-journal.de

dergo oDA cycloaddition under similar UV irradiation condi-
tions. Such a behavior was demonstrated by conducting sep-
arate model reactions between PoMBA,,, and diDTE-COCF,
with the corresponding DTE-COCF, and oMBA monomers in
toluene, respectively. First, we investigated the photoreaction
between the activated diDTE_-COCF; dienophile and an ex-
cess of oMBA, an o-methylbenzaldehyde monomer (Scheme S4,
Figure 1e, and Figure S5, Supporting Information). When using
19F NMR to monitor the evolution of this reaction mixture under
irradiation with UV light (LED365 with A, .., = 365 nm, Figure
S1, Supporting Information), the expected spectral changes con-
firming oDA photoligation were observed. Thus, the 1F NMR
signal of diDTE_-COCF; at § = —71.97 ppm rapidly decreased
and was totally consumed after 30 min, while a set of other res-
onances continuously grew in two clearly separated spectral re-
gions: 6 = —71.40- -71.60 ppm, and § = —78.00- -78.70 ppm.
Based on our previous study on the model 0DA reaction between
oMBA and DTE-COCF; monomers,!'”] the latter can be attributed
to the different stereoisomers of the cycloadduct resulting from
the oDA process between the trifluoromethyl ketone dienophiles
in diDTE_-COCF; and the o-quinodimethane diene photogen-
erated from oMBA, which generates asymmetric products with
one reacted and one intact trifluoromethylcarbonyl groups for
each DTE unit (Schemes S4, S5, Supporting Information). Con-
sequently, this result indicates that the oDA reactivity of the tri-
fluoroacetyl dienophiles of DTE-COCF; was preserved upon in-
corporation in the diDTE-COCF; cross-linker. In addition, the
cycloadducts formed maintained the photoswitching behavior of
the initial diDTE-COCF, reagent, as they were initially produced
in a blue-colored closed state that was reversibly transformed into
the corresponding colorless open isomers under visible light irra-
diation (Schemes S4, S5 and Figure S5, Supporting Information).

Similar results were obtained when a mixture of PoOMBA, 400
and monomer DTE_-COCF; was irradiated at A, ., = 365 nm
and investigated by F NMR, though less defined, broader res-
onances were observed in this case for the cycloadducts formed
due to the inherent heterogeneity of the reacting polymer scaffold
(Scheme S6 and Figure S6, Supporting Information). Alterna-
tively, the photoinduced 0DA process between these compounds
was monitored by SEC with selective absorption detection at A,
= 600 nm, for which we took advantage of the characteristic blue
color of the closed isomer of both DTE-COCF; units and their cy-
cloaddition product!’’! (Figure 1f). Here, we started from a UV-
absorbing mixture of POMBA,,,, and DTE -COCF;, for which
no relevant signal was detected in the initial SEC elugram. In
contrast, two clear peaks were observed upon illumination with
Aexemax = 365 nm: 1) a narrow peak at an elution volume of ca.
18.3 mL, which is associated with the closed isomer DTE _-COCF,
rapidly formed upon UV-induced photocyclization of the initial
DTE, -COCF, reagent and progressively consumed via 0DA re-
action with the pendant oMBA groups of POMBA,yo,; and 2) a
broad band ranging from ca. 14-18 mL of elution volume whose
intensity increased with irradiation time, which corresponds to
the polymer chains that become visible-light absorbing upon cy-
cloadduct formation with DTE_-COCF; (Scheme S6, Supporting
Information). Therefore, these results demonstrate that oMBA-
DTE-COCEF, 0DA cycloaddition also efficiently occurs after incor-
poration of the o-methylbenzaldehyde precursors as side groups
in the methacrylate copolymer backbone.
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Table 1. Optimization of the experimental conditions for the two-color control of polymer cross-linking with POMBA; 009 and diDTE-COCF;.

Experiment Conditions? M, (g b diDTEo-COCF; Cross-linking efficacy Cross-linking
mol~1] consumption [%]°) 19619 inhibition
(%]
Aexemar” [N UV power CPoMBA10000 MM] CaipTE,~COCF; [MM]
[mW cm2]
1A 365 2.91 42 4.2 22 500 27.9 98 58 -
1B 365 + 625 291 4.2 4.2 19 600 34.8 97 54 11
1C 365 291 4.2 0 14 200 1.7 . 20 -
2A 365 0.93 4.2 2.1 17 400 5.9 96 46 -
2B 365 + 625 0.93 4.2 2.1 14 000 2.0 62 28 69
2C 365 0.93 42 0 12 700 1.6 - 20 -
3A 365 0.93 4.2 1.0 17 000 3.0 100 42 -
3B 365 + 625 0.93 4.2 1.0 13 800 1.8 90 25 74
3C 365 0.93 4.2 0 12 700 1.6 - 19 -
4A 365 0.60 4.2 1.0 16 000 2.0 100 36 -
4B 365 + 625 0.60 4.2 1.0 12 900 1.5 56 13 100
4C 365 0.60 4.2 0 12 900 1.5 - 14 -
5A 365 0.60 1.0 0.25 13 100 1.6 100 27 -
5B 365 + 625 0.60 1.0 0.25 11 800 1.5 54 15 100
5C 365 0.60 1.0 0 12 500 1.5 - 20 -
6A 365 0.60 0.40 0.10 12 100 1.4 100 14 -
6B 365 + 625 0.60 0.40 0.10 11400 13 33 5 100
6C 365 0.60 0 11300 13 - 5 -

2 Experiments conducted with irradiation of POMBA; 4999 and diDTE,-COCF; mixtures in toluene solution (60 uL) for 60 min under ambient conditions; ®) UV irradiation at
Aexe,max = 365 nm with variable power density indicated in the UV power column, and red irradiation at A, msy = 625 nm (464.7 mW cm™2); 9 Estimated from the area of the
peak in the SEC elugrams at ca. 18 mL elution volume, which corresponds to free diDTE,-COCF; and diDTE_-COCF; molecules; ) Estimated by substracting the SEC signal
of non-irradiated POMBA 499 from the SEC elugrams of the photoreactions (see Figure 2b and the Supporting Information for further details); ) Obtained by comparing the
cross-linking efficicacies determined under UV or combined UV and red illumination of the POMBA;gg00-diDTE.-COCF; mixtures, after substracting the effect of the inherent

self-cross-linking experienced by POMBA, 4990 under UV irradiation (refer to the Supporting Information for further details).

2.2. Antagonistic Two-Color Control of Polymer Cross-Linking

Once we evidenced the 0DA reactivity of POMBA, oo, and diDTE-
COCEF; separately, we explored their combined use to accom-
plish antagonistic two-color control during polymer network for-
mation, i.e., exploring if polymer cross-linking can be triggered
under UV irradiation and efficiently inhibited upon simultane-
ous illumination with red light. To reach this goal, the effect of
a variety of experimental parameters had to be considered ow-
ing to the complexity of our photochemical system, where sev-
eral interdependent species can absorb UV and/or red radiation
(PoMBA, 400, diDTE_-COCF;, diDTE _-COCF;, and the open and
closed isomers of the cycloadduct product) and competing light-
induced reactions might occur (e.g., POMBA 99, Cross-linking via
oMBA self-dimerization). For simplicity, some of these parame-
ters were preset in our photoreactivity study: the solvent, which
we selected to be toluene to ensure high POMBA, ,, solubility
and lengthen the lifetime of the reactive 0QDM transient species
photogenerated under UV illumination; the red light intensity
used to halt polymer cross-linking, which we set to the maximum
power density provided by two combined LED625 with A, .., =
625 nm (464.7 mW cm2); the reaction time (60 min), at which we
targeted total conversion of the initial diDTE-COCF; cross-linker;
and the experimental geometry, where a thin liquid sample (60 pL
placed in a closed glass flat-bottomed vial of 1 cm in diameter)

Adv. Funct. Mater. 2025, 35, 2415431 2415431 (5 0f9)

was irradiated from below with A, ... = 365 nm and A, .., =
625 nm under strong air ventilation to prevent undesired heat-
ing (Figure S7, Supporting Information). In contrast, reagent
concentration and UV irradiation intensity were adjusted in our
light-controlled polymer cross-linking experiments to reach opti-
mal dual-wavelength antagonistic behavior (Table 1).

Starting from a mixture of PoOMBA,,, and DTE -COCF;,
three types of measurements were conducted for each set of con-
ditions: A) irradiation at A ,, = 365 nm to promote polymer
network formation via 0oDA reaction; B) combined irradiation at
Aexemax = 365 nm and A, ., = 625 nm to prevent oDA-based
cross-linking by favoring diDTE-COCF, to remain in its inac-
tive open state; and C) irradiation at A, ., = 365 nm in the
absence of diDTE-COCF; to evaluate the extent of non-specific
PoMBA g Cross-linking via oMBA self-dimerization, an unde-
sired process that should be minimized with respect to 0DA-
driven polymer cross-linking (Figure 2a; Figure S8, Supporting
Information). For these experiments, the efficacy of light-induced
polymer network formation was assessed by several parameters
obtained from the SEC analysis of each photoreaction mixture
after 60 min: M,, D and the cross-linking percentage (Table 1).
The latter was estimated by deconvoluting the SEC signal of the
photoreacted polymer into two different components using the
SEC elugram of the pristine initial polymer: a band for unreacted
PoMBA, ¢, and a band for the cross-linked polymer chains,
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Figure 2. a) SEC elugrams of a non-irradiated POMBA;g0o-diDTE,-COCF; sample and of the photoreaction mixtures obtained for experiments 4A
(POMBA;090o-diDTE,-COCF;3 + UV), 4B (POMBA;4g0o-diDTE,-COCF; + UV + red) and 4C (PoMBA; 09 + UV) in Table 1. b) Deconvolution of the SEC
elugram shown in a) for the UV-irradiated POMBA; o and diDTE,-COCF; photoreaction mixture, which was separated into two different components:
a band for unreacted POMBA; o900, and a signal for the cross-linked polymer chains. c) Percentages of cross-linking efficacy and cross-linking inhibition
achieved under UV (one-color efficacy) and combined UV and red illumination (two-color inhibition), respectively. Data is shown for each of the sets of

photoreaction experiments in Table 1 (experiments 1-6).

whose integrals were then put into relation to evaluate the cross-
linking efficacy. Critically, in this calculation we assumed that
no insoluble polymer network had been formed, and that the
RI-responses of the cross-linked and non-cross-linked polymer
are the same (Figure 2b,c; Figures S9-S11; refer to Section 5 in
the Supporting Information for further details). In addition, the
efficacy of cross-linking inhibition occurring via simultaneous
two-color illumination was also determined by comparing the
amount of cross-linking achieved for the irradiated POMBA -
diDTE _-COCF; mixtures under one (4. ., = 365 nm) or dual-
wavelength (A ., = 365 nm and A, ... = 625 nm) excitation,
for which we first corrected by the inherent self-cross-linking ex-
perienced by POMBA, 4, With UV light (Table 1 and Figure 2c;
refer to section 5 in the Supporting Information for further
details).

The initial experiments on our two-color antagonistic photo-
chemical system were performed at high POMBA, ,, concentra-
tion (¢ = 4.2 mm) and cross-linker-polymer ratio (1:1) (experi-
ments 1A-C in Table 1). As a result, high UV irradiation inten-
sity was required to observe nearly complete diDTE-COCF; con-
sumption after illumination for 60 min (2.91 mW cm™2), prob-
ably because the photogeneration of reactive 0QDM species was
decreased by the competitive light absorption between oMBA and
DTE-COCF; units. Although these conditions led to high cross-
linking efficacy under irradiation at A, ., = 365 nm (58%), low
antagonistic modulation was accomplished upon two-color illu-
mination (11% of cross-linking inhibition). It must be noted that
the amplitude of the modulation effect is related to the composi-
tion of the photostationary state generated for the photoswitch-
able cross-linker under simultaneous UV and red-light irradi-
ation: the more non-reactive diDTE_-COCF; and the less reac-
tive diDTE_-COCF; molecules co-exist in this photostationary
state, the lower the cross-linking reactivity should be. As the
ring-closing quantum yield of diDTE-COCF; upon UV irradia-
tion is significantly larger than the ring-opening quantum yield
of diDTE-COCF; under red light (o, /®_, ~35, Table S2, Sup-
porting Information), a much higher red-light intensity than UV
power would be needed to fully displace the photostationary state
toward the non-reactive open isomer and, therefore, efficiently
inhibit cross-linking. Even for the maximum red-light intensity
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that we could reach in our setup (464.7 mW cm™ at Aoy =
625 nm), this condition could not be met for experiment 1B due
to the high UV power used, which explains the minor antagonis-
tic effect achieved.

In light of this result, subsequent experiments were conducted
at the same PoMBA,,, concentration (¢ = 4.2 mm) but lower
cross-linker-polymer ratios (from 1:2 to 1:4), thereby favoring the
UV photoactivation of oMBA precursors over DTE-COCF; ab-
sorption (experiments 2A-C, 3A-C and 4A-C in Table 1). Conse-
quently, the UV irradiation intensity could be decreased nearly
5-fold (from 2.91 to 0.60 mW cm™2) without the need of increas-
ing the reaction time to ensure full diDTE-COCF; consumption.
As expected, the red light-induced antagonistic effect was then
critically enhanced and it became 100% efficient while maintain-
ing a significant amount of cross-linking efficacy under one-color
irradiation, i.e., true on-off control of 0DA-driven polymer net-
work formation could be achieved (experiments 4A-B in Table 1).
This behavior is well illustrated by the SEC elugrams shown in
Figure 2a for experiments 4A-C. On the one hand, a clear broad-
ening in polymer weight distribution due to cross-linking was ob-
served under UV irradiation of a POMBA, 4,-diDTE-COCF; mix-
ture (experiment 4A). On the other hand, simultaneous red-light
illumination of this mixture (experiment 4B) essentially led to the
same elugram as when a cross-linker free POMBA,,,, sample
was UV irradiated (experiment 4C), thereby corroborating that
oDA-induced polymer cross-linking was fully inhibited.

Despite the satisfactory results obtained, it must be noted
that non-specific PoMBA,,, cross-linking via oMBA self-
dimerization also occurred at the optimized conditions for the
two-color control of the oDA photoligation process, although to a
relatively low extent (14% for experiment 4C in Table 1). To fur-
ther reduce the effect caused by the bimolecular reaction between
two activated 0QDM species, we performed two additional exper-
iments at lower POMBA, 0, concentrations (to 0.40 mm) and the
optimal cross-linker:polymer ratio and UV irradiation power al-
ready established (experiments 5A-C and 6A-C in Table 1). Non-
specific POMBA, (4 cross-linking was essentially suppressed
for the best of these experiments (5% for experiment 6C in
Table 1), while preserving the two-color antagonistic behavior of
the system. However, this result came at the expense of lower
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diDTE-COCF;-promoted cross-linking efficiencies. Thus, we did
not use these low PoMBA concentration conditions for subse-
quent experiments, but rather adopted those established for ex-
periments 4A-B in Table 1 as the optimal conditions to promote
oDA-driven polymer cross-linking with two-color antagonistic
control: Cpppa,,,, = 4-2 MM, 1:0.25 molar POMBA, y:diDTE-
COCEF, ratio, and 0.60 mW cm~2 of UV irradiance.

2.3. Antagonistic Two-Color Control of Solid Polymer Network
Formation

None of the photoreaction experiments disclosed above led to
the generation of solid polymer materials. Instead, the generated
cross-linked polymer networks remained dissolved in toluene,
and only when strongly increasing the UV irradiation times up
to 120-180 min, the formation of a small amount of solid pre-
cipitate was observed (Figure S12, Supporting Information). To
evidence the potential of our two-color antagonistic photochemi-
cal system for the preparation of solid polymer matrices, further
experimental refining was conducted. In particular, we investi-
gated whether solid polymer network formation could be favored
by using higher molecular weight POMBA as a substrate of the
UV-induced 0DA process, which should be more likely to gen-
erate insoluble materials upon cross-linking. After experimental
optimization, the best results were obtained when using a 85:15
mixture of two different o-MBA-pendant polymers of low and
high molecular weights: POMBAg,, (M,, = 8000 g mol~!, D=1.5,
11:1 MMA:oMBA-HEMA monomer unit ratio) and PoMBAg,
(M, = 54 600 g mol™!, D = 2.0, 10:1 MMA:oMBA-HEMA
monomer unit ratio) (Figure S2 and Table S1, Supporting
Information).

When photoreacting such a mixture with diDTE_-COCF; at
the optimal conditions established for pure POMBA,,, (exper-
iments 4A-C in Table 1), the desired two-color antagonistic be-
havior was accomplished (Figure 3a). Under illumination at
Aexemax = 365 nm, the formation of a thin polymer film at the
bottom of the irradiated vial was observed (=10 pm in thickness,
Figure S13a, Supporting Information), which could not be dis-
solved by subsequent treatment with an excess of toluene and
exhibited the characteristic blueish color of the cycloadduct re-
sulting from oDA reaction between o-MBA and DTE_-COCF,
units. Analysis by IR spectroscopy confirmed that the gener-
ated polymeric material was mainly composed of PoMBA, as
expected for the cross-linked PoMBA-diDTE-COCF; matrices
(Figure S14, Supporting Information), whose thickness could be
adjusted by varying the irradiation conditions (sample geome-
try, and UV irradiation power and time, Figure S13b-d, Sup-
porting Information). In contrast, no solid polymer was obtained
when the same starting POMBA,,o-PoOMBA,-diDTE -COCF,
sample was simultaneously irradiated with intense red light at
Aexemax = 625 nm or when UV illumination was conducted in the
sole presence of a POMBAg,,-POMBA,,, mixture (Figure 3a).
Therefore, solid polymer network formation was not produced by
unspecific o-MBA self-dimerization, yet selectively through o-DA
cycloaddition-induced cross-linking with diDTE-COCF;, which
could be macroscopically inhibited upon two-color irradiation.
Interestingly, the polymer films thus prepared were found to be
stable for several months under ambient conditions, thus evi-
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dencing the thermal and photochemical stability of the cross-
linked matrices obtained by o0-DA cycloaddition. Only when ex-
posed to strong and long-term UV irradiation, the films eventu-
ally lost their characteristic blueish color by irreversible photo-
bleaching of their dithienylethene cross-linkers, yet without re-
sulting in material decomposition.

In light of these results, we finally applied the dual-wavelength
gated oDA cycloaddition between PoMBA and diDTE-COCF; to
prepare spatially-patterned polymer films, i.e., to induce gen-
eralized cross-linked polymer network formation by irradiating
the entire photoreactive sample with UV light while locally in-
hibiting oDA-promoted crosslinking by confined red illumina-
tion through a mask (Figure 3b). To do so, we slightly mod-
ified the experimental setup used and replaced the LED with
Aexemax = 625 nm employed for cycloaddition inhibition by a col-
limated laser beam at 4., = 650 nm placed on top of the sam-
ple (Figure S15, Supporting Information). After irradiation, the
solid films obtained were rinsed with toluene to remove both un-
reacted cross-linkers and polymers that could affect their subse-
quent characterization. As shown in Figure 3¢, both millimeter-
and centimeter-sized geometric patterns were created in polymer
films, which can be directly identified by the naked eye due to
the different colors of the cross-linked and non-cross-linked ar-
eas (images (i), (iii) and (v) in Figure 3c). While the distinctive
blue color of the closed-state oDA cycloadducts was observed in
the regions where UV-induced polymer network formation took
place, the red-illuminated areas where the cross-linking oDA re-
action between PoMBA and diDTE-COCF,; was suppressed did
not show any coloration.

This conclusion was corroborated by two additional experi-
ments. On the one hand, bright-field optical microscopy imag-
ing revealed the lack of polymer material deposition on the re-
gions patterned under red light irradiation (images (ii) and (iv)
in Figure 3c). Importantly, the dimensions of these regions as de-
termined by optical microscopy matched those of the mask aper-
tures, thus revealing the good resolution of our photopatterning
technique on the millimeter scale. On the other hand, we mon-
itored the color changes produced upon sequential illumination
of the entire samples with visible or UV radiation to further iden-
tify the regions of the films where polymer cross-linking had been
inhibited (Figure 3d; Figure S16, Supporting Information). As
the photochromic properties of the initial diDTE-COCF; cross-
linkers are preserved after oDA cycloaddition, the areas where
solid polymer network had been formed underwent reversible
photoswitching between blue-colored (upon UV irradiation) and
colorless states (under illumination with red light or sunlight).
In contrast, the patterned areas remained colorless at all times,
clearly indicating that they do not contain the photoisomerizable
oDA cycloadducts responsible for polymer network formation,
further confirming the selective inhibition of cross-linking. Con-
sequently, these results combined are a proof-of-concept demon-
stration of the capacity of our two-color photochemical system to
spatially control polymer network formation in an antagonistic
fashion.

3. Conclusion

We herein introduce an antagonistic photochemical approach
to accomplish spatially-controlled polymer network formation
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Figure 3. a) (i) Insoluble polymer thin film generated by irradiating a toluene solution of a 85:15 PoMBAgggo:POMBAss5000 Mixture (cpompa = 4.2 mm)
and diDTE,-COCF; (¢ = 1.0 mM) at A¢, max = 365 nm (0.60 mW cm™=2) for 60 min. No solid polymer material was formed when (i) the same experiment
was conducted with concomitant irradiation at Aexe,max = 625 nm (464.7 mW cm™=2), or (iii) an equivalent diDTE,-COCF;-free solution was treated with
the same UV illumination conditions. b) Schematic representation of the experimental set-up used for the generation of patterned polymer films. c) (i,
iii, v) Photographs (scale bar = 3.0 mm) and (ii, iv) bright-field optical microscopy images (scale bar = 1.0 mm) of the patterned polymer films obtained
by irradiation of a toluene solution of a 85:15 PoMBAgqge:POMBAssq09 mixture (cpoypa = 4.2 mm) and diDTE,-COCF; (¢ = 1.0 mM) at Agyc may = 365 M
(0.60 MW cm~2) and g, = 650 nm (509.3 mW cm™?) for 60 min. Red light illumination was conducted through (i-ii) circle-, (iii-iv) triangle- and (v)
star-shaped masks. d) Photographs of the triangle-patterned film upon sequential whole-field irradiation at Aeyc max = 625 NM and Aeye max = 365 nm.

under irradiation with two colors of light. Our strategy takes
advantage of a dual-wavelength gated oxo-Diels-Alder cycload-
dition between a photogenerated diene and photoswitchable
dienophile, which is promoted under UV irradiation and sup-
pressed by red light illumination. By preparing a methacrylate
copolymer decorated with the photocaged diene precursor and a
difunctional photoswitchable dienophile, the cycloaddition reac-
tion conditions were optimized to regulate polymer cross-linking
under two-color irradiation, i.e., it was efficiently induced at
Aeye = 365 nm and could be halted upon concomitant illumina-
tion at A, = 625 nm. Our antagonistic methodology was proven
to enable two-color control of solid polymer network generation

Adv. Funct. Mater. 2025, 35, 2415431 2415431 (8 of 9)

and—by shaping the red illumination beam—spatially-patterned
polymer thin films were generated. Our results demonstrate the
potential of combining photoactivatable and photoswitchable en-
tities to reach refined on-off control of photocuring reactions, a
strategy that provides a critical addition to the toolbox of dual-
wavelength antagonistic approaches for polymer network forma-
tion with high spatiotemporal resolution.

Supporting Information

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