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We report the first wavelength-dependent quantum yields of a [2 + 2] photocycloaddition generating the
heterodimers of 7-hydroxycoumarin (7HCou) and styrene via a photochemical action plot. The
wavelength-dependent heterodimer quantum yields are quantified at a constant number of photons at
each wavelength between 310 and 370 nm. The resulting wavelength-dependent quantum yields
demonstrate that the heterodimer is most efficiently generated at 345 nm, red-shifted by close to 25 nm
compared to the absorption maximum of 7HCou at 320 nm. We subsequently translate these findings to
photochemical surface functionalization by exploiting heterodimer formation between a surface bound
coumarin derivative and para-styrene perfluoroalkyl ether (StyPFA) on surfaces under 345 nm irradiation
to reversibly modulate surface hydrophobicity. The reversibility of the surface heterodimerization is
demonstrated by removing StyPFA under UVC irradiation, and re-functionalization on the same surface.

Functional heterodimer formation and the reversibility of the reaction on surface are followed via
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Accepted 27th January 2026 surface-sensitive X-ray photoelectron spectroscopy (XPS) and contact angle measurements. We

subsequently apply our photochemical surface functionalization strategy to a dual cure photoresin based
DOI: 10.1039/d5sc07978k . . . . . . ) .
on a polyurethane-acrylate interpenetrating network, without deterioration of its mechanical properties,

rsc.li/chemical-science thereby confirming the feasibility of a photocycloaddition-based functionalization strategy for photoresins.

of responsive surfaces with reversible binding capabilities.’
They are particularly useful for applications such as self-healing
materials,’*** stimuli-responsive’*'* and functional coat-

Introduction

Photochemically induced cycloadditions offer a sophisticated
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and versatile platform for the reversible formation and cleavage
of covalent bonds, allowing precise control through the use of
distinct wavelengths of light."* Among photocycloaddition
reactions, the [2 + 2] cycloaddition is a powerful synthetic tool,
resulting in the formation of a cyclobutane ring through the
concerted conversion of two alkene double bonds into four
single bonds upon photoexcitation.* The photochemical [2 + 2]
cycloaddition exhibits remarkable versatility, accommodating
a broad range of substrates, from small molecules®” to complex
(macro)molecular architectures.®

In soft matter materials science, photocycloadditions play
a critical role in surface functionalization, enabling the design
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ings."»** Further, in polymer chemistry, [2 + 2] cycloadditions
offer a powerful tool to crosslink polymer networks,** facili-
tating the synthesis of tuneable materials with enhanced
properties,*'® and dynamic reversibility.”**

The first known [2 + 2] photocycloaddition reaction was re-
ported by Ciamician and Silber in 1908, involving the formation
of carvone-camphor when exposing (+)-carvone to sunlight.>®
Since then, extensive studies have been conducted on [2 + 2]
cycloadditions, expanding our understanding of its reaction
mechanism and scope, while exploring its applications in
various fields. Generally, [2 + 2] cycloadditions do not occur
thermally because they are symmetry forbidden, however upon
light excitation an electron will transition from the HOMO to
the LUMO, generating a new HOMO with a different orbital
symmetry. The excited state HOMO matches the orbital
symmetry of the ground state LUMO allowing the cycloaddition
to proceed. Due to the short excited state lifetime, in the range
of 107 "% 5, the reaction requires both reaction partners to be in
alignment already at the excitation event.”* Thus, the reaction is
more likely to occur between identical molecules where
molecular interactions such as m stacking, and hydrogen
bonding are more likely to lead to a suitable alignment.”**
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Therefore, [2 + 2] cycloadditions are predominantly explored as
homodimerizations.

Heterodimerizations are challenging not only due to the
required orbital alignment, but factors related to reactivity,
energy transfer and molecular geometry.'®**** Moreover, steric
hindrance due to the differences in the size or shape of the
heterodimer partners, and energy transfer processes such as
non-radiative decay can further hinder the formation of
heterodimers.

However, despite its inherent challenges, hetero-
dimerization via [2 + 2] cycloaddition is a highly promising
reaction due to the distinct properties and applications it offers,
many of which are unattainable through homodimerization.
Heterodimerization allows for the formation of asymmetrical
cyclobutane derivatives. This structural diversity is critical for
applications such as drug delivery systems, where unique
structural motifs are required.>* Further, heterodimerization
allows for the integration of two distinct functionalized alkenes,
broadening the chemical and physical properties of the result-
ing product and leading to hybrid characteristics derived from
each component. These features enable precise control over
optical, electronic and mechanical properties, which is espe-
cially beneficial for photoresponsive materials and organic
electronics.

Finally, compared to conventional photochemical protocols,
(hetero)dimerization offers reversibility, and the careful choice
of chromophore allows reactivity in only the desired wavelength
regime. Heterodimerization specifically offers the advantage of
a lower dimer extinction coefficient compared to homodimers
when a suitable, smaller reaction partner is used. Small
molecular reaction partners concomitantly offer easy avail-
ability in form of readily available commercial compounds, for
example vinyl functionalized monomers. Many of these are
available with functional handles allowing facile modification
with desired functionalities.

To promote hetero- and reduce the homodimerization,
various strategies can be utilized such as implementing pre-
organization methods including covalent anchoring,* adjust-
ing concentrations,” fine-tuning catalysts and sensitizers,*® and
using selective irradiation.>**

Photochemical action plots** - introduced by our team -
have become a key tool for understanding the wavelength-
dependent reactivity of photochemical processes, including [2
+ 2] cycloaddition reactions.'?*>** Photochemical action plots
demonstrate how different wavelengths lead to different
photochemical reactivity, often revealing discrepancies between
absorption maxima and wavelength dependent quantum yields
for a given photochemical reaction trajectory.*"**3*%

Over the last few years, a range of photochemical action plots
has been recorded for homodimer forming [2 + 2] cycloaddi-
tions. One such example is a study investigating the green light-
induced [2 + 2] cycloaddition of a halochromic system based on
a styrylquinoxaline moiety.>® The pH-dependence of the pho-
toreactivity was mapped via constant photon action plots and
indicates that the choice of solvent strongly impacts the
system's photoreactivity. Further, our team investigated visible
light [2 + 2] cycloadditions for reversible polymer ligation of
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styrylpyrene, analysing the wavelength dependent photon effi-
ciency.” We demonstrated efficient reactivities for visible light
induced cycloaddition and UV-triggered cycloreversion and
further applied this system for polymer ligation. Wavelength
resolved action plots identified the optimal wavelengths for
dimerization (A = 435 nm) and dissociation (A = 330 nm),
whereas the maximum absorption occurred at 375 nm. More-
over, we introduced a photoreactive group, acrylamidylpyrene
conjugated to a linear PEG linker (AP-PEG), which can undergo
a [2 + 2] cycloaddition reaction via visible light irradiation at
unexpected wavelengths with the wavelength-dependent reac-
tivity revealed through a photochemical action plot.*> The
action plot revealed that the reactivity of the system is highest at
430 nm, whereas the absorption maximum is close to 370 nm.
Critically, reactivity of AP-PEG was observed up to 490 nm -
a wavelength where the absorption spectrum only displays weak
absorption (e < 500 L mol~* em™ ') - making it one of the most
red-shifted photocycloadditions reported to date.

Since then, the mismatch between the absorption maximum
and photochemical reactivity was observed across other
photochemical reactions - for example in photochemical ring
contractions®® - and we recently provided an initial experi-
mentally supported theory for this discrepancy, exemplified by
the [2 + 2] photocycloaddition of a pyrene-chalcone.?” A solution
of molecules will contain distinct microenvironments with
varying solvent-solute interactions that give rise to different
ground- and excited-state energies, due to orientation of the
molecules’ dipole moments. Under such conditions, longer-
wavelength (lower-energy) irradiation can selectively excite
molecules in the lowest-energy microenvironment. This
phenomenon is photophysically underpinned by the red-edge
effect (REE), wherein a subset of chromophores in a bulk
solution can be selectively excited by longer wavelengths of
light.*®* The REE can be experimentally validated by fluorescence
spectroscopy.*** Both steady-state and time-resolved fluores-
cence spectroscopy confirm the observed selectivity, revealing
significant red-edge effects in fluorescence spectra.*"** Thus,
the differences in solvent-solute interactions in both ground
and excited states — together with variations in excited-state
lifetimes - substantially influence the extent of photochemical
reactivity and account for the observed mismatch between
absorption and wavelength-dependent quantum yields on the
red-side of the absorption spectrum. Therefore, understanding
excited state lifetimes and their wavelength dependency is
beneficial for most photochemical systems, including bimo-
lecular reactions such as [2 + 2] cycloadditions.?”

Although numerous photochemical action plots have been
reported for [2 + 2] homodimerization, heterodimerizations
remain unexplored in a wavelength resolved fashion. Herein, we
introduce the first photochemical action plot for a heterodimer
[2 + 2] cycloaddition, providing key insights into the wavelength-
dependent quantum yields of heterodimer formation between
7-hydroxycoumarin (7HCou) and styrene. After identifying the
wavelength dependent quantum yield for the heterodimer
formation in solution — and thus its most effective wavelength —
we extend our investigation to reversible surface grafting of
a fluorinated moiety through heterodimerization on surfaces.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Our approach thus integrates the careful measurement of
wavelength-dependent quantum yields as a guiding tool for
subsequent surface functionalization to impart hydrophobic
functionality onto surfaces (Scheme 1).

Results and discussion

Heterodimerization [2 + 2] photochemical action plot of
7HCou and styrene

We initially investigate the heterodimer formation between
7HCou and styrene in acetonitrile (ACN) under A;,,x = 325 nm
irradiation (refer to SI Section 1.2.8 for the emission spectrum
of the employed LED). Characterization of the irradiated sample
by proton nuclear magnetic resonance ("H NMR) spectroscopy
as well as liquid chromatography-mass spectrometry (LC-MS)
confirmed the successful heterodimer formation. Interest-
ingly, we did not observe any homodimer formation under the
employed reaction conditions (1 : 142 7HCou : styrene ratio with
an overall concentration of 30 mmol L™'). We selected styrene
as reaction partner as we observed significantly higher conver-
sion of styrene and 7HCou compared to acrylates and methac-
rylates in our preliminary experiments. This can likely be
attributed to the structural similarity between styrene and
7HCou, which promotes m-m stacking and favourable align-
ment of the molecules.*

Having confirmed the formation of heterodimer in solution,
we subsequently examined the wavelength-dependent forma-
tion of the 7HCou-styrene heterodimer through [2 + 2] cyclo-
addition by recording a photochemical action plot in the
wavelength range from 310 to 370 nm. The experimental
methods for recording photochemical action plots are
described in detail in Sections 3.1 and 3.2 of the SI. Each sample
is irradiated with an identical number of photons of mono-
chromatic light across the wavelength region of interest. We
chose a 7HCou to styrene ratio of 1:10, while maintaining an
overall concentration of 10 mmol L™". Heterodimer formation
was monitored by tracking the appearance of the cyclobutane
resonances via 'H-NMR spectroscopy. In particular, the
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Scheme 1 Reversible surface grafting of para-styrene perfluoroalkyl
ether (StyPFA) onto SiO, substrates via [2 + 2] heterodimerization with
surface bound coumarin.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

resonances emerging in the 2.9 to 2.6 ppm range, correspond-
ing to the cyclobutane protons derived from styrene, were used
to determine the heterodimer yield (refer to the SI for details).
We further confirmed heterodimer formation at each wave-
length via LC-MS. Interestingly - as clearly demonstrated in the
LC trace (SI Section 2.3) - upon irradiation, not only was the
heterodimer (at RT 8.22-8.83 min) formed, but a small
percentage (<10%) homodimer was also observed under the
employed reaction conditions. We could not identify a wave-
length dependency of the homo- to heterodimer ratio. However,
we are currently conducting a detailed study comprising a range
of heterodimers. The wavelength resolved conversion was con-
verted into the heterodimerization quantum yield using the
extinction coefficient at each wavelength (refer to SI Section
3.2.2 for a detailed description) and overlayed with the molar
absorbance spectrum of 7HCou. The resulting photochemical
action plot (Fig. 1) shows the maximum quantum yield at
345 nm, red shifted close to 25 nm from the absorbance
maximum, Apax = 320 nm. The recorded quantum yields are
based on the conversion to all (head-to-head, head-to-tail, syn,
anti) heterodimer isomers. The observed red-shift of the
quantum yields compared to molar absorptivity is likely caused
by the same REE microenvironment effect discussed above.*”
We note that absorption occurs almost exclusively via 7HCou,
while styrene displays negligible absorbance in this region
(refer to Fig. 1). We subsequently investigated the hetero-
dimerization of a coumarin functionalized surface with a fluo-
rinated styrene derivative.

Coumarin-StyPFA heterodimer formation on Si substrates

To highlight the versatility and applicability of the photo-
chemical heterodimer functionalization system, we regulated
the surface hydrophobicity of Si-wafers via the attachment of
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Fig.1 Top: Reaction scheme of the heterodimerization of 7HCou and
styrene. Bottom: Heterodimerization action plot with reaction
quantum yields at each wavelength overlaid with the molar extinction
spectra of 7HCou and styrene.
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a perfluorinated alkyl moiety. Specifically, para-styrene per-
fluoroalkyl ether (StyPFA) was synthesized (refer to the SI
Section 2.1.6 for the detailed procedure). We probed the 7HCou-
StyPFA heterodimer formation first in solution via irradiation of
a solution of 7HCou and StyPFA (1 eq. 7HCou to 20 eq. StyPFA,
combined concentration 100 mmol L") in acetonitrile (refer to
SI Section 2.2.2). The formation of the heterodimer was
confirmed via "H-NMR spectroscopy and LC-MS.

We subsequently functionalized 7HCou with aminopropyl
triethoxysilane to obtain a silane functionalized coumarin,
enabling us to tether the coumarin moiety onto a Si substrate
and trace the heterodimer formation on the surface via X-ray
photoelectron spectroscopy (XPS). The silane-functionalized
coumarin was synthesized in four-steps. Initially, ethyl 5-
bromovalerate was obtained by esterification of 5-bromovaleryl
chloride with ethanol, followed by esterification with 7HCou
and subsequent hydrolysis of the resulting coumarin ethyl
valerate to yield coumarin ethyl valeric acid. Finally, EDC
coupling with aminopropyl triethoxysilane afforded the silane-
functionalized coumarin. The synthesized compounds were
characterized via "H-NMR spectroscopy and LC-MS (for the
detailed procedure and experimental data refer to SI Section
2.1). Subsequently, we functionalized SiO, surfaces with
coumarin via hydrolysis of the silyl ether in dichloromethane
(DCM) (detailed procedure in SI Section 2.4.1). Successful
surface functionalization was confirmed by XPS and contact
angle measurements (Fig. 2A and B).

The XPS spectra (Fig. 2A) confirm the presence of the
coumarin-silane compound on Si surfaces, indicating 66%
carbon, 29% oxygen and 4% nitrogen — a C:O:N ratio of
approximately 16:7:1 - in close alignment with the expected
values (65% C, 27% O, 4% N). In addition, water contact angle
measurements show an increase of 46° from 25° for bare SiO, to
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71° for coumarin functionalized wafers (Fig. 2B), further con-
firming the successful surface functionalization.

We subsequently performed the heterodimerization of the
surface bound coumarin and StyPFA via LED irradiation at
345 nm, where we observed the maximum quantum yield.
While we acknowledge that surface-bound coumarin may
exhibit subtle differences in photochemical properties
compared to the solution phase — due to altered local polarity,
molecular arrangement or restricted mobility — the selection of
345 nm ensures excitation in the high-efficiency region, maxi-
mizing the probability of heterodimer formation. This choice is
further supported by previous studies showing that excitation at
the red-edge of absorption bands can enhance selectivity and
quantum yield in surface-immobilized photoreactions.**

Efficiency of the dimerization on the surface is potentially
further enhanced due to a high local concentration of StyPFA on
the surface. Highly fluorinated molecules can show interesting
solution behaviour compared to their non-fluorinated
analogues. A formed Cou-StyPFA dimer on the surface
possibly facilitates functionalization in its surroundings due to
fluorophilic interactions.

The formation of the coumarin-StyPFA heterodimer was
confirmed by XPS (Fig. 2A, spectrum Cou-StyPFA). The XPS
spectrum shows an F 1s peak at 685 eV with approx. 7% fluorine
relative to other elements, compared to the theoretical
maximum of 22% that corresponds to approximately 30%
functionalization efficiency. Considering the relatively low
heterodimerization quantum yields observed in solution, the
surface functionalization is surprisingly efficient. Additionally,
an increase in water contact angle by 24°, resulting in 95°
(Fig. 2B), indicates an enhancement in surface hydrophobicity,
underpinning the successful [2 + 2] heterodimer formation on
the surface.
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Fig. 2 (A) XPS wide scan spectra of coumarin-StyPFA heterodimer formation on SiO, substrate. Initial surface, coumarin-silane functionalized

surface and StyPFA functionalized surface respectively from top to bottom. (B) Contact angle measurements for the initial surface, coumarin
silane functionalized surface and StyPFA functionalized surface respectively from top to bottom. (C) XPS wide scan spectra after StyPFA
functionalization on the surface, cycloreversion on same surface and re-functionalization on same surface, respectively from top to bottom. (D)
Contact angle measurements on the surface after first StyPFA functionalization, after cycloreversion on the surface and after re-functionalization

on the same surface respectively from top to bottom.
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Photoinduced cycloreversion

To investigate the reversibility of the surface-bound hetero-
dimer, functionalized Si wafers were exposed to UVC irradiation
for two hours while immersed in acetonitrile (refer to SI Section
1.2.7 for the emission spectra and Section 2.4.3 for the detailed
experimental procedure). Following the irradiation, the wafers
were thoroughly rinsed with acetonitrile and acetone, dried
under a nitrogen flow, and subsequently analysed by XPS. As
shown in Fig. 2C SiO,-Cou, the decrease in the F 1s peak
intensity confirms the cleavage of the heterodimer and removal
of the fluorinated moiety from the surface under UVC irradia-
tion. Approximately 1% fluorine remained on the surface, cor-
responding to 85% removal of fluorine from the surface.

The above result was further supported by contact angle
measurements (Fig. 2D), which showed a decrease from 95° to
73°, consistent with the reduction in surface hydrophobicity
following the loss of fluorination. To examine the recyclability
of the system, the same wafer was subjected to another func-
tionalization cycle. The corresponding XPS data (Fig. 2C) clearly
show the modulation of the surface fluorine content, with
alternating decreases and increases of the fluorine signal
during the cleavage and re-functionalization steps.

These observations were further validated by contact angle
measurements (Fig. 2D), where values decreased from 95° to 73°
after cleavage, and increased to 82° (Fig. 2D), upon re-
functionalization. A slight loss of efficiency was observed over
repeated cycles, most likely due to photodamage.

Nevertheless, these results demonstrate that surface func-
tionalization via hetero [2 + 2] cycloaddition is reversible and
repeatable, highlighting the potential of such systems for
practical applications in surface coatings.

Cou-StyPFA heterodimerization within a poly(urethane)-
acrylate resin

To further highlight the potential applications of the surface-
chemistry tunability by heterodimerization, we explored the
incorporation of functionalized coumarin into a dual-cure
resin. Dual-cure systems represent one of the versatile routes
to generate interpenetrating networks (IPNs). IPNs are poly-
meric materials composed of two or more crosslinked networks
that are physically entangled but not covalently bonded to each
other. The merged architecture of the two polymer networks
often results into enhanced mechanical strength, toughness,
and chemical resistance compared to single-network systems.
Dual-cure resins based on a photo-thermal curing process such
as acrylate-polyurethane are widely used across various indus-
tries due to their processing efficiency and mechanical versa-
tility.*>*¢ The rapidly photocured acrylate crosslinked network
provides immediate structural integrity, whereas the secondary
thermal cure, significantly improves the mechanical properties
of the material. Since the primary industrial use of acrylate-
polyurethane dual-cure systems lie in coatings, adhesives and
3D-printing photoresins, surface-specific functionalization
through heterodimerization present an especially intriguing
avenue to investigate.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inspired by the work of DeSimone,*® we decided to assess the
incorporation of our surface functionalization platform using
a resin formulation for additive manufacturing. The resin
consists of a commercial polyurethane, 4,4’-diisocyanato di-
cyclohexylmethane (HMDI) and a multifunctional poly-
propylene glycol, with an acrylate blend (polyethylene glycol
diacrylate (PEGDA, M, 250) with diethylene glycol diacrylate
(DEGDA)), and phenylbis(2,4,6-trimethylbenzoyl) phosphine-
oxide (BAPO) as photoinitiator (refer to Fig. 3A).

We functionalized 7HCou with an acrylate-triethylene glycol
(TEGA) chain to improve solubility and enable integration of the
coumarin moiety into the acrylate network of the dual-cure
resin. The acrylate-triethylene glycol functionalized coumarin
(CouTEGA) was synthesized in two steps. Initially, TEGylated-
coumarin (CouTEG) was obtained via alkylation of 7HCou
with 2-[2-(2-chloroethoxy) ethoxy] ethanol, followed by esterifi-
cation with acryloyl chloride resulting in the CouTEGA (for the
detailed procedures and spectroscopic data refer to SI Section
2.1). Next, CouTEGA was incorporated into the resin at
a 1.5 wt% concentration (relative) and cured via exposure to
UVA light and elevated temperatures (refer to SI Section 2.6). A
low concentration was deliberately employed to minimize any
potential interference with the photocuring process, while
preserving the inherent mechanical properties of the network.

Successful curing of the resin was confirmed by FT-IR spec-
troscopy, evaluating the disappearance of both the isocyanate
functionality (2261 cm ') and the double bond of the acrylate
(810 cm™ ) as depicted in Fig. 3B. The disappearance of both
peaks indicates the formation of polyurethane and the conver-
sion of the double bonds into a cross-linked acrylate polymer
network. Given that the steric bulk of coumarin may affect
network formation and consequently alter the mechanical
properties of the cured material, dynamic mechanical analysis
(DMA) was carried out. We found both the storage (G’) and the
loss (G') moduli increased slightly with the addition of the
coumarin functional moiety from 24.5 MPa to 29 MPa with
regards to G’ and 5.9 MPa to 7.8 MPa for G (refer to Fig. 3C).

We compared the extinction spectra of 7HCou to CouTEG
and found them to almost identical (refer to Fig. S32) as the
electronic structure of the molecule is virtually unchanged by
the functionalization. We therefore postulate that the wave-
length resolved reactivity of CouTEG and CouTEGA follows the
same behavior as 7HCou. We subsequently investigated the
functionalization of the cured coumarin containing resin with
StyPFA. Prior to introducing the fluorine functionality, XPS
analysis was performed on a freshly cured resin sample. As
shown in Fig. 3D (PU-acrylate resin), peaks were observed at
285 eV, 569 eV, and 436 eV, corresponding to C 1s, O 1s, and N
1s, respectively. The fluorine functionality was subsequently
introduced by immersing the resin in a StyPFA solution (2 mmol
L~ in ACN) and the sample was kept in the dark for two hours.
Subsequent XPS analysis (Fig. 3D, (control)) revealed no
detectable F signal, confirming that no heterodimerization
occurred under dark conditions.

Finally, the same sample was irradiated with UVA light
(experimental details in SI Section 2.7). After irradiation, XPS
analysis (Fig. 3D, (StyPFA)) displayed a new peak at 685 eV
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Fig. 3 (A) Components of the polyurethane—acrylate dual cure resin

30 wt% resin (black) and 30 wt% resin with 1.5 wt% coumarin (blue) in
modulus (G”) measured at a frequency of 1 Hz of cured 30 wt% resin (b
spectra of 1 freshly cured resin, 2 after the StyPFA treatment (2 mmol L%

(B) FT-IR spectra overlayed of uncured resin (dashed grey) and cured
the range from 400 to 4000 cm™*. (C) Storage modulus (G') and Loss
lack) and 30 wt% resin with 1.5 wt% coumarin (blue). (D) Wide scan XPS
in ACN) in the dark and 3 after the StyPFA treatment under light (2 mmol

L~ in ACN under UVA and the emission spectrum of UVA lamps can be found in S| Section 1.2.7).

corresponding to the F 1s signal, thereby confirming the
successful formation of the heterodimer on the resin surface.

We also functionalized an identical resin without coumarin
with StyPFA to investigate if residual initiator enables grafting
via radical polymerization, which resulted 0.5% fluorine
content on the surface. The coumarin functionalized resin
resulted in 10 times more fluorine (5.2%) (refer to SI Section
2.8), highlighting that the functionalization proceeds via [2 + 2]
cycloaddition between coumarin and StyPFA.

Conclusions

We investigate - for the first time - the wavelength-dependent
quantum yields of a [2 + 2] photocycloaddition generating
a heterodimer of 7-hydroxycoumarin (7HCou) and styrene using
a photochemical action plot. The highest heterodimer yield was
observed at 345 nm, red-shifted by close to 25 nm compared to
the absorption maximum of 7HCou at 320 nm, likely caused by
specific microenvironments leading to extended excited state
lifetimes at the red-edge of the absorption spectrum.*”

We subsequently translate these findings to photochemical
surface functionalization by exploiting heterodimer formation
between a surface-bound coumarin derivative and StyPFA under
345 nm irradiation - the most efficient wavelength identified
from the wavelength dependent quantum yield analysis. Water
contact angle measurements increased from 71° to 95° upon

Chem. Sci.

fluorine functionalization evidenced via XPS. Thus, we
confirmed the successful formation of coumarin-StyPFA
heterodimers on the surface via [2 + 2] photocycloaddition. The
reversibility of surface heterodimerization was demonstrated by
removing StyPFA under UVC irradiation, after which re-
functionalization was successfully repeated for up to two
cycles on the same surface.

Critically, we explored functionalized heterodimer formation
within a dual-cure photoresin based on a polyurethane-acrylate
interpenetrating network. We used an acrylate functionalized
coumarin derivative to facilitate incorporation into the resin
system. We found the functionalized coumarin to show a near
identical absorption spectrum compared to 7HCou. We subse-
quently incorporated CouTEGA into a polyurethane-acrylate
interpenetrating network, with FTIR analysis confirming
successful incorporation. Dynamic mechanical analysis (DMA)
showed no adverse effects on the mechanical properties.
Indeed, slight increases were observed in both storage and loss
moduli. We finally successfully functionalized the surface of the
cured photoresin with a perfluorinated styrene derivative,
increasing the hydrophobicity of the surface.

Author contributions

D. K. and L. G. performed the experiments and data analysis.
A. M. contributed to the NMR spectroscopic data analysis. B. T.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07978k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 2026. Downloaded on 14.03.26 21:49:13.

(cc)

Edge Article

T., K. M. and C. B.-K. conceived and designed the study and
supervised the experimental work. The manuscript was written
through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion: detailed synthetic, experimental procedures, instrumen-
tation, materials, supporting data. See DOI: https://doi.org/
10.1039/d5sc07978k.

Acknowledgements

C.B.-K. and B. T. T. acknowledge funding for the current project
in the context of an Australian Research Council (ARC) Linkage
grant (LP210200937). C. B.-K. acknowledges the Alexander-von-
Humboldt Foundation for a Professorial Fellowship enabling
his photochemical research program as well as the Materials
Systems Engineering program of the Helmholtz Association. B.
T. T. acknowledges the University of Texas at Tyler Department
of Chemistry and Biochemistry for New Faculty Support. D. K. is
grateful for a PhD scholarship from the Queensland University
of Technology (QUT). This work was enabled by use of the
Central Analytical Research Facility (CARF) at the Queensland
University of Technology (QUT). We further acknowledge Dr
Josh Carroll's (QUT) support with the laser experiments.

References

1 H. Frisch, D. E. Marschner, A. S. Goldmann and C. Barner-
Kowollik, Wavelength-Gated Dynamic Covalent Chemistry,
Angew Chem. Int. Ed. Engl., 2018, 57(8), 2036-2045, DOI:
10.1002/anie.201709991.

2 H. M. Lin, W. K. Wang, P. A. Hsiung and S. G. Shyu, Light-
sensitive intelligent drug delivery systems of coumarin-
modified mesoporous bioactive glass, Acta Biomater., 2010,
6(8), 3256-3263, DOI: 10.1016/j.actbio.2010.02.014.

3 M. R.van der Kolk, M. Janssen, F. Rutjes and D. Blanco-Ania,
Cyclobutanes in Small-Molecule Drug Candidates,
ChemMedChem, 2022, 17(9), €202200020, DOI: 10.1002/
cmdc.202200020.

4 D. Sarkar, N. Bera and S. Ghosh, [2+2] Photochemical
Cycloaddition in Organic Synthesis, Eur. J. Org Chem.,
2019, 2020(10), 1310-1326, DOI: 10.1002/ejoc.201901143.

5 M. A. Ischay, M. E. Anzovino, J. Du and T. P. Yoon, Efficient
Visible Light Photocatalysis of [2+2] Enone Cycloadditions, J.
Am. Chem. Soc., 2008, 130(39), 12886-12887, DOIL: 10.1021/
jag805387f.

6]. Du and T. P. Yoon, Crossed Intermolecular [2+2]
Cycloadditions of Acyclic Enones via Visible Light

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Photocatalysis, J. Am. Chem. Soc., 2009, 131(41), 14604-
14605, DOI: 10.1021/ja903732v.

7 M. A. Ischay, Z. Lu and T. P. Yoon, [2+2] Cycloadditions by
Oxidative Visible Light Photocatalysis, J. Am. Chem. Soc.,
2010, 132(25), 8572-8574, DOI: 10.1021/ja103934y.

8 R. Medishetty, I.-H. Park, S. S. Lee and J. J. Vittal, Solid-state
polymerisation via [2+2] cycloaddition reaction involving
coordination polymers, Chem. Commun., 2016, 52(21),
3989-4001, DOI: 10.1039/C5CC08374E.

9 T. K. Claus, S. Telitel, A. Welle, M. Bastmeyer, A. P. Vogt,
G. Delaittre and C. Barner-Kowollik, Light-driven reversible
surface functionalization with anthracenes: visible light
writing and mild UV erasing, Chem. Commun., 2017, 53(10),
1599-1602, DOI: 10.1039/c6cc09897e.

10 C.-M. Chung, Y.-S. Roh, S.-Y. Cho and J.-G. Kim, Crack
Healing in Polymeric Materials via Photochemical [2+2]
Cycloaddition, Chem. Mater., 2004, 16(21), 3982-3984, DOL:
10.1021/cm049394+.

11 S. Kim, B. H. Kim, M. Oh, D. H. Park and S. Lee, Repeatable
Crack Self-Healing by Photochemical [2 + 2] Cycloaddition of
TCE-co-DCE  Monomers Enclosed in Homopolymer
Microcapsules, Polymers, 2019, 11(1), DOI 10.3390/
polym11010104.

12 M. Abdallh, C. Yoshikawa, M. T. W. Hearn, G. P. Simon and
K. Saito, Photoreversible Smart Polymers Based on 27 + 27
Cycloaddition Reactions: Nanofilms to Self-Healing Films,
Macromolecules, 2019, 52(6), 2446-2455, DOIL: 10.1021/
acs.macromol.8b01729.

13 S. Zhou; M. Zhang; Y. Yuan; L. Ren; Y. Chen; W. A.-O. Li;
A. A-O. Zhang and J. A.-O. Yan, Visible Light [2 + 2]
Cycloadditions of Thermoresponsive Dendronized
Styryltriazines To Exhibit Tunable Microconfinement, 2024,
pPp- 2161-1653.

14 X. Ping, J. Pan, X. Peng, C. Yao, T. Li, H. Feng and Z. Qian,
Recent advances in photoresponsive fluorescent materials
based on [2+2] photocycloaddition reactions, J. Mater.
Chem. C, 2023, 11(23), 7510-7525, DOIL: 10.1039/
D3TC01430D.

15 L. A. Canalle, S. S. van Berkel, L. T. de Haan and J. C. M. van
Hest, Copper-Free Clickable Coatings, Adv. Funct. Mater.,
2009, 19(21), 3464-3470, DOI: 10.1002/adfm.200900743.

16 T. Junkers, [2+2] Photo-cycloadditions for polymer
modification and surface decoration, Eur. Polym. J., 2015,
62, 273-280, DOI: 10.1016/j.eurpolym].2014.08.005.

17 S. Cho, J. Usuba, S. Chakraborty, X. Li and G. G. D. Han,
Solid-state photon energy storage via reversible [2+2]
cycloaddition of donor-acceptor styrylpyrylium system,
Chem, 2023, 9(11), 3159-3171, DOL  10.1016/
j-chempr.2023.06.007.

18 M. F. Budyka, N. I. Potashova, T. N. Gavrishova and
Y. A. Fedulova, Reversible [2+2] Photocycloaddition in
Supramolecular Covalently Bound Dyad with 3-(4-Oxystyryl)
benzo[f]quinoline as Photochrome and o-Xylene Bridge
Group, High Energy Chem., 2019, 53(3), 211-218, DOL
10.1134/s0018143919030044.

19 D. E. Marschner, H. Frisch, J. T. Offenloch, B. T. Tuten,
C. R. Becer, A. Walther, A. S. Goldmann, P. Tzvetkova and

Chem. Sci.


https://doi.org/10.1039/d5sc07978k
https://doi.org/10.1039/d5sc07978k
https://doi.org/10.1002/anie.201709991
https://doi.org/10.1016/j.actbio.2010.02.014
https://doi.org/10.1002/cmdc.202200020
https://doi.org/10.1002/cmdc.202200020
https://doi.org/10.1002/ejoc.201901143
https://doi.org/10.1021/ja805387f
https://doi.org/10.1021/ja805387f
https://doi.org/10.1021/ja903732v
https://doi.org/10.1021/ja103934y
https://doi.org/10.1039/C5CC08374E
https://doi.org/10.1039/c6cc09897e
https://doi.org/10.1021/cm049394+
https://doi.org/10.3390/polym11010104
https://doi.org/10.3390/polym11010104
https://doi.org/10.1021/acs.macromol.8b01729
https://doi.org/10.1021/acs.macromol.8b01729
https://doi.org/10.1039/D3TC01430D
https://doi.org/10.1039/D3TC01430D
https://doi.org/10.1002/adfm.200900743
https://doi.org/10.1016/j.eurpolymj.2014.08.005
https://doi.org/10.1016/j.chempr.2023.06.007
https://doi.org/10.1016/j.chempr.2023.06.007
https://doi.org/10.1134/s0018143919030044
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07978k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 2026. Downloaded on 14.03.26 21:49:13.

(cc)

Chemical Science

C. Barner-Kowollik, Visible Light [2 + 2] Cycloadditions for
Reversible Polymer Ligation, Macromolecules, 2018, 51(10),
3802-3807, DOI: 10.1021/acs.macromol.8b00613.

20 G. Ciamician and P. Silber, Chemische Lichtwirkungen, Ber.
Dtsch. Chem. Ges., 1908, 41(2), 1928-1935, DOIL: 10.1002/
cber.19080410272.

21 A. Rosspeintner, B. Lang and E. Vauthey, Ultrafast
photochemistry in liquids, Annu. Rev. Phys. Chem., 2013,

View Article Online

Edge Article

styrylquinoxaline—controlling photoreactivity by pH, Nat.
Commun., 2020, 11(1), 4193, DOIL 10.1038/s41467-020-
18057-9.

34 R. T. Michenfelder, F. Pashley-Johnson, V. Guschin,
L. Delafresnaye, V. X. Truong, H. A. Wagenknecht and
C. Barner-Kowollik, Photochemical Action Plots Map
Orthogonal Reactivity in Photochemical Release Systems,
Adv. Sci, 2024, 11(29), 2402011, DOL 10.1002/

35 D. Kanchana, J. A. Carroll, N. Giacoletto, D. Gigmes, J. Kim,

64, 247-271, DOIL 10.1146/annurev-physchem-040412- advs.202402011.
110146.
22 G. Kaur, P. Johnston and K. Saito, Photo-reversible

dimerisation reactions and their applications in polymeric
systems, Polym. Chem., 2014, 5(7), 2171-2186, DOLI:
10.1039/c3py01234d.

23 R. O. Kan, Organic photochemistry, McGraw-Hill Book Co.,
New York, 1966.

24 K. Tanaka, Supramolecular
coumarins, Molecules, 2012,
10.3390/molecules17021408.

25 G. Wu, Z. Huang and O. A. Scherman, Quantitative
Supramolecular Heterodimerization for Efficient Energy
Transfer, Angew Chem. Int. Ed. Engl., 2020, 59(37), 15963-
15967, DOI: 10.1002/anie.202006530.

26 B. B. Yagci, Y. Zorlu and Y. E. Turkmen, Template-Directed
Photochemical Homodimerization and Heterodimerization
Reactions of Cinnamic Acids, J. Org. Chem., 2021, 86(18),
13118-13128, DOI: 10.1021/acs.joc.1c01534.

27 L. Zhu, M. Zhu and Y. Zhao, Controlled Movement of
Cucurbiturils in Host-Guest Systems, ChemPlusChem, 2017,
82(1), 30-41, DOI: 10.1002/cplu.201600309.

28 F. M. Hormann, C. Kerzig, T. S. Chung, A. Bauer,
O. S. Wenger and T. Bach, Triplet Energy Transfer from
Ruthenium Complexes to Chiral Eniminium Ions:
Enantioselective Synthesis of Cyclobutanecarbaldehydes by
[2+2] Photocycloaddition, Angew Chem. Int. Ed. Engl., 2020,
59(24), 9659-9668, DOI: 10.1002/anie.202001634.

29 A. Mames, A. Gorski, J. Jankowska, T. Ratajczyk and
M. Pietrzak, Light-induced selectivity in an exemplary
photodimerization reaction of varied azaanthracenes, Phys.
Chem. Chem. Phys., 2024, 26(44), 28171-28181, DOL:
10.1039/d4cp03899a.

30 P. J. Behrendt, H.-C. Kim and N. Hampp, Laser-based
depletion zone photoreaction: Selective synthesis of [2+2]-
crossdimers of coumarin and 5-fluorouracil, J. Photochem.
Photobiol, A, 2013, 264, 67-72, DOIL 10.1016/
j-jphotochem.2013.05.006.

31 I. M. Irshadeen, S. L. Walden, M. Wegener, V. X. Truong,
H. Frisch, J. P. Blinco and C. Barner-Kowollik, Action Plots
in Action: In-Depth Insights into Photochemical Reactivity,
J. Am. Chem. Soc., 2021, 143(50), 21113-21126, DOL:
10.1021/jacs.1c09419.

32 K. Kalayci, H. Frisch, C. Barner-Kowollik and V. X. Truong,
Wavelength-Dependent Stiffening of Hydrogel Matrices via
Redshifted [2+2] Photocycloadditions, Adv. Funct. Mater.,
2020, 30(15), 1908171, DOI: 10.1002/adfm.201908171.

33 K. Kalayci, H. Frisch, V. X. Truong and C. Barner-Kowollik,
Green light triggered [2+2] cycloaddition of halochromic

photodimerization  of
17(2), 1408-1418, DOLI:

Chem. Sci.

A. N. Unterreiner, K. Mundsinger, B. T. Tuten and C. Barner-
Kowollik, Wavelength-Resolved Oxime Ester Photoinitiator
Decay in Radical Polymerization, Macromolecules, 2024,
57(20), 9779-9787, DOI: 10.1021/acs.macromol.4c01980.

36 S.F.Kim, H. Schwarz, J. Jurczyk, B. R. Nebgen, H. Hendricks,
H. Park, A. Radosevich, M. W. Zuerch, K. Harper, M. C. Lux,
et al., Mechanistic Investigation, Wavelength-Dependent
Reactivity, and Expanded Reactivity of N-Aryl Azacycle
Photomediated Ring Contractions, J. Am. Chem. Soc., 2024,
146(8), 5580-5596, DOI: 10.1021/jacs.3¢13982.

37 J. A. Carroll, F. Pashley-Johnson, M. Klein, T. Stephan,
A. K. Pandey, M. Walter, A. N. Unterreiner and C. Barner-
Kowollik, Microenvironments as an Explanation for the
Mismatch between Photochemical Absorptivity and
Reactivity, J. Am. Chem. Soc., 2025, 147(30), 26643-26651,
DOI: 10.1021/jacs.5¢c06961.

38 A. P. Demchenko, The red-edge effects: 30 years of exploration,
2002 pp. 1522-7235.

39 A. P. Demchenko, Weber's Red-Edge Effect that Changed the
Paradigm in Photophysics and Photochemistry, in
Perspectives on Fluorescence: A Tribute to Gregorio Weber, ed.
Jameson, D. M., Springer International Publishing, 2016,
pp 95-141.

40 A. K. Warrender, J. Pan, C. Pudney, V. L. Arcus and
W. Kelton, Red edge excitation shift spectroscopy is highly
sensitive to tryptophan composition, J. R. Soc. Interface,
2023, 20(208), 20230337, DOI: 10.1098/rsif.2023.0337.

41 J. R. Lakowicz and S. Keating-Nakamoto, Red-edge excitation
of fluorescence and dynamic properties of proteins and
membranes, 1984.

42 M. Vincent, J. Gallay and A. P. Demchenko, Solvent
Relaxation around the Excited State of Indole: Analysis of
Fluorescence Lifetime Distributions and Time-Dependence
Spectral Shifts, J. Phys. Chem., 1995, 99(41), 14931-14941,
DOI: 10.1021/j100041a006.

43 M. A. Kirpichenok, D. S. Yufit, L. M. Melnikova,
Y. T. Struchkov, L. K. Denisov and I. I. Grandberg,
Photochemical reactions of 7-aminocoumarins. 5. [2+2]-
Cycloadducts with trans-stilbene, Chem. Heterocycl.
Compd., 1990, 26(8), 852-857, DOIL: 10.1007/BF00480855.

44 A. Chattopadhyay and S. Mukherjee, Fluorophore
environments in membrane-bound probes: a red edge
excitation shift study, 1993.

45 W.-B. Lim, J.-H. Bae, M.-]. Seo, J.-G. Min, J.-H. Lee, S. H. Kim,
Y.-S. Jung and P. Huh, A novel UV-curable acryl-polyurethane
for flexural 3D printing architectures, Addit. Manuf., 2022,
51, 102625, DOI: 10.1016/j.addma.2022.102625.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/acs.macromol.8b00613
https://doi.org/10.1002/cber.19080410272
https://doi.org/10.1002/cber.19080410272
https://doi.org/10.1146/annurev-physchem-040412-110146
https://doi.org/10.1146/annurev-physchem-040412-110146
https://doi.org/10.1039/c3py01234d
https://doi.org/10.3390/molecules17021408
https://doi.org/10.1002/anie.202006530
https://doi.org/10.1021/acs.joc.1c01534
https://doi.org/10.1002/cplu.201600309
https://doi.org/10.1002/anie.202001634
https://doi.org/10.1039/d4cp03899a
https://doi.org/10.1016/j.jphotochem.2013.05.006
https://doi.org/10.1016/j.jphotochem.2013.05.006
https://doi.org/10.1021/jacs.1c09419
https://doi.org/10.1002/adfm.201908171
https://doi.org/10.1038/s41467-020-18057-9
https://doi.org/10.1038/s41467-020-18057-9
https://doi.org/10.1002/advs.202402011
https://doi.org/10.1002/advs.202402011
https://doi.org/10.1021/acs.macromol.4c01980
https://doi.org/10.1021/jacs.3c13982
https://doi.org/10.1021/jacs.5c06961
https://doi.org/10.1098/rsif.2023.0337
https://doi.org/10.1021/j100041a006
https://doi.org/10.1007/BF00480855
https://doi.org/10.1016/j.addma.2022.102625
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07978k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 2026. Downloaded on 14.03.26 21:49:13.

(cc)

Edge Article

46 H. Fang and C. A. Guymon, Thermo-mechanical properties
of urethane acrylate networks modulated by RAFT
mediated photopolymerization, Polymer, 2022, 256,
125197, DOIL: 10.1016/j.polymer.2022.125197.

47 A. R. Banan, Solvent free UV curable waterborne
polyurethane  acrylate  coatings  with  enhanced
hydrophobicity induced by a semi interpenetrating
polymer network, Sci. Rep., 2025, 15(1), 21844, DOIL
10.1038/s41598-025-04739-1.

48 H. Zhang and Z. Wu, UV-curable self-matting waterborne
polyurethane acrylate coating via self-wrinkled surface

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

during curing in open-air, RSC Adv., 2022, 12(52), 33945-
33954, DOI: 10.1039/D2RA06010H.

49 Y. Wang, F. Qiu, B. Xu, J. Xu, Y. Jiang, D. Yang and P. Li,
Preparation, mechanical properties and  surface
morphologies of waterborne fluorinated polyurethane-
acrylate, Prog. Org. Coat., 2013, 76(5), 876-883, DOL:
10.1016/j.porgcoat.2013.02.003.

50 P. Rolland Jason; K. A. I. Chen; J. Poelma; J. Goodrich;
R. Pinschmidt; M. Desimone Joseph; M. Robeson
LloydMethods of producing polyurethane three-
dimensional objects from materials having multiple
mechanisms of hardening, US Patent 10647880B2, 2020.

Chem. Sci.


https://doi.org/10.1016/j.polymer.2022.125197
https://doi.org/10.1038/s41598-025-04739-1
https://doi.org/10.1039/D2RA06010H
https://doi.org/10.1016/j.porgcoat.2013.02.003
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc07978k

	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting

	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting
	Wavelength-resolved heterodimer [2 tnqh_x002B 2] photocycloadditions for reversible surface grafting


