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Abstract: The quest for circular designs and ways to reuse polymer materials demands further advances in the
development of reversible chemistries. Stimuli-responsive systems incorporated into polymer materials that en-
able the formation and cleavage of covalent bonds, hold great potential to reversibly decompose materials into
their original building blocks. [2m+211] photocycloadditions, for which the addition and reversion mechanism can
be triggered by disparate wavelengths, stand as an attractive platform for triggering such controlled and revers-
ible photoligation towards achieving renewable polymer materials. This perspective highlights the potential of
this type of photochemistry to incorporate solid polymer materials and generate reversible polymerizations. The
design of effective photoresponsive materials with specific functions requires the consideration of a number of
parameters. Following a bottom-up approach - from molecular chemistry to macromolecular functionality — this
perspective provides a recipe of the key aspects to consider in the design of such advanced renewable materi-
als. Furthermore, examples of the state of the art in the field are highlighted and an overview of the fundamental

challenges that remain is provided. Finally, an outlook on the next frontiers to cross is proposed.
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1. Introduction

The neglect towards the end of life of polymer materials has
driven a dependency on a single use practice, or so-called linear
use of these materials, currently causing important environmental
issues.!l Thus, bringing the concept of end of life for the design
of polymer materials has become an inherent need to transition
from their linear use into circular schemes, that enable the rege-
neration of the materials and their reuse.[231 This emerging circular
vision has rapidly propelled the development of new materials that
are capable of facile degradation or intrinsic depolymerization.[4-3]
Still, the greater challenge that remains for polymer chemistry is
developing materials that can be efficiently recycled directly into
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their own initial building blocks.[% Achieving such monomer re-
covery would, in principle, enable the reproduction of polymers
with virgin materials’ properties and give access to true circularity.
In this context, a wide span of concepts has been intensively inves-
tigated in recent years, including the design of biodegradable (bio)
polymers,!7 self-immolative materials,[®! and catalytic polymer de-
composition.l! Although these strategies offer attractive routes for
designing renewable materials, the field is still in its infancy, which
makes the need for further renewable routes critical.

As such, an emerging route towards renewable materials is
stimuli-responsive polymer systems.[1%.111 Responsive polymers
typically incorporate chemical motifs, that when triggered by
an external stimulus (e.g. temperature, light, chemical changes,
force, magnetic/electric field) translate into predictable materi-
als’ property changes, and ultimately bestow new functional-
ities to the materials. A variety of advanced functions have al-
ready been reported, the most prominent examples of which in-
clude optical changes, shape morphing, and molecular release,
amongst others.!2.13]

In the context of renewable polymers, different material de-
signs have already incorporated some of these responsive sys-
tems into polymeric matrices.[4-16] Popular approaches integrate
responsive dynamic motifs (either covalent or supramolecular)
into the polymer backbones, which when exposed to elevated
temperature, cleave and reform. These dynamic molecular ex-
changes translate into macromolecular transition changes, such
as macroscopic flow and stress relaxation that permit bulk re-
processing.l17-181 However, the quest for circular designs and
ways to reuse polymer materials demands further advances in the
development of reversible chemistries. An interesting approach
worth exploring relies on the control of these dynamic bonds so
that the formation and cleavage of covalent bonds could occur in
a controlled and permanent way upon a given trigger. Governing
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such reversibility on demand holds great potential for endowing
the decomposition of the materials into original building blocks
and reassociating themselves, ultimately giving access to a renew-
able scheme.

So far, only a limited number of reaction schemes feature con-
trolled reversibility upon stimulation. Reversible [2rt + 27t] photo-
cycloadditions, for which the addition and reversion mechanism
can be triggered by disparate wavelengths, stand as a very popular
example.['1 [2n + 27] photocycloaddition is considered as an ef-
ficient and reliable method to form and break covalent bonds with
a specific wavelength. Reversible photocycloadditions have been
widely employed to assemble and disassemble complex molecu-
lar and macromolecular systems in solution as well as in the solid
state in a rapid and predictable manner.[20211 These light-mediated
reversible chemistries typically involve the excitation of conju-
gated alkenes to form cyclobutane moieties at a specific wave-
length range (Scheme 1). The resulting cyclobutanes can then be
reverted to the original alkene motifs upon irradiation with light
of a dissimilar wavelength.[22 The recovery of the original reac-
tants enables further cycles of these reversible reactions. If incor-
porated in polymer backbones, such chemistry holds potential in
the design of responsive building blocks that can polymerize and
depolymerize on demand in response to specific irradiations and
ultimately, give access to a circular design (Scheme 1).
Photoreversible cycloadditions have been widely employed to
achieve a variety of functions in polymer materials such as revers-
ible light-mediated solution-hydrogel transitions, 23! thin polymer
film crosslinking, or the healing of materials surfaces(?*! and coat-
ings.?! However, despite such a wide use in enabling material
property changes, these chemistries have shown only limited suc-
cess in achieving reversible photopolymerizations.

' "” : A {i
. X : : y
>y ¥ "_,," ‘k_""’,f ey
Building 2 (8 Renewable
blocks material

Polymerizati®

Scheme 1. Conceptual scheme of triggering reversible polymerizations
via the use of reversible photocycloadditions of alkenes to achieve re-
newable polymer materials.

With this perspective, a spotlight is shined on the potential of
photoresponsive systems, in particular [2rt + 27t] photocycloaddi-
tions, to serve as a platform for photoreversible polymerization. In
addition, an overview of critical design aspects to consider for the
development of photo-mediated reversible polymerizations will
be discussed. The state of the art of these different design aspects
as well as a highlight of relevant developments will be presented
following a bottom-up approach — from molecular chemistry to
macromolecular functionality. Overall, this report aims to provide
a recipe of critical parameters to consider in the material design
towards reversible photopolymerizations. Moreover, the remain-

ing challenges to fully reach the potential of this particular design
concept will be critically exposed and further opportunities in the
field will be outlined.

2. Reversible [2r + 2] Photocycloadditions as a
Photoresponsive System

The design of effective reversibly degradable polymer materi-
als requires an interplay of parameters — spanning from the per-
formance of the chemistry employed, its scale and magnitude to
the state of the material (e.g. solid state, gels, viscous liquid, solu-
tion) and its processing (e.g. solution, solvent-free, in bulk). Thus,
progressive approaches that first study the molecular system and
transpose it into more complex structures are popular for bridg-
ing the gap between molecular-level investigations and studies in
polymeric materials.

In contrast to complex macromolecular systems, molecular
mechanisms and their response to external stimuli can be read-
ily characterized and monitored using accurate and sensitive
characterization methods such as, nuclear magnetic resonance
(NMR), ultraviolet-visible (UV-vis), and fluorescence spectros-
copy. Investigations on the molecular level provide insights into
the mechanism in action as a function of different parameters
(i.e. concentration, stimulation intensity, time) which will in turn
inform the development of future materials and confer a better
control of their functionality. Based on this bottom-up design
principle, the following lists a series of parameters to consider in
the design of renewable photoresponsive polymer materials that
can be polymerized and depolymerized in a controlled fashion via
reversible [2rt + 2n] cycloaddition.

2.1 Light-mediated Photocycloadditions

Only a limited number of chemical motifs are known to en-
able photoreversible [2nt + 2n] cycloadditions upon irradiation.
Prominent examples are cinnamic acid, thymines, coumarins, and
stilbenes (Fig. 1).126-291 The most straightforward reaction pathway
of these motifs relies on the excitation of a conjugated alkene moi-
ety over a specific wavelength range. During the excitation pro-
cess, the molecule is excited from the ground state into an excited
singlet state (S1) where it can undergo intersystem crossing into
the triplet state. The excited molecular alkene then reacts with an-
other alkene in the ground state to produce a cyclobutane (Scheme
2A).B0'When performed in solution, yield and stereoselectivity of
the cycloaddition process are difficult to control. Olefins typically
produce a mixture of photoproducts upon irradiation including
cyclobutane (stereo)isomers, alkene isomers and other side prod-
ucts (Scheme 2B). Stilbene motifs are, for instance, well known to
generate a mixture of E/Z-isomerization,3!! intramolecular cycli-
zation via oxidative dehydrogenation of dihydrophenanthrene3?!
and cycloadditions of the E-form of the alkene motifs.33 The yield
of photoproducts can be tuned by changing the solvent, concentra-
tion, temperature, and/or the irradiation conditions (i.e. irradiation
time, wavelength, and light intensity).[34351 For example, photo-
induced cycloadditions of stilbene only occur at concentrations
higher than 102 M. In diluted concentrations, the S1-lifetime of
the alkenes is too short to find a dimerization partner by diffu-
sion, instead only isomerization processes take place.l3°! To enable
the use of photocycloaddition as a photopolymerization site, the
control of the photoproduct configuration becomes an essential
aspect of the design. A mixture of photoproducts, in particular
isomerization, would hinder the photo-induced propagation of the
polymer and lead to short molecular weight and broadly poly-
dispersed polymers. Ultimately, such limited chain propagation
can translate into the production of mechanically poor materials,
limiting their implementation into commodity uses.

The incorporation of the photoresponsive motifs into poly-
mer backbones and the use of templated systems have shown
an increased control over the stereoselectivity and reaction
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Scheme 2. Reactivity patterns. (A) Excitation of an alkene from a ground
state S to the excited state S, followed by the photocycloaddition. (B)
Scheme showcasing the different photoproducts that can be gener-
ated upon irradiation with light. i) [2r + 2m1] photocycloaddition + other
cyclobutane isomers, ii) isomerization (E/Z alkene forms) and, iii) asym-
metric cleavage.

yield of the cycloaddition process.l*’l These approaches are
discussed vide infra in the Section 3 dedicated to the design as-
pects.

2.2 The Need for Light-specific Photoprocesses

One key challenge for designing reversible photocycload-
ditions, and stimuli-responsive systems in general, is finding a
way to render their responses highly specific to a single stimulus.
More specifically, a targeted response must be triggered by one
defined stimulus and a given stimulus must cause exactly one de-
fined response.[12] Achieving such specificity of cycloaddition and
cycloreversion to light would enable highly controlled photopoly-
merization processes and expand the use of the materials, as these
will be less sensitive to their environment and/or to processing.
However, most of the photoswitches relying on covalent and on
non-covalent reversible chemistries are typically sensitive to tem-
perature and thus unspecific to light. Photoswitchable polymers
relying on supramolecular interactions are, on the other hand, less
robust to solvents and moisture compared to motifs relying on
covalent chemistries.[38-3]

Apart from a few exceptions described by the Woodward and
Hoffman rules, [2n + 27t] cycloaddition processes are thermally
forbidden due to conservation of the orbital symmetry and there-
fore are solely light permitted.[*l However, other triggers, such
as heat and mechanical forces, have shown the ability to cleave

Fig. 1. Examples of photorespon-
sive motifs known to undergo re-
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or cycloreverse cyclobutanes, rendering the process unspecific
to light.[*1l Considering that bulk polymers are usually melt pro-
cessed (>120 °C) and during their lifetime must resist elevated
temperatures as well as mechanical loads, the improvement of
the mechanical and thermal stability of the cyclobutanes therefore
becomes an important parameter for the design of reversible pho-
topolymerizations. The sensitivity of cyclobutanes to other stimu-
lations (light and mechanical) could lead to the decomposition of
the polymers during reprocessing as well as during their lifecycle,
both preventing the circularity of the materials.

Most of the scaffolds presented in Fig. 1 exhibit low decom-
position temperatures of their cyclobutanes (typically below
80 °C) as well as dimers cleavage upon application of mechanical
forces. In comparison to other motifs, coumarin dimers (Fig. 1)
feature higher thermal stability, ranging from 170-320 °C and
thus potentially give access to the processing of a broad range
of polymers. Note that the thermal resistance can be tuned upon
structural modification of the coumarin scaffold and the dimer
configuration.[*243] Despite such an advantageous feature, couma-
rin cyclobutanes are, however, still prone to retro [2r + 2n] cyclo-
addition upon mechanical activation. Craig and coworkers have
shown the mechanical cleavage of coumarin dimers incorporated
into the center of poly(methyl acrylate) by applying pulsed ultra-
sound. The sonochemical activation has yielded coumarin chain-
end functionalized polymers displaying enhanced UV absorption
as well as fluorescence. These optical changes were employed to
characterize the scission of the coumarin cyclobutanes.l*¥ In a
recent report, the group also embedded coumarin dimer mechano-
phores into a polybutadiene-based polymer main chain and intro-
duced this polymer into elastic nanocomposites. By doing so, they
demonstrated that high mechanical load leads to the scission of
coumarin dimers in bulk. Similar to the solution studies, the extent
of scission has been quantified by UV-vis measurements and has
been leveraged to detect stress in rubber-based composites on a
molecular level.[43]

Overall, neglecting the stability of the cyclobutanes in the
design of reversible photopolymerizations can, to some extent,
limit the application of the produced materials, their processing
and their recycling. Future efforts must focus on the design of
cyclobutane motifs capable of resisting thermal and mechanical
constraints, while keeping high photoreaction yields (cycloaddi-
tion and cycloreversion) and selectivity.

2.3 Redshifted Photoprocesses

Photocycloadditions often require highly energetic short-
wavelength light (typically 300-350 nm) and rely on a bimolecu-
lar process that might result in long irradiation times to fully con-
vert monomers into their analogous cycloadducts. Comparatively,
the cycloreversions rely on a unimolecular process and require
even more energetic UV irradiation (typically <280 nm).[?!1 The
use of shorter wavelengths can lead to irreversible side reactions
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or, in the case of a polymeric system, might induce photodamage
of the surrounding material. A popular demonstration of this is
the formation of the cyclobutane pyrimidine dimer (CPD) from
the photodimerization of thymines in DNA.[46] Another example
of a side reaction was reported by Wolff et al. where the cyclo-
reversion of coumarin dimers resulted in a photodecarboxylation
upon irradiation at 254 nm in acetonitrile.[28] In the context of the
design of reversible polymerizations, such unspecific degradation
processes would reduce the extent to which polymers can be de-
polymerized. Furthermore, a side reaction of the photoreactive
unit would hamper a subsequent polymerization of the building
blocks and thus terminate the circular process.

Strategies involving the use of catalysts, such as sensitizers!3!
or Lewis acids,!*7I have been employed to redshift photoreactions,
in particular photocycloadditions, to respond to light of lower en-
ergy and increase the overall reaction rates. Despite their benefi-
cial use, the presence of catalysts in a polymer system is generally
considered unfavorable, as their possible leakage throughout the
materials represents an obstacle for potential applications, such
as food packaging and composting. Furthermore, the presence of
catalysts may also affect the cycloreversion process or result in
other degradation reactions during reprocessing. Because remov-
ing catalysts is a laborious task, which might involve additional
processing steps, catalyst-free systems are usually preferred.!8]

Efforts have been deployed towards developing chromophore
moieties that can be activated through irradiation with visible light
(i.e. wavelengths 400-700 nm). General approaches are based on
the extension of the conjugated system of a particular chromo-
phore and/or on the addition of electron withdrawing and donat-
ing groups.[*! Series of new chromophores capable to perform
cycloadditions at wavelengths above 430 nm (i.e. styrylpyrene,[50]
acrylamidylpyrene,5!1 and styrylquinoxalinel>2l) were prepared
following this structural modification strategy.[33]

Although redshifting the cycloaddition of a photoresponsive
motif in the visible range upon structural modification has been
successfully achieved, it is important to note that this shift will not
be translated to a similar extent to the cycloreversion of the cor-
responding cycloadduct. In this context, only a limited number of
motifs developed so far have enabled a complete transition of the
reversible photoprocess in the visible range. Despite significant
progress in the field, there is still an important need to further
expand the library of motifs capable of entirely shifting the re-
versible process into the visible region, while still featuring high
reactivity. Time-dependent density-functional theory (TDDFT)
computational simulations can, in this context, be employed as a
tool to predict the absorption spectra of a particular photorespon-
sive motif upon chemical modification.[5+55

2.4 Chromatic-orthogonality!>®

To ensure effective photoreversible polymerizations, it is es-
sential to achieve fully orthogonal photoreactions. This means
producing an independent and efficient photoreaction (either
[2n + 2n]-photocycloaddition or photocycloreversion), while
the other photoreaction remains dormant and unaltered.[37-8]
Photocycloadditions can be easily decoupled from the rever-
sion processes and keep the formed cyclobutane dormant, as
the chromophores usually absorb longer wavelengths than their
corresponding dimers. However, at shorter wavelengths, the ab-
sorption spectra of the molecules typically overlap and result in
a photostationary state in which the cycloaddition and the cyclo-
reversion reactions are simultaneously triggered (Fig. 2).[19 This
lack of orthogonality hinders the depolymerization processes as
well as the recovery of the original building block. Although an
ideal circular scheme would offer a direct recovery of the mono-
mers, it might be noted that a partial decomposition of the poly-
mer chains could still be sufficient to facilitate the reprocessing
of these materials, as the decrease of the molecular weight can

produce a reduction of the viscosity or an enhancement of the
polymer solubility.[1 Yet, an uncontrolled degree of depolymer-
ization increases the chances to broaden the polydispersity in the
second cycle of photopolymerization.[¢0]

In the quest to turn such processes fully orthogonal, it
is key to carefully consider the kinetics of cycloaddition
and cycloreversion processes. Barner-Kowollik and cowork-
ers introduced a novel analysis technique — wavelength-de-
pendent photon efficiency analysis (WPEA) — that enables
the determination of the optimal conditions to trigger each
photoreaction individually via wavelength screening and
photon kinetic analysis (Fig. 2B,C).[61.621 This technique re-
lies on the use of a tunable and monochromatic light source
to trigger photochemical processes at different wavelengths at
constant path lengths and concentrations. From such measure-
ments, action plots that depict the conversion of the reaction vs
the irradiation wavelength enable the determination of the opti-
mal wavelength for a maximized conversion (Fig. 2B). By trig-
gering the photoreaction with the defined optimal wavelength
while varying the photon numbers, one can characterize the
number of photons required to reach maximum conversion (Fig.
2C). Following this methodology, the group has quantitatively
mapped the photoreactivity of styrylpyrene moieties (Fig. 2A)
in solution and determined the most effective wavelength for the
cycloaddition and reversion at A = 435 and 330 nm, respective-
ly. Owing to the fundamental chemistry uncovered with WPEA
analysis, the group was able to reach up to 95% photoligation
of poly(ethylene glycol) functionalized with styrylpyrene that
enabled the recovery of more than 85% of the macromonomers
during cycloreversion (Fig. 2D).[611

WPEA analysis holds great potential for optimizing a photo-
reversible process towards an orthogonal scheme. Having a fully
orthogonal scheme would allow controlled and decoupled photo-
processes and thus pave the way for the design of fully reversible
polymerizations. Moving from the simple inspection of absorp-
tion spectra to the in-depth study of chromophores photoreactivity
must therefore become a necessary path to the future development
of orthogonal photochemistries.[62]

3. Design Parameters to Consider

The polymerization and reprocessing of the polymers most
likely involve a change of state, e.g. from liquid or viscous liquid
to solid for the polymerization and from solid to liquid for the de-
polymerization. The physical characteristics of each state must be
considered in the design of responsive materials, as the reactivity
of the responsive motifs can differ in its magnitude and response
time accordingly. For example, the solid state of the material car-
ries its own set of physical properties such as crystallinity, phase
segregation, and glass transition temperature. In comparison to
solution or gel states, these solid-state properties limit the mobil-
ity of the reactive moieties and ultimately affect the performance
of the targeted response. Note that the composition and the ar-
chitecture of the polymers (e.g. linear, branched, networks) also
dictate the required processing for the reversible polymerization
procedures. These can be carried out in different media, includ-
ing in solution, under high pressure/temperature or in the bulk,
amongst others.

The lack of knowledge in reversible photopolymerizations of
bulk materials may be explained by the difficulty in efficiently
transposing a chemical reaction into a macromolecular level, in
particular if the transduction process involves a change of materi-
al state. The preparation of polymers typically combines a unique
set of synthetic and processing specifics for each individual sys-
tem. While this authenticity must be considered in the princi-
pal designs, there are other design aspects that remain common
or similar for each design. This section lists the important
observations, on reversible photocycloadditions carried
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Fig. 2. (A) Reversible photocycloaddition of trans-(p-hydroxy)styrylpyrene. (B) Action plots depicting the reaction yields of the photocycloaddition
(blue) and photocycloreversion photoreactions (red) at a given wavelength as well as the UV-vis spectra of the styrylpyrene motif (blue solid line)
and the resulting photoproduct mixture (red solid line). The reactions were irradiated with a monochromatic laser at a fixed number of photons (242
pmol of photons) in deuterated acetonitrile and the yields determined by 1H NMR spectroscopy. (C) Plots depicting the photon kinetic analysis at
a wavelength of A = 435 nm for the cycloaddition and A = 330 nm for the cycloreversion. The indicated yields represent the combined yields of the
photoproducts. (D) Cyclic reversible photoligation of styrylpyrene terminal poly(ethylene glycol) at A = 435 nm and A = 330 nm for the cycloaddition
and reversion, respectively and using 483 pmol of photons in each case. Reproduced with permission from ref. [61]. Copyright © 2018 American

Chemical Society.

out in the solid
future designs.

state, that are critical to consider in

3.1 Distance and Geometry Criteria for the Photo-
processes

Compared to homogeneous solutions, photocycloadditions
occur more efficiently and selectively when performed in the
crystalline state.[93] Based on a thorough crystallographic investi-
gation of [27 + 2n] photocycloaddition of cinnamic acid deriva-
tives in the solid state,[*! Schmidt and coworkers postulated that
the stereochemistry of the photodimer can be predicted from the
preorganization of the monomers in the crystal lattice rather than
through the reactivity of the molecules.[95-:¢0] From this study, it
has been shown that the cycloaddition in solid state can only hap-
pen when the reactants are separated by a distance of 4.2-4.7 A
(Schmidt’s rule).[67] Factors other than the distance, including
the mutual orientation of the adjacent reactant molecules and the
overlap of participating orbitals, have also been shown to impact
the outcome of the photocycloaddition.[68]

Until now, advanced crystal engineering designs that prealign
molecules in stacking rearrangements and reduce the atomic
movement (i.e. translational, rotational, and conformational)
have been exploited to control the geometry of the reactants and
catalyze photoreactions towards a selective product. General ap-
proaches towards templated systems include: the use of intramo-

lecular functionalization of the photoresponsive motifs to control
intermolecular interactions, the use of metal ion coordination,[®]
crystal inclusion complexes!7%-721 or co-crystallization with hydro-
gen bond templates.!”3 Thus, to render cycloadditions favorable
towards effective photopolymerizations, one should control the
alignment of the motifs and bring them sufficiently close to enable
selective reactions.

Prealignment strategies of photoresponsive motifs incorporat-
ed into a polymer backbone have not yet been much investigated.
The closest system to this concept was reported by Trenor et al.,
who have demonstrated cycles of reversible photoligations in the
solid state.[*] In this study, poly(ethyleneglycol) functionalized at
both termini with 7-hydroxycoumarin was prepared (Fig. 3A) and
the polymer was solution cast into films (ca. 15 mm). When irradi-
ated above 300 nm, the photoextension was confirmed with a de-
crease of the coumarin absorption band at 354 nm. Further charac-
terization of the resulting extension revealed only a small degree
of polymerization showing an increase of molecular weight from
4100 g/mol (corresponding to the original photoresponsive PEG
coumarin unit) to 8500 g/mol and an increase of the dispersity
from 1.17 to 2.75 (Fig. 3B).

The requirement of short distances between the responsive
motifs to produce effective cycloadditions might raise issues
when attempting to optimize the orthogonality of the process.
While the issue of photostationary states can be overcome in
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solution thanks to the diffusion and reaction kinetics, the re-
stricted motion of the motif in the solid state accentuates the
problem. For example, for most of the photoresponsive motifs
developed so far, the dimer absorption cannot be decoupled from
the monomer, thus creating an overlap of both photoprocesses
upon irradiation. This effect has been observed by Trenor et al.
who could only photocleave 90% of the PEG-coumarin oligo-
mers upon irradiation at 254 nm in the solid state (Fig. 3C,D).[74
A similar observation was reported by Chambers et al. who re-
ported that styrylpyrene dimers incorporated into polymer net-
works displayed a low degree of cycloreversion.[”51 In this case,
the confined environment provided by the network significantly
affected the photostationary state preventing the cleavage of the
motif (Fig. 4A).

In summary, these observations highlight the need to intro-
duce new approaches to increase the mobility of the responsive
motifs — while maintaining a control over their orientation — for
polymerization and depolymerization processes. In this context, it
has been proposed to perturb the photostationary state with the ap-
plication of mechanical force, solvation, or the use of competitive
cycloadditions with small molecule additives (Fig. 4B).[75] The
idea being to physically separate the reverted photocycloadducts
before they can recombine. Achieving a suitable design of such
systems could potentially lead to a controlled decomposition of

a polymer into its original building blocks, independently of the
architecture.

3.2 Concentration and Dispersion Effect

The effectiveness of the photoprocesses is strongly influenced
by the concentration and dispersion of the photoresponsive motifs
in the polymer matrix. Early studies on photocycloaddition reac-
tions of thymines in solution report an increase in reaction yield as-
sociated with the intramolecular self-association. These increased
conversions have also been observed on thymine bases blended into
polymer matrices, showing an efficiency 20 times greater than in
solution.[”0] Increased, but less pronounced, conversion efficiencies
have been observed for cycloadditions of thymines present on the
side chains of the synthetic polymers. Kita er al. reported that
the cycloaddition conversion decreased with decreasing thymine
units in the polymers which had been assigned to the isolation of
some active motifs.l7¢l Similar observations were later reported by
other research groups.[77]

The combination of these reports suggests that intramolecu-
lar self-assembly might potentially be used as a tool to control,
to some extent, the alignment of the photoresponsive motifs and
render their cycloaddition effective (Fig. 5). New designs must
focus on strategies that locally increase the concentration of the
responsive motifs while providing enough mobility to promote
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Fig. 4. (A) Limitation of the extent of the cycloreversion due to the con-
finement of the photoresponsive motifs into a polymer network in the
solid state. (B) Suggested approaches to perturb the photostationary
state of a solid-state polymer network and give access to a larger extent
of cycloreversion. Reproduced with permission from ref. [75]. Copyright
2022, American Chemical Society.

their diffusion and reaction probability. Solution polymerization
might offer a way to improve the mobility and reach better con-
versions. In this context, it is also critical to evaluate the impact
of the solvent on the photoreactions. Photocycloadditions of thy-
mine based on the polymer side chain have also been shown to be
affected by the solvent media employed to run the photoprocess.
In this specific case, the use of a solvent, in which the molecules
poorly solubilize, induces a strong stacking interaction of the thy-
mine bases due to a weak solvation, thus increasing the conversion
yields. Similar phenomena can be observed in many biological
reactions, in particular those involving nucleic acid chemistry.[78]
Thus, carefully looking at these highly pre-organized biological
reaction processes found in nature might expand the understand-
ing on the specifics required to achieve effective pre-templated
photopolymerization.

3.3 Increased Mobility of the Photoresponsive Motifs
On the basis of the previous sections, conducting photopoly-
merizations in solution in the presence of a suitable solvent, ap-
pears to be an appropriate approach to enhance the mobility of the
reactants, and enable effective photo-induced propagation of the
polymer chains. Barner-Kowollik and coworkers have achieved a
high degree of reversible photopolymerization in solution using
short molecular weight polymers (ca. 1000 g/mol) functionalized
with styrylpyrene as macromonomers. The photoextension of the
telechelic macromonomers was performed in solutions of THF
upon irradiation at 460 nm (Fig. 6A). The polymers reached a
molecular weight of Mn = 60 000 g/mol, with a high degree of po-
lymerization (DP = 38) and low dispersity (D = 2.2). These poly-
mers underwent an orthogonal depolymerization when irradiated
with a wavelength of 330 nm, affording the original linear oligo-
mers (Fig. 6A).I91 It is worth mentioning that the reaction con-
ditions were defined on the basis of WPEA analysis techniques
carried out on molecular styrylpyrene (Fig. 6B). This system is
so far the most effective reversible photopolymerization reported
which can potentially compete with templated systems. The au-
thors assigned this high molecular weight to a prealignment of
the styrylpyrene moieties in THF, promoted by the interactions

Blended in
polymer matrix

Pendant to
polymer chains

Dispersed
in solution

& )

Fig. 5. lllustration depicting the concept of photocycloaddition reaction
yield dependency to the self-association of the photoresponsive motifs.

between the aromatic systems, as well as to mild irradiation con-
ditions (with a LED at >430 nm) that prevented photodamage of
the surrounding media and materials. This report suggests that
while the mobility of the motifs plays a key role in both photopro-
cesses, a semi-templated scheme seems necessary to optimize the
photoextension efficiency. However, although solution processes
might appear ideal for the reversible photoextension of polymer
chains, the degree of polymerization so far achieved remains still
too low to produce mechanically robust materials. Furthermore,
photochemically growing high molecular weight polymers can
also pose additional challenges. Besides the required distance of
the reactants, the solubility of the polymers in solution can im-
pact the extent of the polymerization. The progressive formation
of a rigid polymer decreases the solubility of the macromolecu-
lar chains in organic solvents and thus hampers its propagation.
Finally, other polymer architectures, such as polymer networks,
cannot be processed in solution media and require bulk process-
ing. The next frontier in the field is to focus on process strategies
that would further push the photoextension.

4. Perspective

The development of renewable materials or new technolo-
gies that allow controlled depolymerization are some of the most
praised research topics at the moment. Although at a first glance,
the use of light to produce reversible polymerizations may seem
exotic, the idea is nevertheless well founded. The use of light in
polymer science is currently at the cutting edge of technology. For
instance, technologies such as certain 3D printable inks, coatings,
and adhesives rely on photoligation processes.[3! Conversely, light
can also cleave polymers into smaller chains.®11 Photodegradation,
an inherently uncontrolled process, has proven to be a bane to the
plastics industry which has invested billions to retain material me-
chanical integrity via the use of stabilizers and additives.[32] On
this basis, it is not surprising that the research community is now
starting to seek the connection of these two individual processes
into a single, controlled technology.

Light has attracted a lot of attention due to its unique set of
characteristics. If used properly, light can be considered as a
more renewable energy than other traditional sources such as
heat. The most striking feature of light is its precise spatiotem-
poral resolution, which in the case of reversible polymerization
would enable simultaneous and/or decoupled regulation of the
cleavage and bond formation processes, typically not acces-
sible to other stimuli such as pH or heat. Furthermore, its non-
destructive properties, and tunable parameters (i.e. wavelength,
irradiation time, and power intensity), allow a fine-tuning of a
material’s functionality.l®3] The question remains: what is the
realistic potential of these circular photoprocesses to go beyond
academic research?
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Based on the discussions underlined in this perspective, it ap-
pears that one of the next important frontiers to cross in the field
is the formation of mechanically robust high molecular weight
polymers. Indeed, the development of new recycling processes
becomes only interesting if this technology can be applicable to
mechanically robust polymer materials that can potentially com-
pete with current commodity plastics. There is a need to conceive
macromolecular engineering designs together with effective re-
sponsive motifs toward this goal. Continuous flow chemistry is
for instance an interesting engineering process to consider.[84]
Flow chemistry processes rely on the use of channels to conduct
reactions in a continuous stream. This technique has proved to re-
duce reaction times, increase selectivities and allow a straightfor-
ward scalability for various reactions including cycloadditions.
A variety of reactors and flow techniques are available and can
further be combined with high temperatures and pressures, po-
tentially leading to novel process windows.[85] However, despite
promising results, the number of reports is limited and more av-
enues remain to be explored.

Another important aspect to evaluate is the relationship be-
tween the process, structure, and properties of these new materials
at the beginning and end of their life cycle. The incorporation of
light-sensitive motifs into the polymer backbone can lead to sec-
ondary interactions such as motif aggregation, phase separation,
and crystallization of the macrounit core and/or chemical mo-
tifs.[8687] Interactions such as aggregation can lead to additional
physical crosslinking of macromolecular chains and dictate the
mechanical properties of this new class of responsive materials.
A complete understanding of the properties of the materials is
therefore crucial for maximizing their performance. Finally, one
should assess the limits of the photoextension process to define
the range of potentially realizable material properties as well as
their ideal processing conditions.

Developments on the expansion of depth penetration of light
to achieve the depolymerization of materials regardless of their
thicknesses is another key aspect to solve when aiming for large-
scale applications. One can envision a combination of grinding,
segmented irradiation and solvation processes to promote their
disintegration. The combination of these processes would reduce

gered by the UVB lamp and LEDs
are illustrated by the normalized
emission spectra (UVB in grey
and LEDs in violet and blue).
Reproduced with permission from
ref. [79]. Copyright 2020, Royal
Society of Chemistry.

the size of the materials while maximizing their surface exposure
towards the irradiation. The use of commercial photosensitizers
capable of adsorbing ultraviolet or visible irradiation and transfer-
ring it to adjacent molecules is another alternative that can be ex-
plored to accelerate the process of depolymerization.!38! However,
as previously mentioned, new strategies should prioritize ‘cata-
lyst-free systems’ to avoid laborious removal procedures. In any
case, the investigation and combination of various techniques is
critical for developing an effective depolymerization process that
enables a full recovery of the macromonomers.

The use of photoresponsive materials is in itself a paradigm for
commodity uses. Indeed, the usefulness of these materials is often
questioned due to their redshift activity and thus their potential
degradation upon sunlight exposure. One can argue that trigger-
ing a material’s depolymerization requires a certain level of light
intensity. Furthermore, if incorporated into a confined solid-state
environment, the dissociation of the responsive motifs is almost
inexistent and maintains the integrity of the materials. A more im-
portant problem would however be the stability of the responsive
motifs over time, expecting that photobleaching will most likely
occur. In this context, it might also be interesting to explore the
use of these photoresponsive motifs as crosslinker additives that
could be inserted and removed on demand.

Achieving high polymerization degrees of bulk materi-
als and thereby high material stability as well as an increase of
light penetration upon reprocessing, requires steady progress be-
fore any breakthrough in the field of photoextension is possible.
Understanding every aspect and parameter influencing the differ-
ent stages of this progressive design approach is crucial for the
development of an efficient technology. While some of the aims
may seem unrealistic at the moment, setting challenging goals is
the best way to improve and/or adapt technologies, so that these
objectives can be achieved in the future. To achieve this goal, it is
crucial to mix different expertise to propel technological progress.
Synthetic chemistry guided by computational simulations and
photophysics could be an optimal combination for a rational de-
sign of effective photoresponsive motifs. Similarly, the combina-
tion of polymer science and macromolecular engineering has the
potential to optimize the incorporation and use of photochemistry
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in bulk materials which might enable the introduction of revers-
ible polymerizations.

5. Conclusion

Despite some exciting progress, the emerging chemistry tool-
box towards reversible polymerizations still holds many opportu-
nities, challenges, and a large space to be explored. The chemistry
used to build stimuli-responsive materials is key towards their ef-
ficient and functional response. The use of photocycloadditions
as a platform for reversible ligations has become a vibrant re-
search area towards a controlled breaking and formation of cova-
lent bonds upon irradiation with specific wavelengths. However,
their use as reversible photoextention of polymer chains has only
gained limited attention. The critical challenge to overcome is the
development of photoresponsive motifs that enable the perfor-
mance of highly reactive photocycloadditions and reversions with
enhanced yield with visible light. To enable a controlled reversible
polymerization process, it is also crucial to develop photoreac-
tions that are fully orthogonal — triggered at disparate wavelengths
to avoid photostationary states.

The use of advanced analytical techniques such as WPEA
analysis must become routine in order to get an in-depth under-
standing of the photochemical reactions. In addition, these inves-
tigations ideally must also be combined with simulations for a
better guidance towards the preparation of photoresponsive motifs
that display a predictable (reversible) photochemical reactivity.
Photochemical reactions are impacted by confined environments
usually found in the solid state, particularly when the chromo-
phores are included covalently in the network. In parallel, a con-
fined environment also leads to a preorganization of the motifs
which improves the stereocontrol and yield of the photoadduct.
Thus, novel macromolecular engineering that finds a balance be-
tween these two stages is critical for effectively performing the
photoprocess.

Undoubtedly, it is fundamentally challenging to develop effi-
cient photo-induced polymerization technologies. In this context,
photochemically induced cycloadditions may be considered as a
powerful tool for the preparation of recyclable polymers. Advances
in macromolecular engineering approaches that would enable
large polymer chains’ photopropagation is expected to lead the
photopolymerization field to a groundbreaking revival and offer
tremendous openings for reversible and renewable technologies.
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