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Abstract: Photoinduced processes have gained considerable attention in polymer science and have
greatly implemented the technological developments of new products. Therefore, a large amount
of research work is currently developed in this area: in this paper we illustrate the advantages of a
chemistry driven by light, the present perspectives of the technology, and summarize some of our
recent research works, honoring the memory of Prof. Aldo Priola who passed away in March 2021
and was one of the first scientists in Italy to contribute to the field.
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Figure 1. Photograph of deceased Prof. Priola.
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science of materials was still in its infancy as an academic discipline in Italy, he understood
the importance of studying the relationship between the engineering properties of materials
and their chemistry. Sharing this idea with colleagues from industry and academia, he
co-founded CISM (Consorzio Interuniversitario Scienza Macromolecolare), which later
merged into INSTM; he was also among the founders of AIM (Associazione Italiana di
Scienza e Tecnologia delle Macromolecole) and promoted the Materials Engineering Course
at Politecnico di Torino. Deeply convinced of the importance of teaching and of the role of
chemistry in the training of engineers, he contributed to the birth of AICIng (Associazione
Italiana Chimica per I'Ingegneria). To him, we owe a lot of significant papers and many
patents, but above all the merit of having taught the principles of honesty and integrity in
all stages of scientific practice.

Prof. Priola published extensively in the field of photopolymerization. In this paper,
we present photoinduced processes regarding polymers, and their potential applications, in
particular, we highlight them through a series of examples from our recent work addressed
to the preparation of biobased composites, advanced coatings and electrospun membranes.

2. The Birth of Photoprocesses

In his seminal work at the University of Bologna, Prof. Giacomo Ciamician (born in
Trieste in 1857 and died in Bologna in 1922) conceptualized the development of a new
chemistry based on light, able to revolutionize the world economy, by switching away
from fossil fuel resources to renewable energy sources. His thoughts were discussed
in a famous lecture at the International Congress of Applied Chemistry in New York
in 1912, which made a lasting impression, was printed in several languages and was
published in an issue of Science in the same year [1]. The paper is both visionary and
prophetic: apart from the text style and the reference to a coal-based economy instead
of an oil-based economy, the content seems to be taken by the present media, discussing
sustainable development, circular economy and renewable processes. This extraordinary
chemist anticipated several of the tenets of Green Chemistry: to plan reactions under mild
conditions; to choose activation conditions for direct reactions assuring atom economy; to
use renewable materials or reagents employing light; to reduce energy consumption. The
similarity between Ciamician’s statements and the 12 principles of Green Chemistry, as
formulated by Anastas and Warner in [2], are astonishing, in particular: (2) atom economy;
(3) less hazardous chemical synthesis; (5) safer solvents and auxiliaries; (6) design for
energy efficiency; (7) use of renewable feedstocks.

According to his vision, Ciamician developed over 30 years of pioneering work using
light as a reactant in chemical processes: a very famous picture shows Ciamician making
experiments on the sun deck of his department in Bologna to prepare organic compounds.
In a series of papers on the chemical action of light [3-7], he clearly demonstrated that
light has a main role in a chemical laboratory as it does in nature, namely in the leaves of
plants. The reactions that Ciamician studied with his associate Paul Silber are hydrogen
abstraction by carbonyls promoting reduction, reductive dimerization and reductive alky-
lation, and by nitro-compounds, x-cleavage of ketones, [2 + 2] cycloaddition of olefins,
oxygenation and double-bond isomerization. From those times, many other photochemical
methods have been developed further demonstrating that they are highly effective for
the synthesis of organic compounds [8]. In fact, UV and visible photons have an energy
content comparable to that of chemical bonds: upon absorption, electronically excited
states are formed and start different chemical paths leading to chemical transformations
of synthetic interest. The advantage of photochemical reactions over thermal reactions is
that they have unparalleled mild conditions; first of all, no heating is required, moreover
often aggressive chemicals, needed to promote the desired reaction, are avoided, further
reducing waste. This means that the synthetic chemists have simpler work up and easier
purification procedures; moreover, they have the chance to employ non-functionalized (or
minimally functionalized) precursors, and to follow atom- and step-economical pathways.
Ciamician himself remarked that «The photochemical reactions follow the fundamental
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laws of affinity, but have a special character. They are especially notable for the small tem-
perature coefficient and are, however, comparable—a fact which is not without technical
importance—to the reactions which take place at very high temperatures» [1].

3. Photoprocesses for Polymers

Since its birth as a discipline, photochemistry has consistently contributed to chemical
synthesis, often complementing thermal processes. The advantages of photochemical
reactions over thermal reactions have also been attractive for polymer chemistry, whose
birth dates back to the 1920s: the landmark paper of Staudinger on polymerization was
published in the same historical period of Ciamician [9]. Similar to Ciamician in the field
of photochemistry, Staudinger, too, was visionary and able to see the potential of his ideas
long before polymers and polymerization started to be fully exploited.

Light and polymer interactions are manifold. Looking at “IUPAC Glossary of terms
used in photochemistry (IUPAC Recommendations 1996)” [10], one can find several terms
referring to polymer synthesis, such as:

photopolymerization: polymerization requiring a photon for the propagation step;
photoinduced polymerization: polymerization of a monomer by a free radical or ionic
chain reaction initiated by photoexcitation;

e photocrosslinking: photoinduced formation of a covalent linkage between two macro-
molecules or between two different parts of one macromolecule;

e  photocuring: technical expression for the photoinduced hardening of a monomeric,
oligomeric or polymeric substrate normally in the form of a film.

Other relevant terms related to the interactions between a polymer and light are
photografting and photodegradation. Photografting is the modification of polymers by
light-induced covalent bonding of monomers or polymeric side chains onto the backbone.
i.e., a light-induced graft copolymerization [11]. Photodegradation refers to the photochem-
ical degradation of a macromolecule into lower molecular weight fragments, usually in an
oxidation process. Photodegradation implies end-of-life considerations and states a role of
light in the recycling of polymers and in waste disposal.

The chemistry of photoinduced polymerization is described more in detail in the
next paragraph.

3.1. Photoinduced Polymerization Chemistry

A complete overview of the photoinduced polymerization mechanisms is reported
in [12]. Photoinduced polymerizations are mostly a type of chain-growth polymerization
reactions, which include initiation, propagation and termination steps, where the gen-
eration of reactive species (initiation) occurs thanks to light. Usually, a photosensitive
molecule is needed (photoinitiator), and in some cases, the monomer itself can initiate
the reaction. The reactive species, either radical or ionic, react with monomers, oligomers
and/or prepolymers: depending on their functionality, linear or crosslinked polymers are
formed, i.e., if the reactive system is multifunctional, a curing reaction takes place (known
as UV curing as most of the time UV light is used).

Currently, photoinduced polymerization processes most commonly involve a free
radical reaction mechanism (Scheme 1), suitable for monomers with carbon—carbon dou-
ble bonds, such as unsaturated polyesters or (meth)acrylic monomers [13]. In this case,
the initiation step consists of the generation of radicals from Norrish Type I (homolytic
cleavage) or Type II (hydrogen abstraction) photoinitiators upon irradiation with light of a
suitable wavelength.
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Scheme 1. Mechanism of free radical photoinduced polymerization reactions.

This traditional photopolymerization process has broad applicability, but several
drawbacks, namely oxygen inhibition, presence of unreacted monomer, polymerization
induced shrinkage and subsequent stress development. These issues are overcome in thiol-
ene-type photopolymerization reactions. The thiol-ene reaction proceeds, even without
an initiator, alternating propagation and chain transfer reactions leading to a step-growth
evolution of a network (Scheme 2).
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Scheme 2. Mechanism of thiol-ene radical polymerization reactions.

Investigating the chemistry of difunctional acrylic model systems, Prof. Priola ex-
plored their structure-properties relationships when only some studies on pure well charac-
terized diacrylate oligomers or dimethacrylate derivatives (from polyalkylenoxides) were
available. He showed how by selecting the type of oligomer and its MW, it is possible to
change the characteristics of polarity and flexibility of the polymeric networks obtained in
the form of films, making them suitable for very different applications [14,15].

Having worked extensively on the cationic polymerization of rubbers as an industrial
researcher at ENI (the Italian oil company), Prof. Priola investigated also the reactivity of
several systems that do not polymerize through radical mechanism but are reactive in the
presence of protons generated by light, such as epoxy, oxetanes and vinyl ethers [16-25]. In
fact in the 1970’s, Crivello and coworkers first described the use of iodonium and sulfonium
salts (onium salts) as initiators for photoinduced cationic polymerization reactions [26]. The
photoinduced decomposition of onium salts (Scheme 3), followed by hydrogen transfer,
results in the formation of Brensted acids that are the actual initiating species in the
polymerization reaction [27].
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Scheme 3. General mechanism for the photolysis of onium salts.
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The reaction then proceeds by a chain-growth mechanism, which depends on the
type of monomer used. The most commercially relevant monomers for cationic pho-
topolymerization are epoxides, which in the presence of a photogenerated acid undergo a
ring-opening polymerization (Scheme 4).
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Scheme 4. Mechanism of the cationic ring-opening polymerization of epoxide monomers.

Ionic photopolymerization is classified as a non-terminating reaction; with the correct
process design, termination rates are low and the propagating species do not react with
each other. The reaction thus may continue for long times after illumination is ceased (dark
curing) [28]. This may be particularly useful for applications in which thick, colored or
filled polymer systems are used, as reported by Prof. Priola in a paper that is one of the
first examples of the use of frontal polymerization of epoxides [29].

Although there is potentially a wide range of industrially relevant base-catalyzed
reactions, which have also the advantage of not being sensitive to oxygen and moisture,
anionic photopolymerization is at the moment the less exploited mechanism. This is mostly
due to the lack of suitable photoinitiator systems, although recently new concepts for
photolatent bases have been reported [28,30].

In the past ten years, photoprocesses have also merged with new techniques resulting
in the precise synthesis of complex polymer architectures. In fact, as discussed in the essay
“The Next 100 Years of Polymer Science” [31], where the editors and advisory board of
Macromolecular Chemistry and Physics reflect on the future of polymer science, an essen-
tial challenge for synthetic polymer chemists is finding new synthetic methods, namely
precision synthesis, orthogonal chemistry, together with new polymerization methodolo-
gies, kinetics and digital materials design. They can certainly take advantage of light
and the present literature already collects many works on original photomediated poly-
merization reactions [32]: photomediated atom transfer radical polymerization (ATRP),
photomediated reversible addition-fragmentation chain transfer (RAFT), photomediated
ring opening metathesis polymerization (ROMP), photoinduced nitroxide mediated radical
polymerization (NMRP, also referred as stable free radical polymerization SFRP), photome-
diated polymerization-induced self assembly (PISA), photoinduced frontal polymerization
(FP). In fact, as already mentioned, photomediation is more effective than thermal pro-
cesses and light can drive precision macromolecular and materials chemistry. An excellent
example is the preparation of single chain nanostructures by flow photochemical processes
based on the photodimerization of anthracene units in polymethylmethacrylate under UV
irradiation at 366 nm [33].

3.2. Advantages of Photoinduced Polymerization

Polymerization takes advantage of the specific benefits of light as the energy source
to activate chemical processes, in particular temperature independence, extrinsic control
through selection of the light source, temporal and spatial control. Indeed, photoinduction
is more effective than thermal induction. As a rule of thumb, given a certain operational
temperature, by using light, the energy available for the activation of the process can be
orders of magnitude higher than in thermal processes. More important in view of demand-
ing syntheses for precise and complex structures is the possibility to use different lights
and having sources assuring high precision in wavelength and intensity, thus increasing
control of the process and selectivity.

The availability of energy in mild conditions and the possibility of selecting the energy
level turn into many advantages. First of all, the operations can be performed even at
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room temperature and this is obviously extremely favorable. Moreover, there are cases
where a low temperature polymerization is essential. This constraint applies when the
polymerization must take place on, or in contact with, thermosensitive substrates, e.g., the
curing of a polymer coating on a plastic substrate, the fabrication of an implant in vivo,
or the encapsulation of biological species and living cells inside a polymer. Another case
requiring low temperature process is the synthesis of polymers using monomers with a
low crystallization temperature. In all these situations, a photoinduced process is the only
strategy to adopt.

Although room temperature is usually employed, photoinduced polymerizations are
fast reactions so that even a few seconds of irradiation are enough for attaining quantitative
conversions. Interestingly, rates can be extrinsically controlled through the change of light
intensity and/or the switch to a different light wavelength.

The use of a light source instead of a thermal source also means space saving, as
irradiation units are much smaller and more compact compared to ovens: this has a
practical application when operating at a large scale and especially at an industrial level.

Another interesting aspect of photoprocesses is that they allow a temporal control
of the reaction: while thermal processes due to heat and mass transfer reasons cannot
instantaneously be switched on and off, photochemical processes are stop and go reactions,
as light (i.e., one of the reactants) can be easily turned on/off. As a consequence, specific
polymerizations can be activated on demand and transformations are more precise and
efficient. The light source is extrinsic to the photochemical system, therefore the chemist
can adjust both wavelength and intensity without changing other reaction parameters;
this gives additional opportunities to activate and control the reaction. The development
of novel and efficient light sources (e.g., LEDs), as well as photoinitiating systems (e.g.,
suitable for visible light irradiation) is continuously advancing [34,35]. Moreover, the
opportunity to use different wavelengths has also been explored: this approach permits
the performance of chromic orthogonal reactions [36].

Furthermore, in a photoinduced polymerization, the energy available is taken by
specific light harvesting species, unlike thermal energy which is transferred through the
entire reaction mixture of monomers and oligomers. This means that the reactions are
also spatially controlled: while being very rapid, they take place only in areas where
there is irradiation. The remarkable consequence of this feature is that photoinduced
polymerization reactions are suitable for patterning and additive manufacturing processes.
In fact, they are adopted in techniques such as stereolithography (SLA), digital light
processing (DLP), continuous liquid interface production (CLIP), direct laser writing (DLW):
they are effective tools for the printing of precise and complex 3D architectures at the micro
and nanometer scale but are also the gateway to 4D printing, which is the 3D printing of
adaptive and dynamic structures and is considered a great challenge in today materials
science [37]. As the additional dimension means the ability of the printed structures to
change shape and/or properties in a controlled fashion when subjected to an external
stimulus, light again is a fascinating and leading method [38].

4. Shaping Polymers with Light

In general, photoprocesses, and especially photocuring processes, are essential in
ordinary industrial production, being often the most competitive tools for making materi-
als. They have many long-established applications and are therefore commonly used in
everyday life and ubiquitous, as shown in Figure 2.
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Figure 2. Examples of applications of photopolymers.

Due to the intimate control in both time and space, photoreactions can be coupled
with patterning processes and 3D printing. Our group demonstrated in several works that
photoinduced processes are suitable to develop innovative patterning techniques and that
photopolymers are the materials of choice for the application of patterned structures in
different fields, such as advanced coatings and microfluidics [39-41].

As an example of devices obtained by shaping polymers with light, in Figure 3 the
outcome of our collaborative work is reported: a conductive 3D device produced by
photopolymerization-based additive manufacturing [42]. The device is fabricated layer-by-
layer by a DLP system, where the transformation of the photocurable liquid oligomers into
a 3D object is based on their spatially controlled solidification induced by light. A low cost
commercial DLP printer was used without any modification: after the optimization of the
photocurable formulations, making them suitable to be processed by the printer, complex
micrometer-scale electromechanical objects, guaranteeing the requested performance, were
obtained. In particular, in the work, a metal precursor was dissolved in a liquid acrylic
oligomer containing a dye and a two-components radical photogenerating system. The
first component, working in the near UV-violet-blue spectrum (i.e., centered at 405 nm),
initiated the photopolymerization as the DLP system worked with an illumination source
in the visible range. At this stage, the role of the dye was to prevent the leaking out of light
from the desired illumination area; moreover, it allowed to control the thickness of each
layer during the printing process (i.e., z-resolution) by tuning the penetration of light into
the resin and thereby the curing depth. The second photoinitiator, with absorption in the
deeper UV spectrum, was activated when the printed object was subjected to a post-curing
step with a 365 nm light. The newly generated radicals, in addition to further enhance the
polymer conversion, supported the reduction of metal ions to metal nanoparticles: the in
situ nucleation of the nanoparticles happened by electron transfer from the free radical
to the metal cations. At this stage, the dye under UV irradiation decolorized without
hindering the photoreduction of the metal ions. Therefore, during the light exposure
conductive nanoparticles were generated in situ by photoreduction of metal precursors,
while directly embedded in a polymeric matrix formed by photocrosslinking the acrylate
oligomers during the printing stage [42].
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Figure 3. Different types of Ag NPs—polymer composite 3D printed structures. Reprinted from [42].

Hence, it was demonstrated that coupling photoprocesses with the 3D printing tech-
nology opens several possibilities in a broad range of fields and enables the design and
creation of geometrically complex objects with tailored topology, and thus functionality.
The method can complement other techniques already proposed in the field of 2D or 3D
printing of conductive composite materials: it has the advantage of being a low cost, fast
and versatile manufacturing process suitable for the production of dissipative structures
and packaging materials, which can be integrated into electronic devices or envisaged for
similar applications.

Patterning techniques based on photopolymerization can also be used to prepare
functional polymer surfaces, which can be applied in the field of coatings. An example is
reported in another collaborative work [43] of our group, where a hierarchical patterned
polymer surface was fabricated by light-induced nanoimprinting (Figure 4). The pattern of
Figure 4 is a bio-inspired fluorine-free and self-cleaning polymer coating, developed using
a combination of self-assembly and low-pressure UV nanoimprint lithography (UVNIL)
process. Adding an acrylic siloxane to a UV curable acrylate oligomer, a spontaneous
migration of the low surface energy comonomer towards the polymer-air interface enabled
to create hydrophobic surfaces with a water contact angle of 105°. Against this surface,
templates, which were prepared from superhydrophobic lotus leaves, were applied at low
pressure. The lotus leaf hierarchical texture, comprising micropapillae and sub-micron
crystalloids, was well reproduced in the copolymer material (Figure 4a). The synthetic
replica with the texturized surface showed a water contact angle of 144°, which could
increase to 152° with increasing creep time under pressure to 5 min prior to polymerization.
As shown in Figure 4b, the synthetic lotus coatings demonstrated also good anti-stain
properties. Moreover, in spite of a water sliding angle above 10°, the surface was self-
cleaning: when contaminated with hydrophobic pepper particles, water droplets could
remove them quite efficiently. The process and the material adopted in the work represent
an efficient alternative to most self-cleaning polymers developed: in fact, neither fluorinated
compounds nor nanoparticles, which create concerns for their biopersistency and for
uncontrolled release issues, respectively, were used. Moreover, the process can be easily
scalable to cost-effective, large area surfaces [43].
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Figure 4. (a) Scanning electron microscope image of a synthetic replica of a lotus leaf produced
by UVNIL with an acrylate monomer with 5 wt.% of a polyether siloxane urethane diacrylate
comonomer, applying a creep at 3 bar for 5 min. (b) Coffee, olive oil and water droplets (from left to
right) on a siloxane synthetic lotus surface. Reprinted with modifications from [43].

In our previous works, we also showed how photoinduced processes can be used in
combination with electrospinning (i.e., a versatile technique to produce fine submicrometric
fibers and nonwoven fibrous mats from polymer solution or melt through the application of
strong electrostatic forces) [44—46]. Photo-crosslinking has been applied to modify various
polymeric electrospun fibers, both by irradiating the fibers in situ during their fabrication
and by irradiating the formed fibrous mat after electrospinning. The photo-crosslinking
reaction is conducted to modify the physico-chemical properties of the fine fibers, e.g.,
preventing dissolution in water or other solvents, and to enhance their mechanical strength,
as expected by any curing processes. Recently, we carried out a work on solution electro-
spinning of polybutadiene and irradiation of the rubber nanofibrous membrane to stabilize
the fiber morphology [45]. In fact, as the T, of the polymer is low (Ty =~ —70 °C), there is a
spontaneous cold flow that modifies the size and shape of the electrospun fibers. However,
this problem was solved by photo-crosslinking the polymer fibers exploiting the thiol-ene
chemistry, thus obtaining shape-stabilized rubber nanofibrous membranes (Figure 5a).
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Figure 5. Photocrosslinked electrospun membranes made of polybutadiene nanofibers. (a) Picture of a fibrous membrane

showing its flexibility. (b) Effect of the waiting time between the electrospinning step and the light exposure (t,) on

the mat porosity; the insets represent FESEM images. (¢) PDMS microfluidic device with an embedded electrospun

functional membrane.

Moreover, it was possible to fine-tune the morphology of polybutadiene-based
nanofibers, in terms of fiber size, membrane surface area, and its porosity (Figure 5b)
by carefully selecting the electrospinning and photocuring process parameters (e.g., the
flow rate, the time between electrospinning and irradiation, and the light dose). Even more
interestingly, varying the composition of the electrospinnable solution, e.g., the type of
polybutadiene, its vinyl content, the amount of thiol crosslinker, and the thiol/ene ratio,
the fibrous membranes showed a different amount of active functional groups (i.e., double
bonds or thiol groups), available both in the bulk and on the surface of the crosslinked
nanofibers. Therefore, the rubber nanofibers turned to be active and functional nano-
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materials suitable for further selective modification. Tuning functionalities to polymeric
nanofibers in a controlled way is a promising topic for the technological development of
electrospinning: evidently, the proposed method is simple and can be applied to other
electrospinnable polymers and other functionalities, also changing the chemistry involved
(e.g., azide—alkyne and Diels—Alder cycloaddition could be employed) leading to inter-
esting applications. In our case, rubbery electrospun membranes were embedded into a
polydimethylsiloxane (PDMS) microfluidic chip to fabricate a nanostructured functional
device for (bio)sensing, as shown in Figure 5c [45].

5. Limitations of Photoprocesses and Potential Opportunities of New Developments

Photoprocesses in polymer chemistry have also limitations. The first one is that there
is a short penetration depth and length dependency of light absorption. Therefore, thick
samples are not easily processed, and the obtaining of 3D objects is done layer-by-layer.
The spatial control, which is essential in 3D printing, means also that in many applications
where dark areas are present (e.g., the crosslinking of adhesive or the curing of a varnish
on a substrate with shadowed areas) polymerization remains uncomplete. Hence, different
recent photopolymerization techniques have been developed to solve these issues of light
penetration [27,47 48],

Moreover, the reactions depend on extrinsic parameters, sometimes leading to a lack
of reproducibility unless the researchers are very accurate in reporting their results and the
methodologies through which they were obtained. As a matter of fact, it is remarked that
often the extrinsic parameters governing the polymerization process (e.g., light intensity
and wavelength) are often omitted /forgotten by the researchers in their papers.

An important limitation of photoinduced polymerizations comes from the fact that
most of them follow a radical mechanism, which is inhibited by oxygen [49]. This means
that they are sensitive to air and have the expected efficiency only when performed in a
controlled atmosphere [50]. Another drawback connected to the mechanism of polymer-
ization, in particular the initiation step that relies on photoinitiators, is that their reaction
can lead to species imparting a coloring to the final materials. Moreover, they can also
form dangerous migrating byproducts. When photoinduced polymerizations imply ionic
mechanisms, some of the above limitations are overcome, but rates are usually lower; more
relevant constraint in adopting ionic photoinduced reactions for the synthesis of polymers
is the availability of both monomers, oligomers and photoinitiators at a large scale.

Photopolymers can also suffer from limited mechanical properties; reinforcing fillers
can thus be used [51], but their type and content have to be controlled based on the light
absorption of the system [52].

Finally, photopolymers and photoinduced processes still pose sustainability issues,
also in view of the rising tide of regulations in health, safety, and environment. In few
words, current photoprocesses mostly rely on monomers, oligomers, photoinitiators com-
ing from fossil resources, and many of the above chemicals are not safe: acrylics for radical
processes are irritant; photoinitiators decompose into species which can uncontrollably
migrate and be harmful [53,54]; most products are water insoluble, and when a dilution
for rheology control is needed, it cannot be done with water (and the use of solvents gives
rise to the VOC issue); the main light source employed for irradiation is UV, which is not
safe both to the workers as it is harmful to the eyes, and to the environment as it develops
ozone; most photopolymers currently produced are covalently crosslinked networks (i.e.,
they are irreversibly cured and hardly recyclable), thus non compliant with the present
societal challenge of a circular economy.

It is evident that, in view of sustainable development, also photoinduced processes
in the polymer field should be redesigned by (i) using biobased reagents and obtaining
biopolymers, (ii) avoiding dangerous reactants (including dangerous light sources), (iii) as-
suring recyclability and/or reprocessability of the materials. Last but not least, the field
needs the development of a comprehensive and general modeling framework and pre-
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dictive models to describe and control photoinduced processes, especially for material
manufacturing and patterning.

The points raised are nowadays clearly guidelines for research in the field. Regard-
ing the use of innovative materials, several groups have undertaken works on biobased
oligomers. We have recently synthesized and characterized a platform of methacrylic
oligomers based on eugenol [55]: the reaction of the double bonds was affected by the pres-
ence and reactivity of the allyl and propenyl groups in the eugenol- and isoeugenol-derived
methacrylates, respectively. It was proved that these groups are involved in radical addition,
degradative chain transfer, and termination reactions, yielding crosslinked polymers.

We have also developed composites made of epoxidized cardanol with nanocellulose
(Figure 6): after irradiation, transparent, rubbery, flexible, and water repellent films with
potential application in the packaging sector were obtained [56,57]. We discovered that
a fairly high concentration of photoinitiator, of as much as 15 wt.%, was needed for
leading the crosslinking reaction to completion, due to a side reaction of the acid species
produced by the photoinitiator with the microfibrillated cellulose. Currently, cellulose-
based composites with a polymeric matrix made of a biobased acrylic latex with coumarin
units are also studied. The coumarin units allow a [2 + 2] cycloaddition, induced by
irradiation with a specific wavelength. By photocycloaddition (i.e., the formation of
dimers), crosslinking of the matrix thus insolubility is assured. Interestingly, it also gives a
decrease of permeability to oxygen, which is an important property in view of using the
material for packaging applications. At present, we are implementing the reversibility of the
crosslinking by irradiation in view of dismantling the network and recycling the composite.

15% PI

Figure 6. Composite of epoxidized cardanol and hemp nanocellulose with 10 wt.% and 15 wt.% photoinitiator (PI): (a) before

curing and (b) after curing for 5 min of on each side; (c) water drop on composite with 15 wt.% PI cured for 5 min of on each

side, and (d) a photo showing the flexibility of the cured composite. Reprinted from [57].

Moreover, the limitations and problems inherent to photopolymerization can be turned
into opportunities. In the following, we report a couple of our works regarding the exploitation
of oxygen inhibition and of the irradiation gradient to prepare peculiar materials.

Oxygen inhibition implies that during irradiation of oligomers undergoing polymer-
ization by a radical mechanism, in the outermost layer (i.e., in contact with air) the reaction
does not proceed and conversion is very low. Therefore, while the bulk becomes solid,
the surface remains liquid and tacky, which is a serious drawback in any technological
application, in particular coatings. Many solutions have been proposed to prevent the
reactions of radicals with oxygen and the competition with the propagation reactions.
However, the formation of the inhibition layer can be a tool to control the polymer surface.
For instance, we coupled the formation of the inhibition layer with a photolithographic
approach to generate polymeric patterns [58]. First, the areas to be UV irradiated are
selected and consequently converted into solid polymer; as the unreacted inhibition layer
has still reactive groups, it can be further processed through a sequence of irradiation
steps in air with photomasks, selected depending on the geometry to be obtained, and
a final step of exposure under inert atmosphere (e.g., nitrogen) assuring the complete
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curing of the surface layer. We called this method Oxygen Inhibition Lithography, and
the only constraint is the use of monomers undergoing radical polymerization. In this
way various patterned structures, even with high thicknesses, can be created (Figure 7):
in fact, fresh monomer can be added on top of the thin undercured layer, and in this way
the height of patterns depends only on the amount of liquid resin that is added for the
construction of each layer. The interlayer adhesion is very good as the inhibition layer acts
as an adhesion promoter, and during the irradiation step after the addition of the monomer,
strong chemical bonds are generated between two adjacent layers. Even more interestingly,
as shown in Figure 7, one can easily generate multimaterial structures, where each layer
contains a different chemistry (as said before, monomers suitable for radical mechanism of
polymerization need to be used). This means combining in the same device different sets
of properties belonging to different polymers, ensuring an excellent adhesion between the
layers although they are not made of the same material. The OIL technology is extremely
versatile and simple. Versatility means that multiscale (from micro- to millimeter sizes)
open-faced-patterned structures, and even closed devices (Figure 7c), can be obtained.
Simplicity means that the process itself and the types of equipment required are simple
and low cost, while both reproducibility and productivity are high [58].

Figure 7. (a) Examples of mono- and multimaterial thick polymeric structures obtained through the
OIL technology. The structures on the left are made of poly(ethylene) glycol diacrylate (PEGDA) and
are circular pillars with a diameter of 200 um and a height of 1.5 mm. The structures on the right have
a 0.8 mm thick PEGDA bulk and are made of a perfluoropolyether dimethacrylate (PFPEDMA): the
squared pillars are 1.2 mm high and 200 um wide. (b) FESEM images of the thick patterns obtained
by OIL. (c¢) Example of a PFPEDMA microfluidic device fabricated by OIL technology, filled with
colored water-based solution, and a FESEM enlargement showing the curve of the microchannel.

As mentioned before, photopolymerization processes rely on irradiation of monomers
and therefore are also governed by light intensity. Inside the reactive system along its
thickness, light intensity shows a net gradient. In other words, intensity changes depending
on the distance of the monomer from the light source. In turn, the conversion is also affected
by a gradient and the properties of the polymer obtained, too. When monomers of different
reactivity are copolymerized, interesting copolymers with a gradient composition are
obtained. In fact, the monomer with the higher reactivity polymerizes faster at the surface
of the film, where the light intensity is higher; as a consequence, it is depleted at the surface,
and due to the difference in chemical potential it diffuses from the bulk to replenish the
surface. At the same time, the lower reactivity monomer experiences a counterdiffusion
from the surface into the bulk. This phenomenon, called photoenforced polymerization,
results in an enrichment of the polymer surface with the monomer that reacts faster [59].
We applied this idea to comonomers having different wettability due to different polarities.
Prof. Priola and his group for many years studied the surface of photopolymers and he was



Polymers 2021, 13, 2293

13 of 16

— ? ————
I l Substrate side

comonomerlc

one of the first authors to selectively modify the surface by using fluorinated comonomers
and characterize them by XPS techniques, demonstrating that there is a spontaneous
migration of low surface energy monomers to the free surface [60]. Building on this
concept of surface segregation, in combination with the photoenforced polymerization, we
developed photocured gradient coatings with tunable surface chemistry and properties
(Figure 8) [61]. We could independently and simultaneously control and modulate the
surface and bulk properties of polymers, enabling the production of gradient materials
that can be tailored for specific applications. The study was developed investigating
the photocopolymerization of acrylates and methacrylates having either hydrogenated
(high surface energy) or siloxane (low surface energy) chains. The surface enriching of
the siloxane segments driven by thermodynamic forces pushing the apolar monomer to
the free surface was optimized when copolymerization took place between the siloxane
acrylate (reacting faster) and a hydrogenated methacrylic comonomer (reacting slower).
The copolymers showed a surface tension as low as y = 22 mN m~!, in the presence of
1 wt.% of siloxane comonomer (Figure 8). The surface was tuned by changing the light
intensity and the light gradient in the film by modifying the film thickness: depending on
the local polymerization kinetics, different surface compositions and surface wettabilities
were obtained. For the best effectiveness of the low surface tension siloxane acrylic oligomer,
copolymerized with methacrylic monomers, low light intensity and the presence of a
substantial light gradient was necessary [61].

Airside b | recomas |

1%PESIUA |

UV curing

gradient
polymer

Figure 8. (a) Scheme of the photopolymerization process to obtain siloxane copolymers with compositional gradients by

photocontrolled surface segregation, showing hydrophobicity on the air side, due to the low polarity siloxane comonomer,

and hydrophilicity on the substrate side, due to the (meth)acrylic comonomer. (b) Photograph of transparent photocured
poly(ethylene) glycol dimethacrylate (PEGDMA) with 1 wt.% polyether siloxane urethane diacrylate (PESiUA) film on a

glass substrate.

6. Concluding Remarks

Photomediated processes have been demonstrated to be relevant in polymer science.
Specific architectures and specific properties can be obtained not only by synthesizing and
selecting new monomers, but also by leveraging on the special features of light-activated
processes. A large amount of research work in material science is therefore developed
using light, also our research work has contributed to the preparation of new materials and
devices by photoinduced polymerization processes.

The photochemical control of polymeric material preparation means challenges, but
also opportunities: thus, photochemical approaches can be a relevant option for polymer
chemists and material scientists for implementing the development of polymers and poly-
meric materials and their processing. In fact, thanks to its intrinsic features, in particular
fastness and versatility, light driven polymerization becomes a key enabling technology
within the 4th Industrial Revolution (“Industry 4.0”). It already contributes to a paradigm
change in design, fabrication and distribution of goods (at least those produced in low vol-
ume) and can make manufacturing processes flexible enough to allow mass customization,
i.e., to produce products according to customer needs while keeping acceptable costs. Fi-
nally, having the potential for being a green chemistry and green technology, photoinduced
processes can highly contribute to sustainable development.
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