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ABSTRACT: The use of photoinitiated polymerization is continuously growing in industry as reflected by
the large number of applications in not only conventional areas such as coatings, inks, and adhesives but also
high-tech domains, optoelectronics, laser imaging, stereolithography, and nanotechnology. In this Perspec-
tive, the latest developments in photoinitiating systems for free radical and cationic polymerizations are
presented. The potential use of photochemical methods for step-growth polymerization is also highlighted.
The goal is, furthermore, to show approaches to overcome problems associated with the efficiency, wave-
length flexibility, and environmental and safety issues in all photoinitiating systems for different modes of
activation. Much progress has been made in the past 10 years in the preparation of complex and nano-
structured macromolecules by using photoinitiated polymerizations. Thus, the new and emerging applica-
tions of photoinitiated polymerizations in the field of biomaterials, surface modification, preparation of
block and graft copolymers, and nanocomposites have been addressed.

Introduction

In recent years, photoinitiated polymerization has received
revitalized interest as it congregates awide range of economic and
ecological anticipations. For more than 30 years, photopolym-
erization has been the basis of numerous conventional applica-
tions in coatings, adhesives, inks, printing plates, optical wave-
guides, and microelectronics.1-5 Some other less traditional but
interesting applications, including production of laser videodiscs,
curing of acrylate dental fillings,6 and fabrication of 3D objects7

are also available. Many studies involving various photopoly-
merization processes have been continuously conducted in bio-
materials8 for bones and tissue engineering, microchips, optical
resins and recoding media, surface relief gratings, anisotropic
materials, polymeric photo-optical control materials, clay and
metal nanocomposites, photoresponsive polymers, liquid crystal-
line materials, interpenetrated networks, microlens, multilayers,
surface modification, block and graft copolymerization, two-
photon polymerization, spatially controlled polymerizations,
topochemical polymerization, solid-state polymerization, living/
controlled polymerization, interfacial polymerization, mechan-
istically different concurrent polymerizations, pulsed laser po-
lymerization, polymerizations in microheterogenous media, and
so forth. Interest has also grown in identifying the reactive species
involved in the polymerization process by laser flash photolysis,
time-resolved fluorescence and phosphorescence, and electron
spin resonance spectroscopy as well as monitoring the polymeri-
zation itself by different methods including real time IR spec-
troscopy, in-line NIR reflection spectroscopy, differential scan-
ning calorimetry, in situ dielectric analysis, and recently
developed optical pyrometry.

In contrast to thermally based applications, which usually
requires elevated temperatures, photopolymerization can also be
performed at room temperature and below. This is a striking
advantage for both classical polymerization of monofunctional

monomers and modern curing applications. In photopolymeri-
zation of monofunctional monomers fewer side reactions occur,
such as chain transfer. In thermal polymerization, the probability
of chain transfer commonly is high, which brings about a signi-
ficant amount of branched macromolecules. Thus, low-energy
stereospecific polymeric species, namely of syndiotactic config-
uration, which are difficult to synthesize by thermal polymerizat-
ion, may be obtained by photopolymerization. Another impor-
tant use is available for monomers with low ceiling temperature.
They can only be polymerized at low temperatures; otherwise,
depolymerization dominates over polymerization. By means of
photopolymerization at low temperatures, these monomers are
often easily polymerizable. Furthermore, biochemical applica-
tions, such as immobilization of enzymes by polymerization, also
usually require low temperatures. As far as curing of coatings or
surfaces is concerned, thermal initiation is often not practical,
especially if large areas or fine structures are to be cured or if the
curing formulation is placed in an application forwhichheating is
unacceptable, such as dental fillings.

Photoinitiated polymerization is usually applied to a chain
process that is initiated by light andboth the initiating species and
the growing chain ends are radicals9 or cations10 and, in some
cases, anions or weak bases11 (Scheme 1). However, the corre-
sponding photoinitiated polycondensation process in which a
macromolecule is obtained by a step-growth addition of low-
molecular-weight materials is in its infancy. In most cases,12-15

the photocondensation process is based on the dimerization of
the nonconjugated olefins through singlet and triplet excited
states, and the obtained macromolecules do not represent the
classical polycondensate structure such as those of polyesters,
polyamides, and polyurethanes. The only attempt16 in this dir-
ection concerns in situ polyurethane formation upon photolysis
of alkoxypyridinium end groups in the presence of toluene
diisocyanate. Hydrogen abstraction of alkoxy radicals generated
from the decomposition of the pyridinium ions results in the
formation of hydroxyl groups capable of reacting with the iso-
cyanates present in the solution. However, the process could not
be controlled, and as the irradiation proceeded, an insoluble
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network was formed. This behavior was attributed to the forma-
tion of allophanate and biuret linkages from an isocyanate
function and the previously formed urethane linkage because
hydroxyl functions were available only when the pyridinium ions

decomposed by light. It was recently reported that a true step-
growth polymerization, i.e., polyesterification, can be achieved
by a photochemicalmeans by taking advantage of the high reacti-
vity of the photochemically formed ketenes with hydroxyl
compounds.195 Photoinduced step-growth synthesis of con-
jugated polymers based on polythiophenes was also reported.196

Although free radical photopolymerization still dominates
most of the interest and industrial applications, cationic polyme-
rization has also gained importance in recent years. There are
several advantages offered by the cationic mode over free radical
photoinitiated polymerization.While free radical polymerization
is limited to monomers with olefinic double bonds, compounds
of quite different chemical nature, e.g., compounds containing
epoxide or vinyl ether groups can be polymerized by photoini-
tiated cationic polymerization. Many monomers that are prone
to cationic polymerization exhibit low volatility and negligible
toxicity and possess good rheological properties. In contrast to
free radical polymerization, molecular oxygen does not inhibit
cationic polymerization and thick films can be cured in the
presence of dry air. It is well-known that water vapor terminates
cationic polymerization. In a dry environment, however, termi-
nation rates are low, permitting the polymerization to proceed in
the dark even after irradiation. Furthermore, the problem of
shrinkage during the free radical photopolymerization of acrylic
formulations negatively affects applications that require accurate
part shape and size.However, the problems associatedwith volume
shrinkage are less pronounced in the photoinitiated cationic poly-
merization, particularly when epoxy-based formulations are used
as they undergo polymerization via a ring-opening process. For
these reasons, it is expected that in addition to free radical route
also light-induced cationic polymerization will be the method of
choice in various applications.1

In the current Perspective we focused on the newly developed
photoinitiating systems for free radical and cationic polymeriza-
tion that bring some advantages or overcome existing problems
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and challenges in photopolymerization.We do notwish to review
comprehensively all of the work to date on photopolymerization
and applications as there are many books and review articles
covering all aspects. The specific examples covered will be devoted
to cationic photopolymerizations, though the free radical mode
is more advanced and most of the recent studies concern the
cationicmode. The discussion that followswill describe how some
of the particular photopolymerizationmethods relate to synthetic
macromolecular chemistry and then overview the most common
methods with several examples of how each facilitates access to
block and graft copolymers or allows the preparation of nano-
composites. The environmental issues associated with photopo-
lymerization will also be discussed.

Photoinitiators: Structure, Efficiency, and Wavelength Tun-
ability

Although it gives the name to the whole process, the role that
light plays in photopolymerization is restricted to the very first
step, namely the absorption and generation of initiating species.
Thus, in spite of its lowest volume in a polymerizable formula-
tion, a photoinitiator plays a major role in the polymerization.
A photoinitiator or photoinitiator system is defined as amolecule
or combinations of molecules that, upon absorption of light,
initiate the polymerization.17 In photocurable systems, photo-
initiators affect mainly cure speed, yellowing, and cost.18 How-
ever, other factors such as commercial availability (or easy pre-
paration), solubility particularly in a wide range of monomers,
storage stability, and lowmigration, low odor, and nonyellowing
properties in the cured films should also be taken into considera-
tion. In addition, the light absorption properties of the selected
photoinitiator need tomatch the emissionwavelength of the light
source.

Free Radical Systems

Photoinitiators for radical polymerization are classified as
cleavage (type I) and H-abstraction type (type II) initiators.19,20

The majority of type I photoinitiators are aromatic carbonyl
compounds with appropriate substitution. For example, upon
absorption of light, benzoin and derivatives, benzil ketals, aceto-
phenones, aminoalkyl phenones, O-acyl-R-oximino ketones,
R-hydroxyalkyl ketones, and acyphosphine oxides all sponta-
neously undergo “R-cleavage”, generating free radicals as depic-
ted in Scheme 2 with benzoin as an example. Because of relatively
lower absorbencies, the other cleavage initiator-based azo, per-
oxy, and halogenated compounds are not widely used as photo-
initiators. Each photoinitiator has advantages and disadvant-
ages, and the selection of photoinitiator very much depends on
the requirements of a particular application. For example,
benzoin and derivatives are the most widely used photoinitiat-
ors for free radical polymerization due to their high quantum

efficiency and reactivity of the radicals produced by photoin-
duced cleavage. Moreover, these photoinitiators are particularly
useful for industrial applications involving styrene monomers as
the photoinduced cleavage reaction is very little affected by triplet
quenchers including styrene.21 However, these photoinitiators
suffer from thermal instability arising from the presence of
abstractable benzylic hydrogen and therefore can only be stored
for limited time at ambient temperature. Benzil monoketals ex-
hibit excellent initiator properties especially in micellar solu-
tions,22 and like acetophenones,23 they show high storage stabi-
lity and little tendency toward yellowing, which makes them very
useful for clear coatings. Because of the long wavelength absorp-
tion characteristics, aminoalkyl phenones24-28 and acylphos-
phine oxides are particularly useful for the polymerization of TiO2

pigmented formulations and of glass fiber reinforced polyester
laminates with reduced transparency where irradiation at longer
wavelength is desired. Among them, acylphosphine oxides are
more widely used because of their thermal stability and high
reactivity of the photochemically formed phosphonyl radicals
arising from the high electron density at the phosphorus atom
and the pyramidal structure of the radicals providing more
favorable steric conditions for the unpaired radical site to react
with monomers.29-31

Because the initiation is based on a bimolecular reaction, the
generation of free radicals from type II photoinitiators and curing
rates is generally slower than the generation of free radicals from
type I photoinitiators, which are based on unimolecular forma-
tion of radicals. These systems are, therefore, more sensitive to
quenching of excited triplet states of the photoinitiators, which
are the reactive precursors of light-induced chemical changes for
carbonyl compounds. Indeed, quenching by monomers with low
triplet energy (e.g., styrene or N-vinylcarbazole) or by oxygen is
often observed and may lead to relatively low curing rates when
type I photoinitiators are employed.

Photolysis of aromatic ketones, such as benzophenone, thio-
xanthones, benzil, and quionones, in the presence of hydrogen
donors leads to the formation of a ketyl radical produced from
the carbonyl compound and another radical derived from the
hydrogen donor.32-34 The overall mechanism of the photoinitia-
tion on the example of benzophenone is represented in Scheme 3.
The photopolymerization of vinyl monomers is usually initiated
by the radical produced from the hydrogen donor.

The ketyl radicals are relatively stable radicals that are usually
not reactive toward vinyl monomers due to steric hindrance and
to the delocalization of unpaired electron. Furthermore, the ketyl
radicals may act as chain terminators in the polymerization,
leading to ketyl moieties incorporated into polymer chains and
relatively short chains.35 To avoid chain termination by ketyl
radicals, additives such as onium salts36-39 or certain bromo
compounds40 have turned out to be useful. These additives react
with the ketyl radicals via oxidation and bromination, thus
suppressing chain termination. In the case of onium salts, phenyl
radicals, which initiate polymerizations instead of terminating
growing chains,41 are produced by the interaction of ketyl radi-
cals with salt entities. Thus, the overall effect of these additives is
an enhancement in polymerization rate.

For efficient polymerization, the bimolecular H-abstrac-
tion reaction must compete with other side reactions, such as

Scheme 1. General Presentation of Photoinitiated Polymerization

Scheme 2. Photolytic r-Cleavage of Benzoin

Scheme 3. Type II Photoinitiation Mechanism with Benzophenone and
Hydrogen Donors
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nonreactive quenching (i.e., through energy transfer) of the
photoexcited initiator by monomer or oxygen. The selection of
a co-initiator (H-donor) that reacts rapidly with the electro-
nically excited photoinitiator to produce a reactive, polymeri-
zation initiating radical is undoubtedly of great importance.
Tertiary amines are more reactive co-initiators than alcohols or
ethers.42 Thiols are another class of co-initiators in thiol-ene
photopolymerization systems. In this regard it is worth men-
tioning the pioneering work of Morgan and Ketley,43 who used
benzophenone to absorb light and initiate the polymerization
of the radical chain process via a hydrogen abstraction react-
ion involving the excited benzophenone and a ground-state
thiol. The thiol-ene photopolymerization system has recently
been revitalized44,45 and used as an effective way to cross-link
thermoplastic elastomers.46,47 These reactions were also utilized
as environmentally friendly “click” coupling processes in var-
ious synthetic applications, since in contrast to the other meth-
ods, they usually proceed in the absence of solvent under benign
reaction conditions without the use of any potentially toxic
metal.48-51

For many curing applications fully formulated mixtures,
which contain all initiatorsmonomers and additives, are supplied
to customers.However, such formulationsmay not exhibit a good
shelf life due to the initiation on storage. The use of benzodiox-
inones as photoinitiators may increase shelf life at the expense of
initiation ability. Itwas shown52 that structurally designedbenzo-
dioxinones liberate benzophenone only after stimulation by light
which can further be excited to initiate free radical polymerizat-
ion (Scheme 4). Liberation of both ketenes and benzophenone
photoinitiator upon photolysis of benzodioxinones makes these
compounds useful for cross-linking of hydroxyl-containing poly-
mers53 and also monofunctional vinyl monomers in the absence
of a conventional photoinitiator and cross-linker.54

Among type II photoinitiators, thioxanthone derivatives in
conjunction with tertiary amines are efficient photoinitiators
with absorption characteristics that compare favorably with
benzophenones.55

Although alkylamines are very efficient hydrogen donors, the
high usage of such highly volatile andodorous compounds brings
disadvantages to type II systems.4,20 Poly(ethylene oxide)56 and
poly(ethylene imine)57 based dendrimers of the following struc-
tures in Scheme 5 have been successfully used as polymeric
hydrogen donors to replace low-molecular-weight amines in the
formulations. Obviously, these molecules act as precursors for
graft and star copolymers (Scheme 5).

As part of our efforts to avoid problems associated with the
amine hydrogen donors, we have recently reported several new
thioxanthone derivatives as photoinitiators for free radical po-
lymerization. Interestingly, these photoinitiators do not require
an additional co-initiator, that is, a separate molecular hydrogen
donor, since the hydrogen donor is incorporated into the photo-
initiator structure. The structures and the mode of action of such
one-component photoinitiators are shown in Table 1.

As one component photoinitiator, thioxanthone-anthracene
(TX-A) deserves a special discussion. In contrast to all conven-
tional photoinitiators, TX-A initiates the polymerization of acry-
late and styrene monomers in the presence of air (Scheme 6).64

Indeed, oxygen is required for the initiation process.Wepostulate
that the initiation mechanism involves the formation of endoper-
oxides, which are formed by addition of photochemically gener-
ated singlet oxygen to the anthracene moiety. Thermal or photo-
chemical cleavage of the endoperoxides generates initiating
radicals. Since oxygen inhibition of photopolymerization is
still a serious concern for the preparation of films, the involve-
ment of oxygen in the initiation mechanism suggests that TX-A

Table 1. Thioxanthone-Based One-Component Photoinitiators

Scheme 4. Stepwise Two-Photon Initiation Mechanism

Scheme 5. Poly(ethylene oxide) (a) and Dendritic Poly(ethylene imine)
(b) as Hydrogen Donors in Type II Photoinitiators

Scheme 6. Proposed Mechanism for Photoinitiation of Free Radical Polymerization with TX-A in the Presence of Oxygen

Scheme 7. Click Reaction To Synthesize Polymeric Type II Photo-
initiators Containing Benzophenone Chromophors and Hydrogen Donors

Linked to the Polymer Chain
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may find use in a variety of practical applications of photocuring
in air.

Photoinitiators and hydrogen donors can be incorporated into
polymeric structures. In this way, the macromolecules having co-
valently bonded photoinitiator groups overcome the problems
associated with high volatility and high migration often observed
with low-molar-mass photoinitiators. Yin and co-workers65-73

reported a number of examples of this kind of polymeric photo-
initiators possessing both chromophoric TX groups and hydro-
gen donating sites in the structure.

Copper-catalyzed 1,3-dipolar azide-alkyne click chemistry74

was proposed to be a versatile route to prepare such polymeric
photoinitiators. For example, a novel one-component polymeric
photoinitiator containing side-chain benzophenone and (dimeth-
ylamino)phenyl moieties was prepared in a one-pot synthesis via
double click reactions (Scheme 7).75

In another report, 1,3-dipolar azide-alkyne [3þ 2] and thermo-
reversible Diels-Alder [4 þ 2] click reactions were successfully
combined for the synthesis of polymers bearing side-chain TX
photoactive groups (Scheme 8). One of the consequences of the
method is that suchmodification causes a dramatic change in the
photochemistry of the precursor TX-A. The obtained polymeric
photoinitiators were shown to efficiently initiate the free radical
polymerization of mono- and multifunctional monomers via a
type II mechanism in a conventional manner, i.e., in the presence
of hydrogen donors.76

Most of the photoinitiators describedup tonoware sensitive to
light at wavelengths below 400 nm. This enables an easy proces-
sability because the sun and many artificial sources of light
overwhelmingly emit light of longer wavelengths, and therefore,
unintended photoinduced reactions during handling may be kept
at low level. However, if the strong emission of mercury lamps or
the sun in the visible region of the spectrum is to be used, photo-
initiating systems that absorb visible light are required. Photo-
initiators for visible light77-79 have found particular interest
because of their use in many targeted applications such as dental
filling materials,80-82 photoresists,83 printing plates,84 integrated
circuits,78 laser-induced 3D curing,85,86 holographic record-
ings,85,86 and nanoscale micromechanics.77 Both cleavable and
bimolecular hydrogen abstracting type photoinitiating systems,
acting in the visible range, are well-known. Titanocene77,87,88

and camphorquinone89 in conjunction with an amine are
typical examples for the respective systems. Recently, organic
ketones containing germanium were introduced as a new class
of cleavable photoinitiators90,91 for free radical polymerization
under visible light irradiation. In amechanistic process analogous
to acylphosphine oxides, these photoinitiators (upon irradiation)
undergo R-cleavage to produce free radicals capable of initiating

polymerization of methacrylates (Scheme 9). This is especially
facile under aqueous acidic conditions.

Visible photoinitiation systems often involve dyes as light-
absorbing chromophores. Numerous photoinitiated free radical
polymerizations using dyes have been described and reviewed by
several authors.92-95 Initiating radicals are typically generated by
photoinduced electron transfer and involve a co-initiator that
participates in the electron transfer process. Energy transfer to
monomers is not thermodynamically favorable in these systems
due to low excitation energies of dyes.Depending on the nature of
the dye involved, namely photoreducible or photo-oxidizable
dyes, two distinct mechanisms need to be considered. These are
electron transfer from the co-initiator to the excited, photoredu-
cible dye and electron transfer from the excited, photo-oxidizable
dye to the co-initiator.

One of the major drawbacks of photoinitiated free radical
polymerization is related to the well-known oxygen inhibition.
Various reactive species playing a role in the polymerization, such
as excited states as well as initiating and propagating radicals are
quenched by O2 (Scheme 10). While quenching of the excited
states results in inefficiency of the primary photochemical reac-
tion, the diffusion-controlled reaction of oxygen with initiating
and propagating radicals96 yield highly stable peroxyl radicals
which cannot participate in any further polymerization initiation
reactions.97-101 Therefore, the polymerization only proceeds
efficiently after oxygen is consumed.100,102

The oxygen inhibition of photopolymerization can be used as
advantage and is particularly important for dental applications.
When dentists light cure resin composite restorations in incre-
ments or aftermanually contouring the surface layer to shape, the
surface layer is exposed to air during polymerization which
results in the formation of a resin-rich inhibited layer at the
uppermost surface of the resin composite.103

Many strategies have been developed to combat O2 inhibi-
tion including use of high-intensity lamps/high cure dosage,102

inert atmospheres,104 and additives such as amines105,106 and
thiols.59,107-109 A number of cyclic and acylicN-vinylamides and
N-alkylamides were also shown to have significant effect for the
reduction of oxygen inhibition, resulting in rapid rates of poly-
merization in air even at low light intensities.110 The use of TX-A
(vide supra) as photoinitiator is one way to prevent oxygen
inhibition since the presence of O2 is essential for the polymeri-
zation to proceed (Scheme 11).64

Scheme 8. Click Reaction To Synthesize Polymeric TX Photoinitiators

Scheme 9. Photolytic r-Cleavage of Benzoyltrimethylgermane with
Visible Light

Scheme 10. Inhibition of Photoinitiation and Polymerization Reactions
by Oxygen
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El-Roz et al.111 have recently proposed an elegant way to
overcome oxygen inhibition using silanes, germanes, and stan-
nanes R3XH as co-initiators and additives (Chart 1).

In highly viscous or thick samples, the reoxygenation process is
quite slow, leading to an efficient polymerization after an inhibi-
tion period. However, in very low viscosity or thin samples, the
reoxygenation remains efficient, leading to strongly reduced
monomer conversions; moreover, the lower the light intensity,
the lower the initial O2 consumption. The compounds shown in
Chart 1 allow for a dramatic increase in the photopolymerization
rates and the final monomer conversions even with low light
intensities and thin and low-viscous samples.

In these systems, less usual radicals such as silyl, germyl, and
stannanyl radicals formed by hydrogen abstraction react with
oxygen. Among them, Si-based systems appear promising as the
intermediate silly radical can be generated through different
routes. For example, photoinduced cleavage of polysilanes gen-
erates silyl radicals.112-115 Various new initiating systems based
on Si-Si, C-Si, S-Si, or Si-H bonds, leading to Si• radicals
were proposed.116-119

The high reactivity of Si• toward the addition process to
acrylate double bonds and their good behavior in photoinitiation
of free radical polymerization under air were demonstrated.

More recently, the same group has proposed new co-initiators
based on group 14 elements (disilanes, polysilanes, digermanes,
and distannanes). Upon photolysis in the presence of benzophe-
none, radicals formed from the metal-metal bond cleavage,
which showed excellent initiating properties for free radical
photopolymerization (Scheme 12).120

Cationic Polymerization

Photoinitiated cationic polymerization exhibits several advan-
tages over the corresponding free radicalmode.121-123 Epoxy and
vinyl ether based monomers that are prone to cationic polymeri-
zation are of low volatility and negligible toxicity and possess
good rheological properties.124 In contrast to free radical poly-
merization, molecular oxygen does not inhibit the polymerization,
and hence films can be cured in the presence of dry air. Moisture
generally terminates the polymerization. In a dry environment,
however, the termination rate is rather low, permitting the

continuation of the polymerization even if the irradiation is
ceased. For these reasons, it appears that in addition to free
radical also cationic photoinitiation process is used in many
technical applications. Photoinitiated cationic polymerizations
are generally accomplished with the aid of onium salts. The past
two decades have seen a rapid growth in the research of new
photoinitiators for cationic polymerization. Since Crivello de-
scribed in his seminal papers125-127 the use of iodonium and
sulfonium salts as photoinitiators for cationic polymerization, a
variety of new onium salts have been developed (Chart 2).128-134

Among them, the onium-type photoinitiators such as iod-
onium,125 sulfonium,127,129 and alkoxypyridinium128,135,136 salts
are important due to their thermal stability, solubility in most of
the cationically polymerizable monomers, and efficiency in gen-
erating reactive species upon photolysis.137 Moreover, they
possess high photolysis quantum yields and are efficient photo-
initiators of cationic polymerization when irradiation is carried
out using light in the short- to mid-wavelength UV regions
(230-300 nm).134

The reaction mechanism for photoinduced cationic polymer-
ization by onium salts is presented in the example of diarylio-
donium salts in Scheme 13.

Photoinduced decomposition and subsequent reaction of the
radical cation with solvent or monomer lead to the formation of
Bronsted acid,Hþ, which is responsible for further initiation. The
photochemistry and applications of the direct initiation to
cationic polymerization to a variety of epoxy and vinyl ethers
have been well studied and subject to review articles10,138-141 and
chapters in books.1-3,42 In recent years, however, interest has
been directed toward the development of strategies to make
onium salt photoinitiators responsive to light with wavelengths
in the near-UV and visible region of the spectrum. Several
strategies have been employed for improving the performance
of these photoinitiators, particularly at long wavelengths. The
activation wavelength can be tuned without any additive by
introducing additional chromophoric groups to the structure of
the onium salt.141,142

Photochemically induced structural transformations can also
make them absorb at higher wavelengths. In this connection, we
refer to our recent report on photoinitiated cationic polymeriza-
tion by using phenacylbenzoylpyridinium salts.143,144 These initi-
ators were shown to exhibit keto-enol tautomerismwith absorp-
tions at λ < 300 nm and around 500 nm (Figure 1).

It was also reported145 that azobenzene containing alkoxypyr-
idinium salt exhibits UV-induced cis-trans isomerization with
absorptions at around λ = 459 and 360 nm (Scheme 14). The
ability of this salt to act as a photoinitiator for both cationic and
free radical polymerization was demonstrated.

Regarding indirect activation of onium salts, three modes of
action concerning the formation of cationic species capable of
initiating polymerization of monomers are distinguished: (i)
oxidation of free radicals,146-148 (ii) electron transfer136,149-157

Scheme 11. TX-A Uses Oxygen as Co-initiator

Chart 1. Silanes, Germanes, and Stannanes as Co-initiators To
Overcome Oxygen Inhibition

Scheme 12. Photosensitized Metal-Metal Bond Cleavage

Chart 2. Onium Salt Photoinitiators for Cationic Polymerization

Scheme 13. General Scheme of PhotoinitiatedCationic Polymerization
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between a photoexcited molecule and an onium salt, and (iii)
excitation of charge transfer complexes158,159 of onium salts. The
so-called free radical promoted cationic polymerization is an
elegant and fairly flexible type to extend thewavelength sensitivity
to longerwavelengths.148 In fact, free radicalsmaybe produced by
various modes: photochemically, thermally, or by irradiating the
system with high-energy rays. Suitable radical sources for all
modes of stimulation are available.129,146,148,160-171

Recently, acylgermanes originally developed as visible light
photoinitiators for free radical polymerization90,172 were also
shown to activate cationic polymerization.173,174 As in the case of
all free radical promoted cationic polymerizations, the photo-
chemically formed electron donating radicals (germyl radicals)
are readily oxidized to germanium ions capable of initiating cat-
ionic polymerization (Scheme 15).

Bisacylgermanes such as dibenzoyldiethylgermane were also
shown to be active in promoting cationic polymerization. Be-
cause these photoinitiators exhibit better absorption charact-
eristics91 and sequential decomposition behavior, they can be
used as precursors for polygermanes175 and block copolymers173

of monomers polymerizable by cationic and radical mechanisms.
Recently, free radical promoted cationic polymerization

through silyl radicals has been revitalized. For example, Lalevee
et al.176,177 have reported that silyl and germyl radicals generated
respectively by UV laser irradiation of disilanes and silanes and
germanes in the presence of aromatic ketones readily reduce
diaryliodonium salts, resulting in efficient cationic polymeriza-
tion of epoxides. Silanes can be used118 also in conjunction with
visible light photoinitiators such as eosin and camphorquinone
for the decomposition of diaryliodonium salt. Benzyl alcohol was
shown178 to be an efficient hydrogen donor for camphorquinone
to generate free radicals by the absorption of visible light.
Subsequently, the electron donor radicals formed this way
participate in the free radical chain induced decomposition of a
diaryliodonium salt. In this connection, it is interesting to note
that silanes can be used to initiate cationic polymerization via a

nonphotochemical route. Certain onium salts such as phenacyl-
sulfonium salts undergo facile reduction by silanes bearing Si-H
groups in the presence of a noble metal catalyst. Such a redox
reaction can be employed as a convenient initiator system for the
cationic polymerizations of epoxides, oxetanes, and vinyl ethers.179

Another long wavelength photoinitiating system based on the
free radical oxidation involves the use of substituted vinyl halides
(vide supra). Radical promoted cationic polymerizations were
performed in the presence of onium salts and zinc halides.180-183

An interesting but useful application of free radical promoted
cationic polymerization is two-photon absorption photoacid
generation.184 Itwas shown that benzodioxinone can act as caged
sensitizers for diphenyliodonium salt to generate acids for initiat-
ion of cationic polymerization. The first absorbed photon un-
cages the sensitizer.184 The released sensitizer absorbs a second
photon to reduce the iodonium salt yielding in protonic acids for
initiation of cationic polymerization as presented in Scheme 16
for the polymerization of cyclohexene oxide.

The second mode of indirect activation of onium salts for long
wavelength initiation is photosensitization by electron transfer.
Polynuclear aromatic compounds are known136,138,149-154,185 to
sensitize and consequently decompose onium salts via electron
transfer in the exciplex (Scheme 17). We have recently demon-
strated that similar photosensitization action can be achieved by
highly conjugated thiophene derivatives such as 3,5-diphenyl-
dithieno[3,2-b:2,3-d]thiophene (DDT).186

Such polymerizations can be conducted at the visible range by
using highly conjugated thiophene derivatives with electron
donor substituents as photosensitizers.187

Anionic Polymerization

Although the photoinitiated cationic polymerization is in an
advanced state, there have been only few attempts on the anionic
counterpart. Fukuchi et al.188 reported the anionic coordination
polymerization of epoxides by a new catalyst system consisting of
titanium tetraisopropoxide and photochemically generated phe-
nol. Photoinitiated anionic polymerization of cyanoacrylates has
been reported.11 Itwas claimed that isocyanate ions, generated by
ligand exchange reaction upon photolysis, were the initiating
species. Alkyl cyanoacrylates undergo anionic polymerization in
the presence of tertiary amines such as pyridine.189 The poly-
merization proceeds via a zwitterionic mechanism. Kutal and
co-workers190 reported the use of the Pt(acac)2 complex in

Figure 1. Photoinduced keto-enol tautomerismof a phenacylbenzoyl-
pyridinium salt (λex > 507 nm).143

Scheme 14. Photoinduced Cis-Trans Isomerization of an Azobenzene
Containing an Alkoxypyridinium Salt

Scheme 15. Oxidation of Trimethylgermyl Radicals by Ph2I
þPF6

-

Scheme 16. Photoinitiated Cationic Polymerization of Cyclohexene
Oxide by Photoacid Generation in a Stepwise Two-Photon

Absorption Process

Scheme 17. 3,5-Diphenyldithieno[3,2-b:2,3-d]thiophene as Sensitizer
for Iodonium Salt Decomposition via Electron Transfer To

Generate Photoacids
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photoinitiated anionic polymerization of ethyl cyanoacrylate
(ECA). Initiating species were claimed to be free acetylacetonate
anions produced by photoexcitation of the complex. Yagci
and co-workers191-193 demonstrated that weak base generat-
ing photoinitiator systems can be used to initiate zwitterionic
polymerization of cyano acrylates. N-Alkoxypyridinium and
N-phenacylpyridinium type salts were shown to be effective
initiators for such zwitterionic polymerization.

Manners194 reported that sila[1]ferrocenophanes undergo
ring-opening polymerization when treated with Na[C5H5] and
UV light (Scheme 18). This reaction proceeds through an Si-Cp
bond cleavage mechanism as the incoming Cp anion displaces
one of the Cp ligands in the ferrocenophane.

Step Growth

As stated in the Introduction, there is only limited number of
reports on the photoinduced step-growth polymerization. The
first true step-growth polymerization by a photochemical means
was reported for the formation of polyester via photodecomposition
ofbenzodioxinones.195Thus,hetero-bifunctionalmonomers,namely,
benzodioxinone and naphtodioxinone compounds, possessing both
chromophoric and aliphatic hydroxyl groups in the structure were
used in theprocess.Photolysis of these compounds yieldedoligoesters
with narrow molecular weight distribution (Scheme 19).

Another example is photoinduced step-growth polymerization
of thiophene by onium salts.196 It was shown that besides
electropolymerization, conducting polythiophenes can also be
obtained bymeans ofUV irradiation of thiophene in the presence
a diphenyliodonium salt. Alkoxylpyridinium and triphenylsulfo-
nium salts were also found to facilitate the polymerization of
thiophene. The polymerization is accompanied by the formation

of a polymer film on the surface of the reaction vessel surface.
Detailed laser flash photolysis and EPR studies197 revealed that
polymerization mechanism involves electron transfer from
photochemically generated phenyliodinium radical cations to
thiophene (Scheme 20).

Highly conjugated thiophenes can also be obtained by photo-
chemical means. Thus, step-growth polymerization of a conju-
gated thiophene derivative was achieved by coupling reactions of
radical cations accompanied by proton release (Scheme 21).198

Radical cations were generated by electron transfer from the
photoexcited thiophene derivative to iodonium salt as described
for the initiation of cationic polymerization (vide supra).

Environmental, Safety, and Health Considerations

The photopolymerization world today is requiring high de-
mands on performance of the related products in a period where
sustainability, cost, environment, safety, and health aspects are
high on the priority list of both industry and society. However,
many contradictory requirements like low volatile organic com-
pound (VOC) with good hardness as well as solvent-free with
good adhesion have to be combined while making progress
against these demanding targets. In fact, the photopolymeriza-
tion itself is an ecological alternative to thermal processes because
no VOCs are released in this technology. Therefore, in industry
thermally applied systems are being increasingly replaced by
processes operated by photochemical means. Organic solvent
pollution in conventional photopolymerization is still a serious
environmental issue. Additionally, water can contribute energe-
tically and economically by acting as a cooling agent (i.e., because
of its heat absorption). Because of its tolerance towater, there has
been increased interest199,200 in photoinitiated free radical poly-
merizations performed in nonorganic solvent, such as aqueous
dispersed coatings and water-developable resins. For this reason,
great attention has been paid to synthesize new water-soluble
photoinitiators in recent years.201-205 In general, new water-
soluble photoinitiators can be developed by introducing water
solubilizing groups such as quaternary ammonium salts, sulfonic
acid, and carboxylic acids112,206-208 or hydrophilic groups209,210

into oil-soluble initiators which are known to exhibit high
activities in solvents. The possible disadvantage of this method
is that it usually involves complicated synthesis, and the direct
substitution on the photoinitiator often affects the photoactivity.

Cyclic oligosaccharides, formed from 1,4-glucopyranose units
known as cyclodextrins, exhibit a torus-shaped structure with a
hydrophobic cavity and a hydrophilic exterior.211,212 These
molecules are able to encapsulate hydrophobic molecules or
hydrophobic side groups of polymer as guests into their cavities
to form host/guest complexes in aqueous solution and in
emulsion.213,214

Recently, Ritter and co-workers203 developed a newmethod to
make a nearlywater-insoluble photoinitiator (2-hydroxy-2-meth-
yl-1-phenylpropan-1-one) water-soluble by complexation with
β-cyclodextrin (Scheme 22).

Scheme 18. PhotoinitiatedAnionic Polymerization of Ferrocenophanes

Scheme 19. Generating Oligoesters by a Photochemical Step-Growth
Process

Scheme 20. Photoinduced Step-Growth Polymerization of Thiophene
by Iodonium Salts

Scheme 21. Photoinduced Step-Growth Polymerization of
Diphenyldithienothiophene by Iodonium Salts Generates Highly

Conjugated Polythiophenes
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A comparative kinetic study of polymerization reactions
initiated with both complexed and uncomplexed photoinitiator
revealed a higher polymerization rate and better polymerization
yield in the presence of the cyclodextrin/photoinitiator complex.
Obviously, this complexation opens a new way for using water-
insoluble initiators more effectively in sufficiently high concen-
trations in aqueous polymerization systems. Indeed, many other
examples of cylcodextrin-based aqueous photopolymerizations
have been reported,215-219 and the methodology was used for the
preparation of hydrogels.220,221

It is well-known that, regardless of the type of initiation,
cationic polymerization in general is terminated by the presence
of very small amounts of water. In contrast to free radical
polymerization, such polymerizationsmust be carried out under
stringently dry conditions, which require more effort and time.
In fact, most reactions involving the use of ionic species such as
carbocations, Lewis acids, and coordination compounds are
very sensitive to even traces ofmoisture because it deactivates or
decomposes the intermediates or catalysts. Accordingly, catio-
nic polymerizations are also terminated or undergo chain
transfer reactions as a result of deactivating effect of water.
On the other hand, as stated above for free radical mode, the use
of water as a solvent in photopolymerization is environmentally
friendly. Following Sawamato’s strategy222 described for ther-
mally activated cationic polymerization of certain monomers,
Yagci and co-workers223 developed heterogeneous photoini-
tiated cationic polymerization of mono- and divinyl ethers in
the presence of the water-tolerant Lewis acid, ytterbium tri-
flatemethanesulfonate (Yb(OTf)3), in an aqueous medium.
Although there have been several reports224,225 on aqueous catio-
nic polymerization, it is the first report on light-induced cationic
polymerization in the presence of a large amount of water.

The polymerizationswere performed in heterogeneous systems
consisting of an aqueous phase containing Yb(OTf)3 and photo-
initiator diphenyliodonium salt and an organic phase of acetoni-
trile containing monomer. The polymerization consists of two
steps: (i) photoinduced adduct formation and (ii) subsequent
propagation with the aid of Yb(OTf)3 (Scheme 23). The fast
polymerization exhibited an explosive character so that the
monomer conversion and molecular weights of the resulting
polymers are very dependent on the experimental conditions,
such as temperature, stirring manner, and rate.

Because of the economical and environmental advantages
offered by photoinitiated polymerizations in aqueous media, it

is expected that in the near future these polymerizations will be
employed more widely in many applications employing water-
borne systems.

In addition to epoxides, vinyl ethers are important monomers
for UV-curable coatings as they offer environmentally friendly
formulations that are alternatives to commonly used acrylate
monomers, which possess strong odor and skin irritating
properties.226 Although photoinitiated cationic polymeriza-
tions are efficiently applied for the curing of epoxy and vinyl
ether based formulations, the nature of the non-nucleophilic
counteranions limits the use of onium salts in wider applica-
tions. The limitations associated with the non-nucleophilic
counterion of onium compounds, especially SbF6

- and AsF6
-,

include high toxicity and high cost because of their central heavy
metals. It was reported227,228 that long-term exposure of these
metal salts to human skin led to increased incidences of various
cancers. Furthermore, the preparation of such initiators from
their corresponding onium salts with halides requires additional
steps, i.e., counteranion exchange; thus, this makes them
expensive.10,125 The use of diphenyliodonium salts with highly
nucleophilic counteranions in photoinitiated cationic cross-
linking of divinyl ethers (Scheme 24) was recently reported.180

The system is comprised only of a diphenyliodonium salt with a
highly nucleophilic counteranion (Cl-, Br-, or I-) and a zinc
halide.

The long wavelength acting indirect systems involving aro-
matic photosensitizer such as anthracene and perylene or an
aromatic carbonyl compound such as 2,2-dimethoxy-2-phenyl-
acetophenone, benzophenone, and thioxanthone were also shown
to be effective in the photoinitiation.

This concept was further extended to totally eliminate the use
of iodonium salts as the component of the photoinitiating
system.182 The cationic polymerization of vinyl ethers was
initiated upon irradiation at λ = 350 nm with vinyl halides in
the presence of zinc iodide (Scheme 25). A mechanism involving
formation of an adduct between the monomer and the products
resulting from the photoinduced homolysis of the vinyl halide
followed by electron transfer is proposed. In the subsequent step,
the terminal carbon-halide bond in this adduct is activated by
the coordinating effect of zinc iodide. This polymerization
exhibited some characteristics of pseudo-living cationic poly-
merization.

An alternative approach to eliminate the contamination of the
polymeric products by the inorganic residues arising from the
counteranion of the onium salt is the use of phosphonates as

Scheme 22. A Nearly Water-Insoluble Photoinitiator Becomes Water-
Soluble by Complexation with β-Cyclodextrin

Scheme 23. Photoinitiated Cationic Phase Transfer Polymerization of
Vinyl Ethers

Scheme 24. Photoinitiated Cationic Cross-Linking of Divinyl Ethers
with Diphenyliodonium Halides

Scheme 25. Cationic Polymerization of Vinyl Ethers Initiated by
Photolysis of Vinyl Halides in the Presence of Zinc Iodide
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nonionic type initiators.229 Although these compounds were
shown to be effective in initiating polymerization of vinyl ethers,
the high temperatures required for the activation limit their
practical application.

Possibilities of Controlled/Living Polymerizations by Photo-
chemical Processes

The control of the polymerization is extremely important from
the synthetic point of view. The discovery of living anionic poly-
merization more than 50 years ago stimulated attempts at living
cationic and radical polymerizations, which were realized at much
later dates.230 Living polymerization involves synthesis of poly-
mers without significant irreversible chain transfer and chain
termination. During the past 15 years, the use of controlled/living
polymerization processes has revolutionized the synthesis of
polymers with well-defined structures.231 Controlled/living poly-
merization techniques in anionic, cationic, metathesis, and group
transfer polymerizations have been developed. Recent approaches
to achieve controlled/living polymerization in cationic and also
radical systems are based on the stabilization of unstable growing
species by the reversible formation of the corresponding covalent
and dormant species that rapidly exchange. However, photoini-
tiated polymerization processes lack the control of the final poly-
mer properties, and structurally well-defined polymers and block
copolymers cannot be prepared by photochemical means. By
photolysis of existing radical and cationic initiators, a controllable
amount of initiating species is formed. The concentration of initi-
ating species and finally growing polymer chains may be con-
veniently adjusted by choosing appropriate light intensities. Con-
versely, the polymers formed by controlled/living polymerization
or by photoinitiation with photoinitiators do often differ in
molecular weight distribution. Since initiating species in photo-
polymerizations are generated continuously, growing polymer
chains with large differences in chain length are present at the
same time. Therefore, polymers usually have a broad molecular
weight distribution. In the case of controlled/living polymeriza-
tions, formation of polymer molecules with the same length gives
rise to to polydispersities close to unity, provided chain-braking
side reactions are negligible. Although with limited success, there
have been a number of attempts to extend such control to
polymerizations conducted photochemically.232 The earlier ap-
proach based on reversible combination of growing radicals with a
scavenging radical was applied in thermal and photoinitiated
radical polymerization. According to Otsu,233 photochemical
polymerization of vinyl monomers with dithiocarbamates, re-
ferred to as iniferter (initiator-transfer-terminator),234 is char-
acterized by the initial rapid growth and an increase in molecular
weight with conversion (Scheme 26).

Although polymers with complex architecture (block, star, or
amphiphilic polymers, etc.) can successfully be synthesized, this
system deviates from truly controlled/living conditions235 and
suffers from poor photochemical initiation. The main reason for
the deviation from living conditions is related to the dimerization
and initiation of additional chains by dithiocarbamyl radicals.
Despite the industrial and academic growing needs in this field
and possibility of opening a large range of applications for photo-
polymers, no efficient controlled/living photopolymerization has
been described up to now. The most widely studied methodology
for this purpose is nitroxide-mediated photopolymerization
(NMP). Analogous thermally activated nitroxide-mediated radi-

cal polymerization (NMRP), also referred as stable free radi-
cal polymerization (SFRP), is one of the versatile methods for
the controlled/living polymerizations. NMRP is generally based
on the use of nitroxyl radicals (nitroxides) or alkoxyamines
(Scheme 27).236,237

Scaiano et al.238 proposed that the homolysis of TEMPO-
based alkoxyamines (where TEMPO is 2,2,6,6-tetramethylpiper-
idinyloxy-4-yl radical) can be photosensitized by appropriate
sensitizers such as xanthone or a pyrene derivative at their triplet
and singlet excited states, respectively. Although the photosensi-
tization step was successful, only a limited number of radicals
were generated. Alternatively, Yoshida239-243 attempted to acti-
vate the radical generation process by using photoacid generator
iodonium salt.However, this system is still unclear as the function
of the iodonium salt is not known.

Several attempts were also made to covalently attach different
chromphoric groups to the TEMPO moiety.244,245 Although
some success was achieved, the conditions for true controlled/
living radical polymerization were not attained. More recently,
Guillaneuf et al.246 reported a new alkoxyamine possessing
directly attached chromophoric groups without a separation unit
to facilitate the homolysis of alkoxyamine. It was demonstrated
that this compound acts as a photoiniferter for the polymeriza-
tion of n-butyl acrylate, and a linear growth of the polymer chain
combined with a partial living character has been achieved.

Also in the case of photoinitiated cationic polymerization, it is
difficult to achieve controlled/living conditions. A few hetero-
cyclic monomers such as oxolane and tert-butylazirdine have
been polymerized under living conditions by using pre-existing
carbenium ions with a stable counterion.247 It was demonstrated
that in the photoinitiated cationic polymerization of cyclic ethers,
using iodonium and sulfonium salts with such non-nucleophilic
counteranions, the polymerization accelerates during photolysis
because more and more active centers are generated photo-
chemically.146,248 This process continues until either all the salt
is used up or if the light source is removed. The polymerizat-
ion thenproceeds thermally at a steady rate according to thenumber
of propagating centers present. Thus, photoinitiated controlled/
living cationic polymerization of certain cyclic monomers can be
achieved by short photolysis followed by thermal processes.

Recently, photoinduced living cationic polymerization of iso-
butyl vinyl ether (IBVE) in the presence of various diphenylio-
donium salts and zinc halides was reported.249,250 Photo-
chemically generated protonic acid reacts with IBVE to form
the monomer HX adduct. The terminal carbon-halide bond in
this adduct is activated by the coordinating effect of zinc halide.
This activation leads to generation of a suitable nucleophilic
counteranion by stabilizing the growing carbocation. Thus,
chain-breaking processes are prevented, and living cationic
polymerization of IBVE proceeds (Scheme 28).

Scheme 26. Photoinitiated Living Polymerization of Vinyl Monomers
with Dithiocarbamates

Scheme 27. Nitroxide-Mediated Radical Polymerization

Scheme 28. Photoinitiated Living Cationic Polymerization of Isobutyl
Vinyl Ether by Iodonium Salts and Zinc Halides
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Thismethodologywas further extended to indirect photoinitiat-
ing systems using free radical sources and photosensitizers.181 In
this connection it should be pointed out that in these systems the
photochemical step is involved only in the generation of reactive
species, and the propagation proceeds by a thermal reaction.

Recently, a conceptually different approach for living photo-
polymerization involving photoexcitation of monomers has been
reported.251 Irradiation of metal-containing ferrocenophane
monomers at λ > 310 nm or with sunlight in the presence of an
anionic initiator leads to living polymerizations, in which the
conversion and molecular weight of the resulting polymer can be
controlled by the irradiation time. Block copolymers and func-
tional polymers can be synthesized by this process.

New and Emerging Applications

Photopolymerizations, especially those leading to cross-linked
networks, results in significant changes in material physical pro-
perties such as phase, solubility, adhesion, color, optical index,
and electrical conductivity. Therefore, photoinduced cross-link-
ing polymerization has been widely used in microfabrication,
coating,252 and surface modification of devices and materials,
including adhesives and sealants, printing materials, optical and
electrooptical materials, and electronic materials.253 Photopoly-
merizations involving linear chain formation has also been
applied to various fields including preparation of block254 and
graft copolymers255 and surface grafting.256 In the case of block
and graft copolymers, the reactive sites are generated at definite
positions in the macromolecule by taking advantage of the
selective absorptivities of certain chromophores. Despite the
uncontrolled nature, the photoinduced polymerizations in the
presence of suitable monomer lead to the formation of block and
graft copolymers by using main-chain and side-chain polymeric
photoinitiators, respectively. In this manner, copolymers with
almost quantitative blockor graft yields canbeobtained, for the fact
that side reactions and, thus, homopolymer formation are mini-
mized as a result of the low polymerization temperature. Radical
and cationic modes, and also their combination with other poly-
merization methods, were shown to be effective in such processes.
The latter methodology is particularly useful for extending possible
block and graft copolymers of monomers with different chemical
nature and thus polymerize by different mechanisms.257 Typically,
block copolymers of polystyrene-b-poly(cyclohexene oxide)168 and
poly(methyl methacrylate)-b-poly(ε-caprolactone)258 can be pre-
pared by the combination of conventional free radical and ring-
opening polymerization with photopolymerizations, respectively.
The synthetic strategies to prepare block and graft copolymers via
photoinduced polymerizations were recently outlined.259

It was recently demonstrated that hydrogen abstraction
type photoinitiation can be used to graft onto self-assembled
monolayers (SAM). Indeed, alkylamines attached to SAM could
participate in photopolymerization when activated by triplet
sensitizers such as benzophenone. The overall process is presen-
ted in Scheme 29.260

Another interesting application of photopolymerization con-
cerns the preparation of polymer-clay nanocomposites. Such
materials offer the opportunity to combine the desirable proper-
ties of polymers with those of clay arising from the small particle
size and large surface area such as hardness, chemical resistance,
thermal stability, and flame retardancy.261-264 However, the
major concern for the preparation of homogeneous clay-based
nanocomposites is related to the control of the microstructure
and phase separation between organic and inorganic compo-
nents. The hydrogen or covalent bonding between the polymer
matrix and inorganic clay phases favors interfacial interactions
which eventually leads to superior properties compared to
classical composites. Photochemical routes265,266 can allow poly-
mer molecules to grow inside the clay galleries upon irradiation
and consequently form covalent bonds between organic and
inorganic phases. Attachment of either photoinitiator267 or
monomeric268 sites into clay layers and subsequent photopolyme-
rization of immersed monomers facilitate propagation and ex-
foliation processes concomitantly, leading to the formation of
homogeneous clay-polymer nanocomposites (Scheme 30).

The other possibility for in situ photoinduced preparation of
polymer/clay nanocomposites is by polymerization with diphe-
nyliodonium salt as photoinitiator via an activated monomer
mechanism.269

Polymeric structures including linear polymers, block and graft
copolymers, and networks decoratingmetal nanoparticles combine
the physical properties of small size metal nanoparticles with those
of polymeric materials in a beneficial manner. Many advanced
optoelectronic and sensor devices are based on the fabrication of
these materials.270-273 Because of their high surface free energy,
nanoparticles tend to agglomerate. Again, a key challenge for a
potential technological use is the achievement of homogeneous
dispersion of the thermodynamically unstable nanoparticles. Vari-
ous methods have been applied. The generally applied methodo-
logy is detaining nanoparticles during the preparation by adding
protecting agents or setting them in an inert environment. Among
them, photochemicalmethods involving light-induced reduction of
metal ions suchasAgandAucomplexes are of particular interest as
they findawide rangeof applications including synthesis ofmetallic
colloids and metallization and patterning of films.

Recently, a novel approach has been introduced for the
preparation of metal-polymer nanocomposites.274-278 In this

Scheme 29. Grafting a Polymer onto Self-Assembled Monolayers by Free Radical Polymerization

Scheme 30. Formation of Polymer-Clay Nanocomposites by Photopolymerization
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approach nanoparticle formation and UV cross-linking process
were accomplished in one pot by simply irradiating appropriate
formulations, obtaining the homogeneous distribution of the
nanoparticles within the polymer network without any macro-
scopic agglomeration. Silver or gold nanoparticles and initiating
specieswere formed in a single redox process. The overall strategy
is represented in Scheme 31.

The nature of the photochemically generated radicals and the
redox properties of the salt are quite crucial for the success of the
process. Appropriate combinations of electron donor radicals
with certain metal salts induce metal formation and chain pro-
pagation concomitantly. For example, photoinduced cleavage of
2,2-dimethoxy-2-phenylacetophenone (DMPA) is a good source
of electron donor radicals, namely alkoxybenzyl radicals.278 Thus,
irradiationofDMPA in the system in the presence ofAgPF6 leads to
its reduction with rapid generation of both metallic silver and
initiating cationswithout anyundesirable side reactions (Scheme32).

The process is not limited to the cationically polymerizing
epoxy resins. Acrylates and methacrylates that polymerize by a
free radical mechanism can also form nanocomposites by the
described in situ method. Providing that electron donor radicals
are generated, visible light sensitive photoinitiators can also be
used for both free radical and free radical promoted cationic
polymerizations. Silver nanoparticle containing systems exhibi-
ted excellent antimicrobial properties.

Another one-step photochemical strategy for the preparation
of polymer composites containing silver nanoparticles was re-
cently proposed.279 In this approach, a diaminofluorene com-
pound was employed both as a photoreductant agent of silver
precursors and as a free radical photoinitiator to produce silver
nanoparticles in a poly(ethylene glycol) matrix at the same time.
Neckers and co-workers280 reported that gold nanoparticles can be
incorporated into a polymermatrix without the use of conventional
photoinitiator. The charge-separated states of the gold nanoparti-
cles attached to the bithiophene group generated upon exposure to
UV light are active intermediates that can cause polymerization of
an acrylicmonomer.Gold nanoparticleswere uniformly distributed
in the polymer matrix, and polymer nanocomposite with a unique
texture was obtained by a one-step photochemical process.

Sol-gel hybrid nanomaterials for practical application as
micro-optical elements in optical communication, optical data
storage, information displays, sensing, and imaging systems can

be obtained by applying photopolymerization techniques.281 The
typical approach is to conduct concomitant alkoxysiloxane
sol-gel polycondensation and free radical282 or cationic283

photopolymerizations. In this way a single-component solvent-
free hybrid coating formulation can be cured photochemically by
a straightforward one-step process.

Photopolymerization iswidely used in lithographic techniques,
particularly for the fabricationof powerful integrated circuits.284,285

However, conventional photolithography cannot achieve the high
resolution especially when the feature size decrease is required.
Two-photon photopolymerization appears to overcome such lim-
itations, and three-dimensional nanostructures (3D) can be
fabricated.286-290

Two recent examples illustrate application of conceptually
different approaches in optical lithography based on two-photon
absorption. It was demonstrated that initiating species can be
generated by single-photon absorption at one wavelength while
inhibiting species are generated by single-photon absorption at a
second, independent wavelength. The second photon reduces the
polymerization rate, resulting in the delay of the gelation of
bifunctional monomer.291 In this way, spatial control over the
polymerization was achieved, and structures with desired feature
size and monomer conversions were formed which are not
attainable with use of single- and two-photon absorption photo-
polymerization. A similar approach was reported, where multi-
photon absorption of pulsed 800 nm light was used to initiate
cross-linking in a polymer photoresist and one-photon absorp-
tion of continuous-wave 800 nm light was used to deactivate the
photopolymerization simultaneously.292 This method allowed to
fabricate features with scalable resolution along the beam axis,
down to a 40 nm minimum feature size.

Because of the fact that photopolymerization offers several
advantages such as short reaction time, mild reaction conditions,
in situ gelation, and biocompatibility, it is also used in the
fabrication of biomaterials. For example, hydrogels are one class
of biomaterials obtained by photopolymerization.293 Biomater-
ials formed by photopolymerization have been used in tissue-
engineering applications with numerous roles including noncell
involved fillers or dressings, cell growth guiders or promoters,
and matrixes for two- and three-dimensional cell cultures.

Conclusions and Perspectives

As presented in this Perspective, photopolymerization is an
important area of polymer science from both industrial and
academic perspectives. Developments in this field are rapidly
reflected in the UV curing technology which encompass a wide
range of uses in both high volume applications such as coatings,
adhesives, and printing inks as well as advanced high-technology
purposes such asmicroelectronics, photo- and stereolithography,
and halographic data storage media. Free radical polymerization
is still the most widely used process in those applications, which
utilizes photoinitiators generating radicals through cleavage and
hydrogen abstraction reactions. Recent developments of new
photoinitiating systems for cationic polymerization acting in the
near-UV and visible spectral region indicate that the cationic
mode would also find wider application in the near future.
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