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Abstract:   

 

A short review on the role of photocatalysts in photopolymerization reactions is 

presented. A special emphasis is done on photoredox catalysts leading to i) high performance 

initiating systems for polymerization upon low light intensity for the use of light emitting 

diodes (LEDs) and/or visible light or ii) Controlled Radical PhotoPolymerization (CRP2) 

processes with formation/reactivation of dormant species triggered by light. 
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Abbreviations: 

 

CRP2  Controlled Radical PhotoPolymerization 

PI  Photoinitiator 

LED  Light Emitting Diode 

PIS  Photoinitiating System 

PS  Photosensitizer 

FRPCP Free Radical Promoted Cationic Polymerization  

PC  Photocatalyst 

FRP  Free Radical Polymerization 

CP  Cationic Polymerization 

PEff   Photoinitiation efficiency  

PAb   Polymerization ability 

i   Quantum yield  

Iabs   Absorbed energy  

Rp  Polymerization rates 

kp
 
  Propagation rate constant 

kt  Termination rate constant 

EY  Eosin Y 

DH  Hydrogen donor  

A   Electron acceptor 

NVK  N-vinyl carbazole 

CRCP  Concomitant Radical/Cationic Polymerization 

MPC  Metal based photocatalyst 

OPC  Organic photocatalyst  

Ph2I
+  

Iodonium salt 

AH  Amine 

ATRP  Atom Transfer Radical Polymerization  

MB
+  

Methylene blue 

LMB  Leuco-methylene blue 

DIPEA  Diisopropylethylamine 

MMA  Methyl methacrylate 

EDB   Ethyldimethylaminobenzoate 
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PBN  Phenyl-N-tert-butylnitrone 

ESR  Electron Spin Resonance 

NMP   Nitroxide Mediated Polymerization  

RAFT   Reversible-Fragmentation chain Transfer  

OMRP  Organometallic Radical Mediated Polymerization  

ITP   Iodine-Transfer Polymerization  

TERP   Tellurium mediated Radical Polymerization  

CRP  Controlled Radical Polymerization 

ICAR  Initiators for Continuous Activator Regeneration 

AGET  Activators Generated by Electron Transfer 

GAMA Generation of Activators by Monomer Addition 

PET-RAFT  Photoelectron Transfer RAFT  

MF ATRP  Metal-Free ATRP 

Ph-PTZ 10-phenylphenothiazine 

RCMP  Reversible Complexation Mediated living radical Polymerization 
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1 - Introduction 

Photopolymerization reactions are already encountered for applications in various 

industrial sectors e.g. Radiation Curing (coatings, adhesives, inks, paints, graphic arts, 

composites…),
[1]

 microelectronics,
[2]

 Laser Direct Imaging technology,
[3]

 Computer-To-Plate 

processing, 3D printing through the stereolithography approach,
[4]

 holographic recording and 

information storage,
[5]

 manufacture of optical elements,
[6]

 dentistry,
[7]

 medicine (e.g. surgical 

glue),
[8]

 design of structured materials on the nanoscale size and imaging areas.
[9]

 

In addition, the photopolymerization area presents important economic and 

environmental advantages since this process does not require the use of solvents, is low 

energy consuming and proceeds at room temperature with very short reaction times.
[10]

 

The photopolymerization process is induced by a photoinitiator (PI) or a PhotoInitiating 

System (PIS) which, under irradiation, generates active species initiating the polymerization 

according to a radical or a cationic mechanism, and more rarely an anionic one (Scheme 1).
[11]

 

A photopolymerization reaction can be initiated through different pathways. For rather 

classical systems, PI can produce the active radical species via (i) a homolytic bond cleavage  

for Type I photoinitiators or (ii) through hydrogen abstractions with hydrogen donors (also 

called a co-initiators) for Type II photoinitiators. The sensitization of the photoinitiator 

through the use of a photosensitizer (PS) is also possible and can be an interesting process to 

shift the light absorption properties of the PS/PI system vs. PI alone (Scheme 1).
[10a, 12]

 

 

Scheme 1. Type II photopolymerization mechanism and potential use of a photosensitizer 

(PS). 
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Type I or Type II photoinitiators generate radical species which widely react on the 

double bonds of vinyl monomers and initiate the radical polymerization. Cationic 

polymerizations are usually preceded by photolysis of onium compounds (iodonium, 

sulfonium, pyridinium, diazonium, pyrylium, etc) and the resulting cationic species or strong 

acids initiate a ring opening polymerization on epoxides
[13]

 or oxetanes
[14]

 or react on double 

bonds of vinyl ethers, vinyl carbazole or styrene.
[10a, 15]

  

However the two-component Type II systems are usually characterized by a rather 

moderate reactivity due to numerous kinetic limitations (bimolecular reaction, back electron 

transfer, radical recombination and parallel production of inefficient radical able to terminate 

a growing polymer chain) and therefore cannot replace the Type I system used in UV-light 

activated polymerization where reaction rate is a primarily consideration.
[10a]

 

To overcome these restrictions, additional components were introduced in the system. 

Indeed multi-component systems increase the yield of initiating radicals by converting 

terminating radicals (generally PIH
•
, Scheme 2) to new initiating species.

[10a, 16]
 Generally, 

three-component initiator systems consist of a PI, an electron/hydrogen donor DH and an 

electron acceptor A (an oxidation agent that is classically an iodonium salt), where the A 

increases the photopolymerization kinetics, by consuming an inactive PIH
•
 radical to produce 

another active radical A
•
, thereby regenerating the original PI and limiting the concurrent 

production of inefficient radicals (Scheme 2). The initiating radical quantum yield for three-

component system are increased by a factor two (only D
• 

initiate the polymerization for 

PI/DH compared to both D
•
 and A

•
 for PI/DH/A).

[11, 16-17]
 

 

 

Scheme 2. Example of three-component systems (PI/DH/EA). 

 

An ultimate improvement of three-component initiator systems was achieved when the 

PIs were regenerated during the process (Scheme 2) and consequently behave as 

photocatalysts (PC).
[10a, 18]

 The photocatalyst in PIS can be very worthwhile for the access to 

very efficient systems since the PC is regenerated in the catalytic cycle and, therefore, a low 
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amount is necessary and/or a low light intensity is necessary (i.e. through an increase of the 

photosensitivity of the system). 

Recently, the utilization of photocatalysts (PCs) (both metal-based structures or organic 

molecules) in photoredox catalysis processes has emerged as an innovative strategy in organic 

synthesis for the generation of free radicals upon soft irradiation conditions (daylight, LED 

bulbs ...).
[19]

 Newly introduction of PCs in photo-initiating systems has permitted to open 

important perspectives in radical and cationic polymerization.
[18b, 20]

 In particular the use of 

PCs does not required expensive and specialized photochemical equipments since these 

systems are efficient with low light intensity and light emitting diodes or other cheap 

irradiation devices can be used, as well as the sunlight (see below).  

In this review, we present the development and the associated chemical mechanisms of 

the most recent photocatalytic systems applied in photopolymerization reactions, i.e. for i) 

free radical and/or cationic polymerization
[21]

 and ii) the controlled radical 

photopolymerization CRP2.
[22]

 

 

2 - Specific and basic questions about photoinitiating systems (PISs) 

To operate, a photocatalyst must have at least one photosensitive function, called a 

chromophore, to absorb the light (photons) and consequently to convert the light to active 

species (radical, cations ...) able to initiate a polymerization reaction. Three properties of PCs, 

i.e. light absorption, redox potentials and long lifetime of excited states, are decisive for the 

efficiency of the photopolymerization process. 

 

2a) Generalities of the PIs 

Accordingly, the photopolymerization using a given PI system depends of the 

relationships between the photoinitiation efficiency PEff and the polymerization ability PAb. 

The PAbs are visualized by the polymerization rates and the final conversions of the monomer 

whereas PEffs are reflected by the initiation quantum yield i. This i term corresponds to the 

number of starting polymer chains per absorbed photon; it is connected to the rate constants of 

the reactions leading to the initiating species or to competitive detrimental quenchings of the 

excited states generated after light absorption by the PI. The polymerization rates are 

dependent on the rate constants of the polymerization, the initiation quantum yield i and the 

amount of absorbed energy Iabs (Iabs = I0 (1-10
-cl

) (where Io stands for the incident light 

intensity of the source, the molar extinction coefficient of PI, l the path length and c the PI 
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concentration). The final conversions usually increase with the polymerization rates. The 

possibility to have high polymerization rates (and high conversions) are achieved using (i) 

highly absorbing (high valueand (ii) very reactive (high i value) PIs or/and high intensity 

light sources and high PI concentrations. 

 

2b) Properties of photocatalysts: Absorption 

Photocatalysts are characterized by an absorption spectrum in the UV, visible, or very 

near-infrared wavelength range corresponding to electronic transitions, in particular 

HOMOLUMO transitions, after absorption of photons by the various functions of their 

skeleton.  

Firstly, the absorption spectrum of a PC must exhibit the best possible matching with 

the emission spectrum of the light source and the highest values (max. Therefore, the choice 

of the PC is strongly connected with the light sources required and the application 

(conventional devices and novel irradiation sources such as LEDs and laser diodes). The 

design of visible light harvesting PCs is an attracting and key challenge.
[23]

 Nowadays, a key 

research direction concerns the photopolymerization under softer irradiation conditions (near 

UV or visible light as well as rather low light intensity).
[24]

 Indeed, near UV or visible light 

sources are safer, cheaper and penetrate deeply in thick samples. (Quasi)monochromatic 

sources (e.g. 385, 395, 405, 420, 455, 470, 477, 512, 532, 635 nm etc …) using Light 

Emitting Diodes (LEDs) and laser diodes, polychromatic light using household halogen lamps 

or fluorescent bulbs can be accessible. These irradiation devices (particularly LEDs) are also 

environmentally friendly (low energy consumption, no Hg involved, no ozone released, high 

lifetimes ...).
[24]

 

Numerous methods have been used to reduce HOMO-LUMO gap and consequently to 

increase the absorption of less energitic photons, in other words to absorb light at higher 

wavelength. Amongst them, elaboration of organometallic compounds,
[25]

 push-pull 

molecules
[26]

 (that consist of an electron donating group and an electron withdrawing group 

coupled through a -conjugated spacer) and highly conjugated -systems
[27]

 allowed to obtain 

photocatalysts exhibiting an absorption in a visible range with high molar extinction 

coefficients.  
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2c) Properties of photocatalysts: Reactivity  

Consequences of HOMO-LUMO transitions induced by light absorption, electron 

donation/acceptation properties of the excited state PCs are dramatically modified which 

highly affects the redox potentials of the PC.
[23b, 28]

  

For example, the redox potentials of Ru(bpy)3
2+

 and Eosin Y (EY, Figure 1), estimated 

at the excited state, illustrate the highly favourable reducing and oxidizing potentials of these 

photoinitiators (Figure 1).
[19c, 29]

 

               

Ru(bpy)3
3+ *Ru(bpy)3

2+

Ru(bpy)3
3+ * Ru(bpy)3

2+

*Ru(bpy)3
2+ * Ru(bpy)3

+

Ru(bpy)3
2+ * Ru(bpy)3

+

E°(V)

*EY * EY

EY + * EY

EY + *EY

E°(V)

EY * EY 

PI at the excited state 

PI at the ground state 

+ 1.29 V

+ 0.77 V

 0.81 V

 1.33 V

+ 0.83 V

+ 0.78 V

 1.06 V

 1.11 V

 

Figure 1. Reducing and oxidizing potentials of Ru(bpy)3
2+

 and Eosin Y (vs Saturated Calomel 

Electrode).
[19c, 29]

 

 

Finally, in its excited state, the photocatalyst presents highly reactive redox potentials, 

with respect to its ground state, allowing to react efficiently with oxidation and reduction 

agents in catalytic cycles to generate the active initiating species (radical and cations).  

But photocatalytic reactions need also intermolecular interactions and so, required a 

long lifetime excited states (singlet or triplet, Figure 2)
[30]

 of PC* that can be quenched by a 

donor or an acceptor for an efficient production of initiating species. As illustrated in a 

Jablonski’s diagram
[31]

, the light absorption of the chromophore induced new electronic states 

(Figure 2). The excited triplet state of Type I PIs presents, in general, a very short lifetime (in 

the ps domain) which is characteristic of an efficient homolytic bond cleavage; this lifetime is 

too short to allow a reaction between the PI* and a acceptor or a donor (Figure 2). Having 

reasonable excited states, the PC* can react with an electron/hydrogen donor, e.g. an 

amine,
[10a]

 a silane,
[32]

 a germane,
[32-33]

 or can react with an electron acceptor, e.g. an 

iodonium salt,
[13a, 34]

 an alkyl halide
[16]

 or a vinyl ether to initiate a ring opening metathesis 

polymerization as reported recently.
[35]

 Consequently the design of PC presenting long 

lifetime exited states is a key parameter for efficient biomolecular PC*/additive reactions and 

therefore for an effective photocatalytic system.  
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Photocatalyst – Ground state

Singlet*

Triplet*
Light

absorption

Energy

 Electron transfer

 Proton transfer
 Energy transfer

I.S.C

Polymerization 

initiating species

Donor/Acceptor

 

 

Figure 2. Perrin-Jablonski’s diagram; example of a reactivity from a triplet state.  

 

Finally, the efficiency of the photocatalyst depends of its high photoluminescence 

quantum yield, fine balance between high reactivity at the excited state (ability to induce an 

electron/hydrogen transfer with a donor/acceptor) and a long lifetime excited state to undergo 

the intermolecular reactions but also a good reversibility minimizing the by-side reactions. 

 

3- PCs in photopolymerization reactions 

3a) PC based systems 

Photoredox catalysts are now widely used in organic chemistry under very soft 

irradiation conditions.
[19b, 19d, 23a, 36]

 The mechanisms involved in PC systems basically lie on 

oxidation and reduction cycles with PC*/PC
-I
 (reductive pathway) or PC*/PC

+I
 (oxidative 

pathway) couples (Scheme 3).
[18b, 20b]

  

  

 

Scheme 3. Reductive and oxidative photoredox catalytic cycles.  
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In polymerization, the regeneration of the absorbing compound, while keeping a high 

reactivity/efficiency, is a major issue. Three factors appear to be very important: i) a long 

lifetime of the excited state (*PC) to favour the PC*/A or PC*/D quenching reactions, ii) 

adapted redox potentials also for efficient electron transfer reaction in the catalytic cycles 

presented in Scheme 3 and iii) a good reversibility in redox process to minimize the 

degradation of PC
●+

 and PC
●-

 for a good regeneration of the catalyst (see above).  

The successful results are undoubtedly related to the precise mixtures of several 

components which act as PC* reductants or oxidants. Mainly, three systems have been 

designed for high performance Photoredox catalytic polymerization: i) the 

PC/amine(AH)/alkyl halide system; ii) the PC/iodonium salt (Ph2I
+
)/silane system and iii) the 

PC/iodonium salt (Ph2I
+
)/N-vinylcarbazole system.  

In the three components system PC/amine/alkyl halide (Scheme 4), the amine reacts as a 

PC* reductant to generate the PC
•-
 species. Indeed aliphatic amines are efficient and well-

known electron sacrificial donors in numerous redox systems.
[37]

 As a side reaction, the 

resulting radical species (AH
•+

 in Scheme 4) can undergo an additional H-abstraction to 

generate an amino-radical species which widely initiates a polymerization but lead to the 

degradation of PC. Fortunately in most cases, the PC
•-
 species reacts with the alkyl halide, 

usually a phenacyl bromide as R-Br or chlorotriazine R-Cl,
[20b]

 to generate a phenacyl 

bromide radical anion intermediate (R-Br
•-
) and the initial PC. The initiating phenacyl radical 

(R
•
, Scheme 4) is produced from the degradation of (R-Br)

•-
 and initiates the free radical 

polymerization of acrylate and methacrylate monomers.
[20b]

  

 

Scheme 4. Reaction mechanisms for the PC/amine/phenacyl-Br system. 

 

In contrast, the PC/iodonium salt (Ph2I
+
)/silane (R3SiH) (or N-vinylcarbazole NVK 

instead of silane) follows an oxidative pathway (Scheme 5). Acting as an oxidant, Ph2I
+
 reacts 
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with the PC* species. The unstable radical Ph2I
•
 breaks into PhI and the polymerization 

initiator Ph
•
. Then, a silyl radical R3Si

•
 and a silylium R3Si

+
 are formed through subsequent 

Ph
•
/R3SiH hydrogen abstraction and R3Si

•
/PC

•+
 interaction, respectively and the PC is 

regenerated. Both initiating radicals (R3Si
•
), and cations (R3Si

+
) or radical cations (PC

•+
) are 

still formed (Scheme 5). In PC/Ph2I
+
/NVK, Ph

•
 reacts on the NVK double bond and the 

resulting electron rich NVK derived radical is oxidized by Ph2I
+
/or PC

•+
.
[15a, 38]

 These three-

component systems behave as efficient dual sources of radicals and cationic species for free 

radical polymerization FRP, cationic polymerization CP, free radical promoted cationic 

polymerization FRPCP, and for a concomitant radical/cationic polymerization CRCP for the 

access to interpenetrating polymer networks.
[16]

 

  

Scheme 5. Reaction mechanisms for the PC/Ph2I
+
/R3SiH system. 

 

Various experimental conditions (UV/visible lights, monochromatic/polychromatic 

lights, high/low intensity, thin/thick films, high/low viscosity media, aerated/de-aerated 

conditions…) can be used.
[10a, 39]

 Trends of development are obviously tightly linked to the 

application areas. In this optic, the photocatalytic systems must ensure: i) a visible light 

absorption depending on the PCs, ii) the possible use of  polychromatic lights (lamps) or 

monochromatic lights (LEDs, laser diodes), ranging from the UV to the green (sometimes up 

to the red), even delivered by low light intensity sources such as sun or household devices, iii) 

the generation of radicals, radical cations or cations whatever the absorbing compound (the 

FRP, CP and FRPCP reactions as well as CRCP of acrylate/epoxide blends,
[40]

 or thiol-ene 

polymerization
[41]

 under 10-100 mW/cm
2
 irradiation in the visible wavelength range 

becoming feasible), iv) a more or less partial recovery of the PC, v) the search for more 

efficient photocatalytic systems through the use of novel additives (leading to more reactive 
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initiating species), vi) the quest for photocatalytic systems less sensitive to the oxygen 

inhibition (e.g. silane derivatives present a beneficial effect towards the oxygen inhibition),
[42]

  

vii) the design of more reactive PCs through a careful modification of existing structures or 

the proposal of innovative novel architectures, viii) the introduction of suitable substituents 

for enhanced properties (handling, solubility, (bio)compatibility, extractability, 

hydrophobicity/hydrophilicity, low migration…). 

The PCs can be metal based photocatalysts (MPC) e.g. ruthenium, iridium, platinum, 

copper or iron complexes or metal free organic photocatalysts (OPC) e.g. organic dyes 

(methylene blue) or poly-aromatic compounds. Despite numerous works aiming at restricting 

the use of MPCs to avoid metal residues in the final polymers, only a few OPCs are known. 

[20b]
 

3b) Metal-based photocatalysts MPCs 

Metal-based photocatalysts MPCs are today widely used in photocatalysis because they 

present excellent visible-light absorptions, long lived excited states, suitable redox potentials 

associated with good reversibility (for favourable electron transfer reactions) as well as large 

possibilities of ligand modifications that allow tuneable absorptions from the UV to the red 

LED irradiation wavelength. 
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Figure 3. Ruthenium, iridium, platinum, copper and iron photocatalysts in polymerization. 

 

The ruthenium and iridium MPCs (as exemplified in Figure 3) can react via an oxidative 

mechanism when they are included in a PC/Ph2I
+
/R3SiH system

[43]
 (Scheme 5) or, on the 

opposite, can operate via a reductive pathway, are operative through an reductive cycle where 

they are included the MPC/AH/alkyl halide system (Scheme 4).
[20c, 44]

  

Finally Ru(II) and Ir(III) complexes have shown high activities for the FRP of 

acrylates,
[20c, 43a]

 the CP of epoxides,
[44c, 45]

 the FRPCP of N-vinylcarbazole,
[38]

 epoxides or 

renewable cationic monomers.
[44c]

 

Usual Ir and Ru-based complexes present a rather weak visible absorption. 

Incorporation of selected ligands (Figure 3) led to both a better reactivity and longer 

wavelength absorptions.
[18b, 20c]

 The reactions were carried out upon exposure to various 

visible sources (Xe lamps, LEDs, laser diodes, household halogen lamps and fluorescent 
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bulbs, even sun…) from the UV to the red. Low light intensities and low viscosity media are 

usable. Typically, monomers in 25 µm aerated films or in laminate conditions were easily 

polymerized. 

Presenting long triplet state lifetimes and high visible-light absorptions, platinum 

complexes are very promising photocatalysts for polymerization (Figure 3). Recent works 

highlighted the high performances of the three-component system Pt(II) 

complex/silane/iodonium salt under visible irradiation for both radical and cationic 

polymerizations (Scheme 5) of acrylate and epoxide monomers, respectively.
[46]

   

Beside the high photocatalytic activities of Ru, Ir or Pt complexes, low cost metal 

complexes including iron,
[47]

, copper,
[47b]

 zinc
[48]

 and titanium
[49]

 have received an increasing 

interest.
[20b]

 Indeed, Cu and Fe complexes are well known catalysts in atom transfer radical 

polymerization ATRP (see below)
[50]

 but recently their photocatalytic properties have been 

highlighted in free radical and cationic photopolymerization.
[47b, 51]

 The copper complexes 

bearing a bis(2-(diphenylphosphino)phenyl)ether chelate (Figure 3), to enhance their excited-

state lifetimes,
[52]

 presented unprecedented photocatalytic activities in photopolymerization of 

acrylate and epoxide monomers using visible LEDs.
[53]

 Even their low excited state 

lifetime,
[54]

 the iron complexes bearing iminopyridyl ligands (Figure 3) acted as efficient 

redox photocatalysts in FRP,
[55]

 in particular when photo-sensitive functions such as pyrene 

were linked to the ligands (Figure 3).
[20a]

 More interestingly, in the presence of sacrificial 

electron donor such as amine (Scheme 4), a living character was observed for the acrylates 

and methacrylates radical polymerization using iron-based PCs (see below).
[20a]

     

Following a different photo-activation mechanism than redox catalysts, arene-type or 

carbene-type ruthenium complexes were effective PCs of ring opening metathesis 

polymerization under UV.
[56]

 In that case, the redox potential of the metal centers was not the 

key point of the activation but the irradiation induced coordination modifications, such as 

ligand elimination
[57]

 or reductive elimination,
[58]

 which generated the active catalytic species 

and initiated the olefin polymerization.
[59]

     

 

3c) Organophotocatalysts (OPCs) based systems  

The development of metal-free organophotocatalysts OPCs
[60]

 is currently a very 

important issue in order to restrict the utilization of metal-based PCs which are expensive, 

rather toxic and must be removed from the synthesized polymer. Two families of OPCs were 

mainly reported in photopolymerization: the organic dyes and the polyaromatic compounds. 
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Organic dyes are widely exploited in three-component polymerization systems
[16]

 but 

their short-term storage stability
[61]

 and their degradability during the polymerization 

process
[62]

 limits their utilization in catalytic amounts. The methylene blue 

MB
+
/amine/iodonium salt combination is a well-known system to generate phenyl radicals for 

FRP through the reductive quenching of excited state MB
+
* with the amine (scheme 6).

[63]
 

More interestingly, an elegant work has reported the FRP of (meth)acrylates initiated by this 

visible-light three-component system via an organic photoredox catalytic mechanism.
[64]

 

Moreover, the authors discovered that the polymerization can extend beyond the irradiation 

area and even after very long times. The originality consisted in the formation of the closed-

shell leuco-methylene blue (LMB) by two-electron transfer and one proton from the 

degradation of the sacrificial sterically-hindered diisopropylethylamine (DIPEA, Scheme 6) 

under visible light.
[64]

 Then, when the light was switched off, LMB slowly reacted with 

iodonium salt to liberate phenyl radicals to initiate the FRP of methyl methacrylate MMA 

(Scheme 6) and the dye was regenerated. Therefore, this system allowed the storage of light 

energy in a metastable closed-shell species (LMB) and an energy release in the dark. In 

addition, the polymerization of thick coatings was shown.
[64]

  

 

Scheme 6. Reaction mechanisms for the MB
+
/DIPEA/Ph2I

+
 system.

 

 

Recently, polyaromatic compounds, e.g., pyrene derivatives,
[65]

 carbazole derivatives,
[65-

66]
 N-alkyl phenothiazine (H-PTZ, Me-PTZ, Figure 4),

[66]
 naphtacene,

[18a]
 

bis[(triisopropyl)silyl]-anthracene (Anth-Si2),
[66-67]

 bis[(triisopropyl)silyl]pentacene (Pent-

Si2),
[18a]

 truxene derivatives
[40, 68]

 and triazine derivatives (Figure 4),
[65, 69]

 have been proposed 

as OPCs for polymer synthesis.  
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Figure 4. Organic photocatalysts (OPCs) for photopolymerization reactions. 

 

 In most cases, hydrocarbon derivatives included in a OPC/Ph2I
+
/R3SiH system operated 

through an oxidation cycle (Scheme 5) to liberate R3Si
+
 initiators for the ring-opening 

polymerization of epoxides.
[40, 67]

 In addition, following a reduction cycle, these compounds 

included in the OPC/AH/alkyl halide (e.g. Phen-Br) system were able to generate phenacyl 

radicals and consequently to initiate the FRP of acrylate monomers.
[18a]

 Moreover, a careful 
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modification of their -hydrocarbon backbone allowed a tunable absorption over the whole 

visible range thus their sensitivity to light emitted by soft irradiation sources.
[18a]

   

Less common, some polyaromatic compounds included in the OPC/AH/alkyl halide 

(e.g. Phen-Br) system work through an oxidation cycle. This is the case for truxene-

acridinedione Tr-AD (Figure 5B). This mechanism was elucidated by spin-trapping EPR 

experiments which showed the formation of a high concentration of phenacyl radicals 

(PhC(O)CH2
●
) species when a mixture of Tr-AD, Phen-Br and an amine 

(ethyldimethylaminobenzoate, EDB) was irradiated in the presence of phenyl-N-tert-

butylnitrone (PBN, Figure 5A).
[68]

 The study concluded that the interaction of excited state 

Tr-AD with the alkyl halide was much more favourable than its interaction with the amine.
[68]

 

exp

simulated

aN = 14.6 G
aH = 4.5 G

ESR spectrum

A. B.

 

Figure 5. A. spin trapping ESR experiments of Tr-AD/Phen-Br/EDB under irradiation and B. 

the proposed photocatalytic polymerization mechanism.   

 

4- Photocatalysts (PCs) in controlled radical photopolymerization reactions 

 

4a) Controlled Radical PhotoPolymerization (CRP2) 

 

The control of the radical polymerization is a major issue for the macromolecular 

engineering in order to produce polymers with (i) a narrow mass distribution, (ii) a predicable 

molar mass, (iii) to preserve the chain-end fidelity, (iv) re-initiation properties for the access 

to complex architectures (block co-polymers ...).
[70]

 During the radical polymerization side 

reactions, leading to polymer death, occur such as polymer radical coupling or polymer 

radical dismutation.
[70a, 70b]

 To avoid such reactions, a radical trapping agent is added to react 

with the growing polymer chains affording the dormant species but, to maintain the living 

polymerization, this reaction must be reversible.
[71]

 The main CRP processes are Atom 

transfer radical polymerization ATRP,
[72]

 nitroxide mediated polymerization NMP,
[70b]

 

reversible-fragmentation chain transfer RAFT,
[73]

 Organometallic radical mediated 
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polymerization OMRP,
[70a, 74]

 Iodine-Transfer Polymerization ITP
[75]

 and Tellurium mediated 

radical polymerization TERP.
[76]

 While these CRP processes adopt very different chemical 

strategies, the balance between de-activation of radical chains and re-activation of the 

dormant species remains the main issue of the CRP. The thermal activation is the most 

efficient mode to liberate the radical polymer chains from the dormant species but this method 

is far to be universal since the temperature has a high impact on the polymerization rates and 

high temperatures, required to re-activate very stable dormant species, generate the 

degradation of the polymers, the monomers and the controlling agents.
[10j, 77]

  

CRP2 appears to be a unique approach to the access to new radical polymerization 

conditions (low temperature, spatial control, sun light irradiation, utilization of photocatalysts, 

...).
[8a, 10j, 20d, 78]

 Since a photon source is required to reactivate the dormant species, light 

irradiations act as an “on/off” director 
[77, 79]

 for a temporal control of the polymerization and 

giving access to multilayer materials.
[20a]

 Moreover, CRP2 is a powerful tool for spatial 

control, surface (micro)patterning, grafting and surface modifications since the 

polymerization can be precisely reinitiated only under the light irradiated area.
[10j, 80]

 CRP2 

can be an unique technique to combine the advantages of CRP processes (presence of 

dormant species) to those of photochemical reactions. 

 

4b) ATRP 

 

ATRP is based on the reversible halide termination of the radical active species.
[72b, 81]

 

The atom transfer agent liberates the radical species by trapping this halide. The most efficient 

atom transfer agents are the copper complexes.
[82]

 The recent advances in ATRP allow to 

regenerate the initial Cu(I) atom transfer agent using reducing agents without affecting the 

control of the radical polymerization and so, in others words, to use the Cu(I) atom transfer 

agent as a ATRP catalyst.
[83]

 

More interestingly, copper complexes present highly interesting photophysical 

properties already exploited in photocatalysis.
[84]

 The first photo-activity of a copper center in 

a ATRP process was described in the beginning of the 2000, and the authors observed higher 

polymerization rates with narrow dispersities for MMA polymerization performed under 

visible irradiation than in the dark.
[85]

 The results inspired new ways in Photo-ATRP with 

Cu(I) complexes as controlling agents in presence of an alkyl dithiocarbamate.
[86]

  

Different chemical mechanisms can be involved probably affected by the ligand in the 

Cu complex. For example, the oxidation of Cu(I) by R-Br has been proposed in an oxidative 
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catalytic cycle.
[87]

 But the Photo-ATRP can also be directed by the reduction of the 

Cu(II)Br2/L species (L = ligand) at the excited state under UV or visible irradiation and 

follows two mechanisms: (i) reductive elimination of a halide radical or (ii) oxidation of a 

sacrificial electron donor, in particular aliphatic amine derivatives
[88]

 or methanol.
[89]

 While 

the Br-Cu(II) homolytic bond photo-cleavage was suggested in the literature,
[79, 90]

 further 

investigations, performed by experimental and kinetic models, showed that this pathway is 

probably not favorable.
[91]

 The regeneration of Cu(I) activators via oxidation of amines was 

clearly established by combining pulsed-laser polymerization and high resolution mass 

spectroscopy
[92]

 and is consistent with the activators regenerated by electron-transfer 

(ARGET) ATRP process.
[91]

 This mechanism explained the excess of amine ligands required 

to maintain the radical polymerization since a part of the ligands is oxidized during the photo-

process.
[93]

 Moreover, the radical species resulting of the amine oxidation can act as 

polymerization initiators or regenerating agents in an ICAR ATRP pathway (Scheme 7). In 

addition, the in-situ photo-reduction of CuBr2 to Cu(I) atom transfer agent in the presence of 

amine
[88a, 93-94]

 or, more recently, sodium formate
[95]

 is an elegant strategy to initiate the ATRP 

polymerization of various monomers including methacrylate or acrylate without the addition 

of air sensitive Cu(I) complexes and at low temperature. For a greener approach of the photo-

ATRP, the CRP2 of oligo(ethylene oxide) methyl ether methacrylate was conducted with 

success in solution in water using ppm concentrations of copper catalyst and under a 392 nm 

wavelength irradiation.
[96]

   

In another way, photo-initiators
[78b, 97]

 or more interestingly organic photo-redox 

catalysts such as eosin Y
[98]

 can be used to initiate a photo-induced ICAR ATRP process but 

in that case the copper center cannot be considered as a real photo-active catalyst.
[99]
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Scheme 7. Example of mechanisms for the photoinduced Cu-based ATRP. 

 

While copper complexes are efficient catalysts for ATRP, iron complexes are up-and-

coming controlling agent in ATRP since they are inexpensive, abundant and non-toxic.
[50a, 50b]

 

ATRP mechanisms using iron complexes are very similar to copper ATRP,
[50a, 50b]

 allowing 

the utilization of catalytic amounts of iron controlling agents via ICAR ATRP or AGET 

ATRP and also via generation of activators by monomer addition GAMA ATRP.
[100]

 But, in 

contrast to copper complexes, iron complexes usually present a low excited state lifetime
[54]

 

which is a dramatic limitation for application in photocatalysis. On the other hand, the CRP of 

MMA from the in-situ photo-reduction of FeBr3 to FeBr2 initiator was also reported; this 

latter reaction is associated with the formation of BrCH2CMeBrCO2Me under UV irradiation 

(Scheme 8).
[101]

 In addition, the CRP of MMA was achieved by photo-induced AGET ATRP 

using a FeCl3/bipyridine complex and methanol or ethanol as reductive agent under UV.
[102]

 

Recent articles reported the CRP of methacrylate using catalytic amounts of iron(II) 

complexes under visible irradiation. For instance, iron complexes bearing bipyridine
[55]

 or 

iminopyridine ligands (see Figure 3)
[20a]

 induced a CRP process of methacrylate monomers 

and allowed the synthesis of PMMA-b-P(benzyl methacrylate) or PMMA-b- P(butyl acrylate) 

bloc copolymers, respectively. Moreover, controlled surface patterning has been made 

possible using Fe(II)-iminopyridine complexes as CRP photocatalysts.
[20a]
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Scheme 8. Photoinduced FeBr3-based ATRP. 

 

Very recently the family of photo-redox metal catalysts for ATRP was enlarged to gold 

complexes. Having a low redox potential at the excited state, a dinuclear gold complexes 

proved to be a versatile catalyst able to control the radical polymerization of various 

monomers including methacrylates, triacrylates and fluorinated acrylates under UV or visible 

light.
[103]

        

 

 

4c) RAFT 

The development of reversible-fragmentation chain transfer RAFT afforded a great 

impulse to controlled radical polymerization and gave access to large families of new 

polymeric materials.
[73a]

 RAFT polymerization is based on the degenerative chain transfer 

operating on dithiocarbonate (a), xanthate (b), dithiocarbamate (c) or trithiocarbonate (d) as 

controlling agents, in the presence of a slight excess of radical species.
[73c]

  

Very recently, an elegant and powerful methodology for CRP2 by photoelectron 

transfer RAFT (PET-RAFT) has been proposed.
[104]

 This strategy allows the polymerization 

without addition of radical since the RAFT controlling agent is temporary neutralized by 

electron transfer from a photocatalyst (Scheme 9).
[104-105]

 The high absorbance under blue 

LED sources (435 or 460 nm) and the high reduction potential of Iridium or Ruthenium 

complexes made them very efficient photocatalysts for PET-RAFT with various RAFT 

agents.
[106]

 PET-RAFT permitted to control the radical polymerization of a wide range of 

monomers in particular unconjugated monomers such as vinyl esters and N-vinylpyrrolidone 

with a high tolerance to oxygen.
[107]

 Organic dyes, namely rhodamine, fluorescein, eosin Y, 

nile red, methylene blue, 4-cyanopentanoic acid dithiobenzoate or 10-phenylphenothiazine 

(Ph-PTZ, Figure 4), were evaluated as photocatalysts in PET-RAFT under soft irradiation 

LEDs (461, 530 or 635 nm LED)
[108]

 or fluorescent lamp.
[109]

 Moreover, PET-RAFT using 
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eosin Y proved to be air tolerant in the presence of triethylamine as electron sacrificial 

donor.
[108]

 Markedly in that case, eosin Y induced a reductive pathway and generated the 

Et3N
•+ 

radical cation and the EY
•-
 species which finally reacted with dissolved oxygen.

[108]
 In 

the optic to achieve CRP under very soft irradiations (635 nm), a zinc(porphyrin) 

complex,
[110]

 was an efficient photocatalyst for PET-RAFT under mild conditions. Moreover, 

a thiocarbonylthio RAFT agent bearing a porphyrin group led an efficient donor-acceptor 

photoredox catalyst for PET-RAFT under green and red LED with better performances (i.e. 

higher polymerization rate) than the RAFT agent associated with a free porphyrin 

photocatalyst.
[111]

 A green expansion of the PET-RAFT was the utilization of chlorophyll as 

photocatalyst to perform the CRP of various monomers (acrylates, methacrylates, N-

alkylacrylamides) under a 635 nm irradiation.
[112]

 Ultimately, new levels of CRP2 were 

accomplished when the PET-RAFT was achieved under far-red (780 nm) or near-infrared 

(850 nm) and low light intensity (up to 5 mW/cm²) using bio-photocatalysts 

bacteriochlorophyll a.
[113]

 These results open new perspectives for polymerization in 

biological media which required deep penetrating and non-destructive light irradiation.    

Finally, the utilization of PET-RAFT techniques with Ir or Ru photocatalysts permitted 

to expand the CRP in aqueous media,
[114]

 in particular for miniemulsion polymerization
[115]

 

and in organic dispersion to prepare polymer nanoparticles by polymerization-induced self-

assembly
[116]

 under visible irradiations. 

Definitively PET-RAFT using photocatalysts is a great extension of the RAFT process,
[117]

 

providing significant advantages such as the absence of additional sources of radical initiator, 

high activities with minimal concentrations of PCs, low temperature reactions, a spatial and 

temporal control of the polymerization and the first near-infrared-CRP2 process.
[113]

 

 

Scheme 9. Photoelectron transfer reversible-fragmentation chain transfer PET-RAFT. 
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4d) Photo-redox catalysts induced CRP  

Beyond the expansion of ATRP or RAFT processes into Photo-induced CRP under UV 

or visible irradiation, the literature shows that Photo-redox catalysts can also directly induce 

CRP. 

Recently, the high performances of Ir complexes in CRP of methacrylate or acrylate 

monomers under UV or visible irradiations were demonstrated.
[118]

 The authors suggested that 

Ir(ppy)3, at the excited state, reacted with alkyl-bromide dormant species (Scheme 10). 

Remarkably, to induce a controlled radical polymerization, the first step of the photocatalytic 

cycle must be the reaction between the Ir(III)
 
complex at the excited state and the alkyl-halide 

initiator via an oxidative pathway (Scheme 3) to liberate the active radical species and to 

afford a Ir(IV)-Br intermediate (Scheme 10).
[119]

 This mechanism, oxidative vs reductive, was 

suggested from spin-trapping ESR experiments and it is directed by the redox potential of the 

excited-state Ir(III)* species, which is dramatically affected by the ligands, and the choice of 

the alkyl-Br radical initiator.
[119]

 The remarkable activities of Ir(ppy)3 in photo-CRP allowed 

the surface patterning of poly(MMA) controlled by the visible light irradiation,
[120]

 sequenced 

polymerization of fluorinated methacrylate monomers,
[121]

 in particular using perfluoro-1-

iodohexane as initiator,
[122]

 and sequenced polymerization of functional methacrylate 

monomers in-situ synthesized by enzymatic-catalysed reactions.
[123]

 In the latter case, beside 

the high performances of Ir(III)-based CRP under soft conditions, the authors noticed that key 

parameters such as the light intensity, the irradiation source, the Ir(III) concentration and 

residual compounds affected the CRP results.
[124]

 Finally the Ir(III) photo-induced CRP 

technology was expanded to the production of poly(MMA) in continuous flow microreactors 

under UV.
[125]

 

In parallel of the emerging applications of organic photo-redox catalysts in synthesis, 

the high performances of organic dyes in metal-free (MF) ATRP were also demonstrated.
[78d, 

126]
 For instance 10-pheylphenothiazine (Ph-PTZ, Figure 4), at the excited state under UV 

irradiation, induced the liberation of radical active species via a dissociative electron-transfer 

reaction and the formation of a Ph-PTZ
•+

Br
-
 intermediate (Scheme 10)

[66]
 which then reacted 

with radical chains (Scheme 10), leading to the controlled polymerization of both 

methacrylate and acrylate monomers.
[126-127]

 Density functional theory (DFT) calculations 

suggested that the relative high stability of the Ph-PTZ
•+

Br
-
 intermediate is required to 

generate active radical from the alkyl-bromide and Ph-PTZ* but the deactivation step 

(formation of Pn-Br, Scheme 10) seems to follow an associative electron transfer between the 

Ph-PTZ
•+ 

radical action,
 
the bromide anion and the radical active species (Scheme 10).

[66]
 The 
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recent studies have shown that phenothiazine bearing N-aryl substituents (P-substituted 

phenyl groups, pyridine or naphthalene) were efficient MF ATRP catalysts of MMA 

polymerization because, under UV, they generated 1) a high reducing excited state PC* and 

2) a long life time PC
•+

 species with a strong reduction potential to allow the deactivation of 

radical active species.
[66]

 Finally the scope of monomers controlled by MF ATRP under UV 

was widened to acrylonitrile using phenylphenothiazine derivatives.
[128]

  

Recently, new perspectives to MF ATRP under visible irradiation have been opened for 

the CRP of MMA using perylene as organic photocatalyst.
[129]

  

           

 

Scheme 10. Controlled radical polymerization using photo-redox catalysts. 

 

 

 

4e) Other CRP2 approaches  

Few years ago, pioneer articles described the reversible complexation mediated living 

radical polymerization RCMP of MMA where an organo-catalyst, in particular an amine, was 

able to liberate the radical polymer chains from alkyl-iodide dormant species.
[130]

 Recently, 

this technique has received a new direction to photo-RCMP since various amino-catalysts 

were able to activate the iodide-alkyl dormant species over a huge range of irradiation 

wavelengths (350-750 nm) and to mediate the polymerization of methacrylates (Scheme 

10).
[131]

 In addition tertiary amines can act as photo-redox catalysts in RAFT processes under 

mild UV irradiation.
[132]

           

Dimanganese decacarbonyl (CO)5Mn-Mn(CO)5 was exploited as a radical source in a copper 

photo-ICAR ATRP under sunlight.
[97a]

 In that case, Mn(CO)5
•
 active radicals are generated by 
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homolytic cleavage of the dinuclear complex induce by light.
[133]

 Moreover, Mn(CO)5
•
 

species are also efficient activators in Iodine-Transfer Polymerization ITP
[134]

 and in 

particular for vinylidene fluoride monomers CRP.
[135]

 The ability of Mn(0) complexes to act 

as CRP photocatalysts has been established since the polymerization of vinyl acetate via ITP 

in the presence of a catalytic amount of Mn2(CO)10 did not occur in the dark but led to a CRP 

process under visible light (“on/off” light regulation).
[136]

 Similarly, recent studies have shown 

that Re2(CO)10 is also a promising photocatalyst for ITP of vinylidene fluoride 

monomers.
[135a]

  

 

5-Outlook 

The utilization of photocatalysts as initiators for radical and cationic polymerizations 

has been a leap forward the polymer synthesis regarding the significant decrease of activator 

concentrations currently required in the industrial processes. Furthermore, applied in 

numerous CRP reactions, the photocatalysts allowed a photo-control of the polymerization 

and gave access to low temperature activation modes to widen the range of monomers usable 

in macromolecular engineering.  

The mechanistic investigations highlighted that the competition between the reductive 

and the oxidative pathway of the Ir(III) catalytic cycle directs the catalyst behavior, leading to 

free radical polymerization in the first case and controlled radical polymerization from the 

oxidative reaction of Ir complexes with alkyl-halide derivatives. These investigations have to 

be extended to the various photocatalytic systems for a better understanding of the 

mechanisms and to design more efficient catalysts for free radical/cationic polymerization or 

for CRP2. Despite the unprecedented CRP results obtained using Ir and Ru photocatalysts, the 

current developments have to be focused on the utilization of low cost and eco-compatible 

photocatalysts, in particular iron catalysts and organo-photocatalysts.    

For environmental issues, the next generation of photocatalysts must be able to initiate 

polymerizations under ultra-soft irradiation, i.e. under low intensity red LED or near-infrared, 

and therefore will open new perspectives in medical applications for in-vivo polymerization 

(sutural gels, tissue scaffolds, bone prosthesis) by thiol-ene photopolymerization, complex 

coatings using high penetrating irradiations, industrial polymerization in complex systems 

such high pressure reactors and daily-life utilizations such as 3D printing.  
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