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Abstract: Photoredox catalysis is now well-known in organic synthesis for the formation of free radicals under
very soft irradiations conditions (e.g. sunlight, household fluorescence or LED bulbs, Xe lamp). This method has
been introduced here to the polymer chemistry area to initiate ring opening polymerizations (ROP) or free radical
polymerizations (FRP). The present paper will give an up-to date situation of the photocatalyst achievements in
FRP and ROP.
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1. Introduction

Photoredox catalysis under very soft
irradiation conditions (e.g. sunlight, house-
hold fluorescence or LED bulbs, Xe lamp)
is now well-known in organic synthes-
is.[1–5 and refs herein] In very recent years, this
method has also been introduced for the
synthesis of polymers (see a review in ref.
[6]) i.e. to initiate a ring opening polymeri-
zation (ROP) or a free radical photopolym-
erization (FRP). In this area, the photopol-
ymerization reaction is initiated using pho-
toinitiators (PI, commonly organic PI) that
generate reactive species (radicals, cations,
anions, radical cations, acids, bases) and
are consumed during the light exposure.[7]
The use of organometallic compounds as
PIs has also been reported many years ago
(see a review in ref. [8]) and reintroduced
in some recent papers dealing with e.g. Cr,
Ti, Fe, Rh, W, Ru, Ir-based derivatives. On
this occasion, it appears that a photoredox
catalysis approach can be realized thereby

providing a suitable selection of the pho-
toinitiating system.[9–11] Metal and metal-
free PICs are currently proposed.

This new approach allows the devel-
opment of novel photoinitiating systems
(where the photoinitiator is referred now
as photoinitiator catalyst (PIC)) that bring
new properties such as i) almost no ini-
tiator consumption, ii) photosensitivity to
UV, visible lights, green or red laser lines,
iii) operation under much lower light in-
tensities (household lamps and LED bulbs,
sunlight), iv) easy production of radical
or ionic initiating species for the FRP of
acrylates or the ring opening polymeriza-
tion (ROP) of epoxides, respectively, v)
possible dual behavior (simultaneous gen-
eration of radicals and ions that ensure the
formation of e.g. an epoxy/acrylate inter-
penetrated network IPN). The present pa-
per will briefly summarize the up-to date
situation of the PIC achievements in FRP
and ROP.

2. Photoinitiator Catalysts Working
through an Oxidation Cycle for
ROP

2.1 Chemical Mechanisms
Through light excitation in the presence

of an electron acceptor (eA), the oxidized
form (PIC•+) of the photoinitiator catalyst
PIC is produced (reaction (1)). An electron
donor compound (eD) should be added to
recover the PIC in its initial ground state
(reaction (2)). The choice of suitable eA
compounds being rather complicated, a
cleavable positively charged electron do-
nor A-B+ instead of eA might be used (re-
action (3)). The ease of the radical → cati-
on step (reaction (4)) as well as the nature
of the cationic center remains associated
with the nature of A-B+. For example, us-

ing a Ru complex (e.g. Ru(bipyridine)
3
2+)

as PIC, a diphenyl iodonium salt Ph
2
I+ as

A-B+, a phenyl radical Ph• is formed but the
oxidation reaction of Ph• by PIC•+ is clearly
difficult.[9,10]An improvement of the situa-
tion is obtained by introducing A-B+ and a
hydrogen donor DH into the system. The
PIC/A-B+ electron transfer and the B• for-
mation occur as depicted in reaction (3).
Then, the B•/DH hydrogen abstraction
leads to a new D• radical (reaction (5)) that
can be more easily oxidized by PIC•+ (reac-
tion (6)).

PIC + eA → PIC•+ + eA•- (light) (1)

PIC•+ + eD → PIC + eD•+ (2)

PIC + A-B+ → PIC+• + A-B•

(light) and A-B•→A + B• (3)

B• + PIC+• → PIC + B+ (4)

B•+ DH → D•+ BH (5)

D•+ PIC•+ → D++ PIC (6)

2.2 Examples of Polymerization
Initiating Systems

Typical monomer conversion vs. time
profiles for the visible light-induced ring
opening polymerization (ROP) of an epox-
ide in the presence of the newly developed
PIC based systems are displayed in Fig. 1
and 2.

Based on reactions (3), (5) and (6),
examples of metal-containing pho-
toinitiator catalysts for ROP are
found with Ru or Ir complexes (e.g.
Ru(bipyridine)

3
2+, Ru(phenanthroline)

3
2+,

Ir(phenylpyridine)
3
) as PIC, Ph

2
I+ as A-B+

and a silane R
3
SiH (e.g. tris(trimethylsilyl)

silane: (TMS)
3
Si-H) as DH. Silyl radicals

R
3
Si• and silylium cations R

3
Si+ are formed

in reactions (5) and (6) respectively; an ad-
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ed: they involve an anthracene derivative
(bis[(triisopropylsilyl)ethynyl]anthra-
cene)[10b] as PIC, Ph

2
I+ as A-B+ and

(TMS)
3
Si-H as DH. Using other polycyclic

aromatic hydrocarbons (PAHs) (e.g. pyr-
ene, naphthacene, pentacene) as PIC, Ph

2
I+

as A-B+ and (TMS)
3
Si-H as DH allows

highly efficient ROP processes.[13] A tun-
able absorption of the system is achieved
by a proper selection of the PAHs (from
UV to the red light). This is presumably the
most famous example for an epoxy ROP
under a green (514 nm), yellow (591 nm)
and red (630 nm) LED bulb exposure.

Using 5,12-bis(phenylethynyl)naph-
thacene as PIC (Fig. 2), the oxidative cycle
with (TMS)

3
Si-H and Ph

2
I+ leads to sily-

liums which can easily initiate an epoxy
ROP.[13] Remarkably, this polymerization
reaction is very fast under sunlight.

3. Photoinitiator Catalysts Working
through a Reduction Cycle

3.1 Chemical Mechanisms
In this catalytic reductive cycle, the

PIC is reduced through a photoinduced
electron transfer with an electron donor
eD (reaction (7)). A suitable E-F (or G-H+)
compound leads to a regeneration of PIC
and the creation of a radical and an ion (re-
action (8)) or a radical and a neutral prod-
uct (reaction (9)).

3.2 Examples of Polymerization
Initiating Systems

Fig. 3 and 4 show typical monomer
conversion vs. time profiles for the vis-
ible light-induced polymerization of an
acrylate (upon low light intensity exposure
and under air) in the presence of the new
PIC based systems.

The first mentioned initiating sys-
tems based on this photoredox catalysis
approach for the photopolymerization
of acylates were composed of a Ru com-
plex (Ru(bipyridine)

3
2+) as PIC, an amine

(methyldiethanolamine) as eD and an
alkyl halide (phenacyl bromide) as E-F.[9a]
In this mechanism, a reduced form
of the Ru complex is formed (PIC•- =
Ru(bipyridine)

3
+) and a phenacyl radi-

cal (E•) is produced upon the subsequent
cleavage of the phenacyl halide radical
anion (E-F•-). Later on, other amines and
alkyl halides were proposed.[11]

Iridium complexes (Fig. 5) can also
be used as PICs in this reductive cycle. In
combination with an amine and an alkyl
halide, Ir complexes can very efficiently
initiate the free radical polymerization of
acrylates (Fig. 3). The presence of the Ir
complexes as PICs is decisive for the initi-
ating ability of these systems (Fig. 3, curve
1 vs. curves 2-4).

Photopolymerization reactions us-

ditional reaction (6’) increases the yields
in both phenyl radicals and silyliums.[9,10]
In Fig. 1, the presence of the R

3
SiH is de-

cisive to obtain a good to excellent polym-
erization profile (curve 2 vs. curve 1) in
agreement with the excellent polymeriza-
tion initiating ability of the silyliums (reac-
tion (6)).

Interestingly, the nature of the ion is
only dependent on the choice of DH. The
PIC behaves here as a dual radical/ion
source. Moreover, as known, the introduc-
tion of the silane also reduces the oxygen
inhibition in ROP reactions.[12]

Examples of metal-free photocatalysts
for ROP were also very recently report-

D•+ Ph
2
I+ → D++ Ph

2
I• → D++ Ph• + PhI (6’)

PIC + eD → PIC•- + eD•+ (light) (7)

PIC•- + E-F → PIC + E-F•- → PIC + E• + F- (8)

PIC•- + G-H+ → PIC + G-H• → PIC + G + H• (9)

Fig. 1. Polymerization
profiles of limonene
dioxide (LDO) (con-
version vs. time)
under LED light (457
nm) in the presence
of (1) Ru(bpy)3

2+/
Ph2I

+ (0.5%/2% w/w)
and (2) Ru(bpy)3

2+/
(TMS)3Si-H/Ph2I

+

(0.5%/3%/2% w/w).

Fig. 2. Polymerization
profiles of (3,4-epoxy-
cyclohexane)methyl
3,4-epoxycyclohexyl-
carboxylate (EPOX)
(conversion vs. time)
under sunlight in the
presence of 5,12-
bis (phenylethynyl)
naphthacene/
(TMS)3Si-H/Ph2I

+

(0.5%/3%/2% w/w).
Insert: IR spectra
taken at different
irradiation times (0 to
120 s) (In Mulhouse,
November 2011).
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ing metal-free PICs can also be operating
through such a reduction cycle. They in-
volve polycyclic aromatic hydrocarbons
(e.g. pyrene, anthracene, naphthacene,
pentacene) as PIC, an amine (ethyldi-
methylaminobenzoate or methyldietha-
nolamine) as eD and an halide (phenacyl
bromide) asE-F.[10b]The system is sensitive
to lights actually ranging from 300 to 700
nm, e.g. in combination with an amine and
an alkyl halide, 5,12-bis(phenylethynyl)
naphthacene can be used in a reductive cy-
cle to initiate a FRP process of trimethylol
propane triacrylate TMPTA (Fig. 4). Other
PICs might be dyes but preliminary experi-
ments suggest that their behavior as PICs is
not straightforward.

Another example concerns the use
of a Ru complex as PIC, a violanthrone

derivative as eD, Ph
2
I+ salt as G-H+ and

(TMS)
3
Si-H. A phenyl radical is produced

from G-H• (= Ph
2
I•).As in reactions (5), (6)

and (6’), the silane ensures the formation
of R

3
Si• and R

3
Si+.[13,14]This has led to an

efficient ROP process under a green laser
line at 532 nm.

4. Conclusion

As a conclusion, photoinitiator cata-
lysts PICs appear as a new class of pho-
toinitiating systems usable in FRP and
ROP which should bring a novel potential
in photopolymerization reactions under
very soft irradiation conditions. New PIC,
eA, eD, A-B+, D-H, E-F, G-H+ can likely
be designed and new routes might also be
proposed.

Fig. 3. Polymerization
profiles of pentae-
rythritol tetraacrylate
(EPT) upon a Xenon
lamp irradiation
(λ > 390 nm) in lami-
nate in the presence
of (1) N-methyl-
diethanolamine
(MDEA)/phena-
cylbromide (PABr)
(4.5%/3% w/w);
(2) Ir1/MDEA/PABr
(0.2%/4.5%/3%
w/w); Ir2/MDEA/
PABr (0.2%/4.5%/3%
w/w), Ir3/MDEA/
PABr (0.2%/4.5%/3%
w/w).

Fig. 4. Polymerization
profiles of trimethylol
propane triacrylate
(TMPTA) upon a Xe-
Hg lamp irradiation (λ
> 390 nm) in laminate
in the presence of
(1) 5,12-bis(phenyl-
ethynyl)naphthacene/
ethyldimethyl-
aminobenzoate
(EDB)/diethyl-2-
bromomalonate
(0.5%/4.5%/3% w/w);
(2) 5,12-bis(phenyl-
ethynyl)naphthacene/
ethyldimethyl-
aminobenzoate
(EDB)/phenacyl
bromide (PABr)
(0.5%/4.5%/3% w/w).

Fig. 5.


