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Photoinitiators for visible light polymerization™

Summary — A review with 178 references covering metal-based photoini-
tiators (ferrocenium salts, ferrocene/polyhalogen systems, titanocene photo-
initiators, metal carbonyl/onium salts systems, benzene/chromium tricar-
bonyl/polyhalogen systems, cationic metal coordination complexes/borate
systems), camphorquinone systems, dye/co-initiator systems (dye/amine,
methylene  blue/benzyltrimethylstannane,  dyes/peroxide, xanthene
dyes/borate, cyanine dyes/triazine/mercaptan, triarylmethane dyes/diphe-
nyliodonium salts, lophine/julolidine/mercaptobenzoxazole, ketocouma-
rin/ co-initiator systems) and applications of visible light photoinitiator sys-
tems in reprography, holographic recording, nano-scale micromechanics
and in clinical photocuring of polymeric restorative resins used in dentistry.
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This paper sets out to provide an overview of photo-
initiators for visible light polymerization. These photo-
initiators are discussed in the following order: metal ba-
sed systems, camphorquinone/amine systems, and
dyes/co-initiator systems. In each section, mechanisms
of photoinitiation of a given photoinitiation system are
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presented to some extent. In the last section applica-
tions of visible light photoinitiators systems are discus-
sed. It is assumed that the reader of this chapter has a
basic understanding of photochemistry.

METAL-BASED PHOTOINITIATORS

Fine reviews of this subject have been published el-
sewhere [1—4]. Potential advantages of organo-metallic
complexes as photoinitiators have become evident. Two
of them, ferrocenes and titanocenes, have found practi-
cal industrial application.



448

POLIMERY 1999, 44, nr 7—8

Ferrocenium salts

Ferrocenium salts are initiators of cationic photopoly-
merization. Photolysis of these compounds led to pure
arene and a Lewis acid, which later initiated a cationic
polymerization of epoxides [1]. Two of them (n>-24-cy-
clopentadien-1-yl1)(1,2,3,4,5n)-(1-methyl) benzene-iron
(1+) hexafluorophosphonate (Irgacure 264, Ciba-Geigy)
and (n5-2,4-cyclopentadien—1—yl)(l,2,3,4,5—n)—naphtha-
lene-iron (1+) hexafluorophosphonate (Complex KM
1144, Ciba-Geigy) have found industrial applications.

Ferrocenium salts do not induce free-radical polyme-
rization in the absence of other agents. A photoinitia-
ting system based on (n>-2,4-cyclopentadien-1-yl)-6-iso-
propylbenzene-iron (1+) hexafluorophosphate (Irga-
cure 261, Ciba-Geigy) (1)/benzyl dimethyl ketal (2) (or
other similar ketones) exhibits enhanced reactivity and
greater sensitivity to visible light [5].
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Irradiation of triaryakryl borate salts of cyclopentyl-
dienyliron (1+) arene cations produces alkyl radicals,
which could be used to initiate polymerization [6]. En-
hanced spectral response in the 500—600 nm range has
been observed for photoimaging systems containing (1)
and the visible dyes Nile Blue and Rhodamine B [7].
Additional co-initiators that increase the sensitivity of
(1) are benzanthrone and 4,4’-bis(diethylamino)ben-
zophenone.

Ferrocene/polyhalogen systems

Ferrocenes (3) form ground-state complexes with
polyhalogenated compounds like carbon tetrachloride.
On irradiation of these complexes, an electron is trans-
ferred from the iron to a chloride atom to form a ferro-
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cenium cation and a trichloromethyl radical [8—10].
The latter radical may initiate polymerization of methyl
methacrylate, acrylonitrile, and vinyl acetate and exhi-
bits enhanced reactivity and greater sensitivity to visible
light, but is ineffective in the polymerization of styrene
[11—13] (Scheme I).

Imaging systems based on ferrocene derivatives/BBr,
have also been developed [14].

Titanocene photoinitiators

Various titanium complexes are known to be photo-
reactive for a long time [15].

Titanocenes are orange to red solids or liquids that
absorb up to 560 nm with two pronounced absorption
bands around 405 and 480 nm (Fig. 1) [16]. Upon irra-
diation, they photobleach with high efficiency (Fig.1).

Absorbance

300 400 500 600
Wavelength, nm
Fig. 1. Absorption spectrum of bis(pentafluorophenyl) tita-
nocene and bleaching upon irradiation [16]

Dimethyl  titanocene  [bis(n’-cyclopentadien-1-yl)-
-bis(methyl)titanium] (4) and diaryltitanocene [bis(ns-cyclo—
pentadien-1-yl)-bis(phenyl)titanium] (5) are highly oxy-
gen sensitive and decompose in air by oxidative routes.
Fluorination of the aromatic rings [bis(n’-cyclopenta-
dien-1-yl)-bis(2,3,4,5,6-pentafluorophenyl titanium] (6)
provides thermal stability to the complex and prevents
its oxidation in air [16, 17]. Variation of the substitution
pattern of the ligands enables modifications of the secon-
dary properties to be obtained without significantly
affecting their photochemical reactivity [15, 16].

Titanocene (7) [bis(n5—2,4—cycloper1tadier1—1—yl)-bis-
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[2,6-difluoro-3-(1H-pyrrol-1-yl)phenyl]titanium], Irga-
cure 784 (CGI 784, Ciba Geigy) is the compound most
recently developed [17—26]. It can be used alone or in
combination with co-initiators (such as a-hydroxyketo-
nes, a-aminoketones, thioxanthones, amines, benzophe-
none and its derivatives, ketocoumarins, etc.). CGI 784
is a highly efficient visible light curing photoinitiator
for photopolymerization of acrylates in combination
with mono- or multi-functional vinyl monomers as re-
active thinners.

Titanocenes such as dimethyl titanocene (4) [27—30],
diaryl titanocene (5) [29, 31] and fluorinated diaryl tita-
nocene (6) [32, 33] undergo homolytic cleavage of the
methyl (aryl)-metal bond upon irradiation in the solu-
tion to give a metal compound at a low oxidation state
and a methyl (aryl) radical (Scheme II).
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Titanocene/N-phenylglycine systems are reported to
possess a high level of photosensitivity to both ultravio-
let and visible irradiation [34].

Titanocenes initiate photopolymerization of methyl
methacrylate and styrene [35]. The inefficient polymeri-
zation of styrene photoinitiated by diphenyltitanocene
(5) has also been reported [36]. Titanocenes are especial-
ly useful for imaging with argon ion lasers [16].

Metal carbonyls/onium salts systems

Various metal carbonyls [CpFe(CO),]> (where C, = n°
cyclopentadienyl) (8) in the presence of onium salts
such as  diaryliodonium  hexafluorophosphate
(ArI'PFg) (9) under irradiation produce aryl radicals

which can initiate polymerization [37, 38] (Scheme III).
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Benzene chromium tricarbonyl/polyhalogen systems

On irradiation in tribromomethane, benzene chro-
mium tricarbonyl (10) loses one carbonyl ligand and
the reactive intermediate undergoes an electron transfer
reaction with the halogen compound. The resulting di-
bromomethane radical can initiate a polymerization re-
action [39] (Scheme IV).
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Ei}k .c=0|+ .czo CHBB,
- @ + CrBr + 2CO + .CHBn

+ CHBr2 + monomer —» polymerization

The halide activity in all these systems is governed
by the ability of the compound to accept electrons.
Thus, as the degree of substitution with electron attrac-
ting groups is increased, the activity increases (CH3Cl <
CH,Cl; < CHCIl3 < CCly). Bromine derivatives are much
more reactive than the corresponding chlorine deriva-
tives.

None of these photoinitiating systems has found a
widespread practical use, because of their inadequate
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thermal and/or oxidative stability which fails to meet
the industrial requirements. Another reason is the toxi-
city of many organic compounds (like metal carbonyl
compounds) which precludes their practical use.

Cationic metal coordination complexes/borate
systems

Cationic transition metal complexes containing a met-
al atom with d6-c0nfiguration like Ru(Il), Co(II), Fe(II)
or Ir(Ill), used with triarylalkylborate, give very effective
photoinitiating systems [40]. These metal cations are co-
ordinated to bidentate or tridentate ligands like bipyri-
dyls or tripyridyls, which possess low lying unoccupied
7 orbitals capable of accepting electrons. An example,
viz. tris(4,4’-dimethylbipyridyl)ruthenium (II) (11)/tria-
rylalkyl borate (12), is shown below.

CHj
ON CHj
24 I .
Ru CH;3;-C B—C4Hg
[
@) ol
CHj

1 (12)
CAMPHORQUINONE/AMINE SYSTEMS

Camphorquinone [bornanedione, 1,7,7-trimethylbicy-
clo(2,2,1)heptane-2,3-dione] (CQ) (13) absorbs UV ra-
diation in the region 200—300 nm due to the &, ©* tran-
sition and the visible light in the region 400—500 nm
(responsible for its yellow color) due to the n, n* transi-
tion of dicarbonyl group (Fig. 2) [41—43]. There is a si-
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Fig. 2. Absorption spectrum of camphorquinone [55]
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gnificant difference between g, for the two transi-
tions, with gm,, amounting to about 10, 000 for the n, n*
transition, compared to 40 for the n, n* transition. This
reflects the fact that the n, n* transition is symmetry for-
bidden, whilst n, ©* transition is freely allowed.

The CQ has a rigid structure and coplanar dione

chromophores. Visible light irradiation leads to the for-
mation of the excited singlet 1CQ* state and, by inter-
system crossing (ISC), the triplet 3CQ* state [44].
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The triplet energy of CQ is Er = 51.6 kcal mol”, whe-
reas the quantum yield is ®i5c = 1 [41, 45].

The reactivity of the excited *CQ* can be assigned to
two pathways involving different reductants as shown
below:

1. Radical type — a direct hydrogen atom abstraction
by the *CQ* from a hydrogen atom donor monomer
(MH).

*CQ*+MH——>CQH" +M -
M - +nMH —— polymer

2. Electron/proton transfer (charge-transfer type)
occurring in the presence of amines (AMH).

*CQ*+AMH——CQH* +AM -
AM-+MH——AMH+ M-
M - +nMH —— polymer

The formation of camphorquinone ketyl radical
(CQH-) (14) has been well established by ESR spectro-
scopy [46—52]. However, (CQH") cannot initiate poly-
merization reaction itself.

H3C_ _CH3

(14)

Hydrogen
atom donor abstraction by *CQ* from different mono-
mers depends highly on their chemical structure. The
monomers having repeatable oxyethylene units
(CH,-O) in their ester group, like tri(ethylene glycol)di-
methacrylate (TEGDMA) (15), are much better hydro-
gen-atom donors for *CQ* than are monomers with no
ether links such as decane-1,10-diol dimethacrylate
(DDMA) (16) or trimethylpropane trimethacrylate
(TMPTMA) (17) [53]. Replacement of the hydrogen
atom by the sulfur atom results in increased ability of
the CH, group attached to the hetero atom to donate a
hydrogen atom. Thus, the CH,S unit is the better hy-
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CH,= C(CH3)COO[CH,CH0]3COC(CH3)=CH, (15)

CH,=C(CH3)COO[CH3]100COC(CH)=CH; (16)
CH,0CO(CH3)=CH,

CH3CH2CCH20CO(CH3)=CH, (17

CH;0CO(CH3)=CH3
CH,=C(CH3)COOCH2CH,SCH,CH,0CO(CH3)=CH,  (18)

drogen atom donor than the CH,O unit [54]. Therefore,
the photopolymerization of 2,2’-thiodiethyl dimethacry-
late (TDMA) (18) induced by benzophenone occurs fa-
ster than that of its oxygen analog [54]. However, when
CQ is used as the photoinitiator, the polymerization is
markedly retarded.

The *CQ* can also abstract a hydrogen atom from the
propagating radical as well as from polymer molecules. In
this case, branched structures can be formed. Polymeri-
zation of di-, tri- and multifunctional monomers yields
high-crosslinked networks [55—63].

The >CQ* can also initiate polymerization in the pre-
sence of oxygen (air) [56—59]. However, all radicals for-
med are immediately oxidized by oxygen to peroxy and
oxy radicals and to hydroperoxide groups. The peroxy
radicals are 2000 times less reactive in the initiation of
polymerization than alkyl radicals [55]; however, they
can easily abstract a hydrogen atom from the monomer.
Oxygen causes an inhibition effect which retards poly-
merization, especially at the surface open to the air
environment resulting in a wet or tacky layer.

Photoreaction of *CQ* with amines (AMH) occurs via
a short-lived excited charge-transfer complex (CTC) cal-
led also the exciplex [45—47, 56]. The nature of an exci-
plex depends significantly on the structure of the reac-
ting partners, especially on the AMH structures and po-
larity of monomers. In nonpolar monomers leads to a
contact ion pair (CIP) in which is formed of a planar
amine radical cation (* ‘AMH) and camphorquinone ra-
dical anion (CQ -*), whereas, in polar monomers, leads
to monomer-separated ion pair (MSIP) [64—69].

*CQ*+AMH——CQ...AMH *

(CTC)

CTC——[CQ " II* AMH
(MSIP)

CTC——[CQ*"...* ‘AMH

(CIP)

Back electron transfer and/or free-ion formation arise
from the MSIP pair, whereas proton transfer with the for-
mation of ketyl radical (CQH') and amine radical (AM-)
can occur in the CIP pair but also from the free ions [70].

CIP——CQH - +AM -

It is generally accepted that only AM - radicals initiate
polymerization reaction, whereas CQH - radicals are in-
active. One of the most effective amine co-initiators is
N-phenylglycine [53]. The kinetics of photopolymeriza-
tion of multifunctional monomers with CQ/amine sys-

tems has been reported [53, 55—63, 71—82]. The main
application of CQ/AMH photoinitiators is in commercial-
ly available dental restorative resins. The photopolyme-
rization occurs in a complicate formulation that, besi-
des a mixture of different mono-, di- and trifunctional
monomers and CQ/AMH (even up to 3—5 wt. %),
contains different additives such as stabilizers,
pigments, reinforcing fillers (even up to 70 wt. %), and
coupling agents.

DYE/CO-INITIATOR SYSTEMS

Visible light photopolymerization initiated by dyes
has been widely reviewed elsewhere [65, 83—92].

Pure dye systems

Only few (photoreducible) dyes (dye *X°) such as
xanthene and acridine dyes (Table 1) can directly pho-
toinitiate polymerization of methyl methacrylate, styre-
ne and acrylonitrile, with low efficiency [93]. Photoini-
tiation occurs by electron transfer between the singlet
excited dye molecule and monomer.

dye* X" —= " (dye* X") *
'(dye*X") *+R ~ CH=CH, ——>
— sdye-+[R-CH-CH," X"]

dye * + monomer —— polymerization
[R -CH -CH, *X~] + monomer —— polymerization

Electron deficient monomers (like acrylates) react
preferentially as electron acceptors, whereas polymeri-
zation of electron rich monomers occurs by monomer
oxidation [65].

Dyes/co-initiator systems

Usually photoinitiation of polymerization does not
occur upon interaction of the excited (singlet or triplet)
state of dye; it occurs in the presence of a co-initiator
(electron/proton transfer mechanism). Two mechani-
sms are involved:

1. Photoreduction of a dye (dye "X, electron accep-
tor) in the presence of co-initiator (electron donor, DH)

dye* X~ — 5 (dye* X" ) * — % (dye* X") *
*(dye*X")*+DH — (dye*X") -~ +DH
electron transfer
DH:-" ——D-+H"

(dye*X™) " +H" —— (dye" X" )H:
proton transfer

D - + monomer —— polymerization

(dye* X™)H - +momer—— polymerization (if any?)
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T able 1. Photoreducible dyes

Dye e Name Structure Absorption, Amax, nm
ye typ P
1 2 3 4
Acridine dyes Acriflavine CH3'CI” 460
HoN N NH,
HyC_ H'Cr CH;
Acridine Orange /N N N\ 490
Xanthene dyes Eosin 510
1)
Eosin B 514
(22)
Erythrosin B 525
(23)
Fluorescein 565
(29)
Rose Bengal 548
(25)
RBAX 492
(26)
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1 2 3 4
Fluorone dyes I 470
DIEF o o OCH,CH,
94© @
I A
I I
TIHF o o OH 538
O @ (28)
I X 1
DIBF I 470
0 0 O(CH,)sCH,
(29)
1 X
CH3CHy
Rhodamine B N CH»CH3 556
N'Cl 7
CHaCH \) Y N
s
N (30)
: COOH
Rhodamine 6G H u 420
+ -
N'Cl 4
CH3CHA \ 0 N
@ CH,CH3
N @D
: COOCH,CHj
Thiazine dyes Thionin N@\
s
NHy” : \\§ NH, (32)
CH;COO™
Methylene Blue /N 668
CHs, _CHz (33)
N § N\
CHy’ cr CH;
Polymethine dyes Cyanine dyes X X n =0 ~ 400—480
@ />—(-CH:CH-)H CH=< ]@ (34) n =1~ 480—570
N, N n = 2 ~ 580—650
n =3 ~ 690—750
/CH]
where: X = C\ ,0,8
CHj
Coumarin dyes 0 343
1
- C
(35)
CH10 o o
o] 415
- I}
~ C
CH3CHa, (36)
N 0" "o
CH;CHY”
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(I? 449
CH1CH, CH2CH2
N 0" 0070 N:
CHyCHy” CH,CH>
(37
Safranine T 420—430

Safranine dyes

CH, N : CH;,
’d
X
NH7 : N NH, (38)

O

2. Photooxidation of a dye (dye *X, electron donor)
in the presence of co-initiator (electron acceptor, A).

dye* X~ — ' (dye* X" ) *——’ (dye* X") *

*dye* X" ) *+A —— (dye* X)) + A~
electron transfer

(D*X7) ** + monomer —— polymerization (if any?)
A*” + monomer —— polymerization

Initiation of polymerization by photoreducible dyes
(Table 1) in the presence of different co-initiators (elec-
tron donors) is very common, whereas polymerization
initiated by photooxidation of dye in the presence of an
electron acceptor is very rare. For example, thiazine
dyes such as methylene blue can react both as electron
acceptors in the presence of N-phenylglycine [94, 95] as
a co-initiator, or as electron donor in the presence of
benzyltrimethylstannane as a co-initiator (see below)
[96].

All photoreducible dyes have maximum absorption

in the visible light spectrum (Table 1). A suitable -

dye/co-initiator system must first exhibit a high ab-
sorption in the wavelength delivered by visible light

Eosin
ﬂ Methylene
10 Bt yamnk
Katocoumarin: dye- ’
HeNe /(\F
: nl

Absorbance

\/

760 840

360 440 520 600 680

Wavelength, nm

Fig. 3. Matching between the absorption spectra of typical
dye photoinitiators and lines of some lasers [97]

sources (lasers) (Fig. 3) and, secondly, efficiently genera-
te the reactive initiating radicals [97]. During photopo-
lymerization most of the dyes bleach, permitting subs-
tantial depth of cure [98].

Dyes/amine systems

Tertiary amines (AMH) are one of the very important
classes of electron donors (reductants) used in combina-
tion with photoreducible dyes [65, 99]. Photoreduction,
abstraction of hydrogen by an excited dye from amine,
was proposed as the initial process in the oxidation by
oxygen of tertiary aliphatic amines, sensitized by thiazi-
ne dyes and xanthene dyes [100—102]. Secondary and
primary aliphatic amines show low reactivity, whereas
aniline, dialkylanilines, and DABCO (1,4-diazabicy-
clo[2,2,2]octane) are unreactive. Flash photolysis of so-
lution of the dyes and tertiary amines in methanol has
led to spectra of transients attributable to the radical
ions of the dyes. Irradiation of the dye (dye *X’)/amine
(AMH) systems caused formation of a reactive amine
radical (AM-) by the electron/proton transfer mecha-
nism. The amine radical is, first of all, responsible for
the initiation of polymerization.

dye*X” —= 5 (dye* X" ) *—— (dye* X") *

*(dye*X") *+AMH—— (dye*X™) - +AMH "
electron transfer

AMH-* — H" + AM:
proton transfer

AM' + monomer —— polymerization

A wide variety of photoreducible dyes (Table 1) when
used in conjuction with tertiary amines act as initiators
of polymerization in the visible region [103—107].

N-phenylglycine is the most efficient amine type
co-initiator acting by unimolecular fragmentation [84,
96, 108].

3(dye* X~) *+ CgHs - NH - CH, - COOH ——»
—» (dye*X") -~ + CgHs - NH - CH, - COOH
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C.H; -NH - CH, - COOH ——»
— > C,H; -NH-CH, + CO, + H*

C¢Hs; - NH - CH, - + monomer —— polymerization

The role of dye/N-phenylglycine systems in the pho-
toinitiation of polymerization has been amply discussed
[94, 95, 102, 109—115]. Systems of three components,
viz., dye/amine/onium salts, are excellent photoinitia-
tors for polymerization of acrylates [116—118].

Methylene blue/benzyltrimethylstannane system

Methylene blue (33) can react as an electron donor in
the presence of benzyltrimethylstannane (39) as a
co-initiator [96] (Scheme V).

$, 0, o O Eonfe
S

bleaching

T O

CH>—Sn-CHj
|

CHj3
O
@CHz » + monomer — polymerization

|
*Sn—-CH3
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Scheme VII
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3 3
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+C4Hg + monomer —» polymerization

This reaction yields a benzyl radical (40) and a tri-
methylstannane radical (41) which can initiate polyme-
rization. However, the radical (41) is reactive only in
the presence of chlorocarbon compounds.

Dyes/peroxide systems

Several dyes like thioxanthenes [119, 120], thiazines
[120—122], coumarins [123] and ketocoumarins [120]
accelerate photodecomposition of peroxides such as
benzoyl peroxide or tert-butylbenzoate. Rhodamine 6G
(31) gives a salt with benzoyl peroxide (42), which upon
excitation by visible light, decomposes to give initiating
benzoyl radicals (43) [124] (Scheme VI).

Xanthene dyes/borate systems

Several xanthene dyes (electron acceptors) such as
decarboxylated and further acetylated Rose Bengal
(RBAX) (26) [125], and 2,4-diiodo-6-butoxy-3-fluorene
(DIBF) (29) [97, 126—130] form with tetrabutylammo-
nium triarylalkyl borate (electron donor) (44) very effi-
cient photoinitiating systems based on the electron
transfer mechanism. The boranyl radical (45) formed
undergoes a fragmentation reaction to give a stable tri-
aryl borane (46) and an alkyl radical. The latter initiate
polymerization reaction (Scheme VII).

Fluorone dyes/onium salt/amine systems

Fluorone dyes (such as 2,4-diiodo-6-ethoxyfluorone)
(DIEF) (27) 2,3,5,7-tetraiodo-6-hydroxyfluorone (TIHF)
(28) combined with onium salts (diphenyliodonium
hexafluorophosphate, diphenyliodonium hexafluoroan-
timonate, efc.) and amines (e¢.g., N,N-dimethyl-2,6-di-
isopropylaniline) as co-initiators greatly improve photo-
curing of acrylate resins [97, 131]. The following mecha-
nisms are involved in this three-component dye, onium
salt (ArI*ArSbFs) (46) and amine (AMH) system [97, 98,
131].

Y(dye* X~) * +Arl* ArSbF; —(dye® X~)  +Ar, - +SbF,

Ar)J-—— Arl + Ar-

Ar-+ AMH—— ArH+ AM -
AM * + monomer —— polymerization

In this hybrid donor/acceptor mechanism, the exci-
ted dye both donates an electron to the onium salt and
accepts an electron from the amine. The dye/amine
system results in a significant opportunity for the back
electron transfer diminishing the effectiveness of this
process. The dye/onium salt system, however, results
in immediate decomposition of the onium salt with no
possibility for back electron transfer. Aryl radical (Ar)
can initiate polymerization, but with a low efficiency.
The preferred reaction is a hydrogen atom abstraction
by Ar radicals from the amine forming the amine radi-
cal which is a very effective polymerization initiator.
Optimized molar ratios of the dye, onium salt and ami-
ne result in a synergetic effect more efficient than dye
and either onium or amine alone.

Cyanine dyes/borate systems

Cationic cyanine dyes (34) have sharp absorption ma-
xima in the visible light spectrum (400—800 nm), pos-
sessing a high molar absorption coefficient (¢ =
50,000—250,000), which depends on the chain length of
the ethylene bridge (each additional double bond frag-
ment induces a red-shift of about 100 nm) and the type
of heterocycles (Table 1) [93].

Cyanine dyes (34) in the presence of triarylalkylbora-
tes (44) are very efficient photoinitiators of polymeriza-
tion; however, this reaction is very sensitive to air (oxy-
gen) [132—134]. Electron transfer occurs from the bora-
te [135] to the excited state of cyanine dye [125—142].

Scheme VIII
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H3C_  cH; Hsc_ CH3

~Q e ol 1O -(Ofpres

C4H9 C4H9

@é—C4H9—> @B + +C4Ho
3 3

(45) (46)
«C4Hg + monomer —— polymerization

The boranyl radical (45) formed undergoes a fragmen-
tation reaction to give a stable triaryl borane (46) and
an alkyl radical. The latter initiate polymerization reac-
tion (Scheme VHI).

Cyanine dyes/triazine/mercaptan systems

Cyanine (or merocyanine) (34) or coumarin dyes
(35—37) in the presence of 24,6-tris(trichloromet-
hyl)-1,3,5-triazine (47) and mercaptans [like 2-mercapt-
obenzimidazole or 2-mercapto-benzthiazole (48), acting
as chain transfer agent] are very efficient polymerizing
systems [143, 144]. Polymerization is initiated by the
mercaptan sulfur centered radical (49) (Scheme IX).

Scheme IX
@ cc13
/
C—< N N
CCl3
(34 (47
_hv
“electron” >_SH — RH + >—S
transfer
R. (radlcals) (48)
S
@[ />—S- + monomer — » polymerization
N
(49)
Scheme X

I SbFg

(50) (51)

/ \

Triarylmethane dyes/diphenyliodonium salts systems

Visible light irradiated Crystal Violet Lactone (CVL)
(50) in the presence of diphenyliodonium salts (51) pro-

duces free radicals which can initiate polymerization
[145, 146].

CVL —&—'CVL"——3CVL*
*CVL*+RH ——>CVLH +R"
CVLH * +Arl"ArSbF; —— CVLH® + Ar,] - + SbF;
Ar)) - —— Arl + Ar -
R - + monomer —— polymerization
Ar - + monomer ——> polymerization

The reaction can be sensitized by triplet sensitizers
[147], and ketocoumarins [148, 149].

Lophine/julolidine/mercaptobenzoxazole system

Lophine (2,4,5-triphenylimidazole) (52) can be readily
photocleaved (at 532 nm from a pulsed Nd:YAG laser)
in the presence of photosensitizer julolidine
(2,5-bis[(1H,5H-benzo[i jlquinolizin-1-yl)methylenelcyc-
lopentanone (53) to lophyl radical (54), which abstracts
a hydrogen atom from mercaptobenzoxazole (55) (chain
transfer agent) to give a sulfur centered radical (56)
[150—152] (Scheme X).

Reaction between lophine and julolidine only
involves the singlet excited, since the lophyl radicals
are formed mostly through singlet state dissociation

O\ . « o _ O
l@bﬁ@@@{}@@ - 9»@

(52) (53)

+©[z\>_s'{ cl
=" %o
N 5
O i

(59
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[153—155]. The lophyl radical alone is a poor initiator
of free radical polymerization, because of both high sta-
bility and steric factors. However, the radical is an
excellent hydrogen atom abstractor and this can be explo-
ited in initiation by using co-initiator compounds such
as a chain transfer agent to form secondary radicals that
can initiate polymerization [152, 156—159]. Suitable sen-
sitizers include also xanthene or acridine dyes [88].

Ketocoumarin/co-initiator systems

3-Ketocoumarins (35—37) have absorption maxima
between 330 nm and 450 nm with triplet energies ran-
ging from 48 to 60 kcal mol™ [160]. Usually initiation of
polymerization does not occur upon interaction of the
triplet state of coumarin and the monomer. The proper
combination of 3-coumarins with a suitable co-initiator
capable of undergoing electron transfer, provides hi-
ghly reactive photoinitiating system in the visible part
of the spectrum [161, 162]. The substitution pattern of
the 3-ketocoumarins (37) determines if the excited com-
pound will act as an electron acceptor or as an electron
donor (7-dialkylamino-substituted ketocoumarins). Ac-
cordingly, an electron donor (such as ethyl para-dime-

thylaminobenzoate) or electron acceptor (such as al-
koxypyridinium salts) (57) has to be chosen as co-initia-
tor (Scheme XI).

However, 7-dialkylamino-substituted ketocoumarins
(36) in the presence of N-phenylglycine (53) [163] or
substituted acetic acid derivatives [164] can also react
as electron acceptors (Scheme XII).

In the presence of N-phenylglycine and diphenyl io-
donium salt ketocoumarin dyes have a higher reactivity
than in the presence of amine only [90, 165].

APPLICATIONS OF VISIBLE LIGHT PHOTOINITIATORS
SYSTEMS

Visible radiation curing has become an integral part
of the technology used in the application of surface co-
atings including printing inks. Visible radiation curing
employ common visible light sources [166, 167] or la-
sers [168, 169] in inducing polymerization and rapid
conversion of reactive liquids to solids. Photoinitia-
tor/co-initiator systems absorb radiation energy and
the free radicals formed begin polymerization that al-

Scheme XI
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most immediately converts the liquid into a solid cured
film. Visible radiation curing becomes a new future
technology and will be a rapidly growing sector of the
coating industry.

Visible light radiation curings have also found appli-
cations in reprography (printing plates, integrated cir-
cuits, photoresists, solder masks). More recently, laser
induced 3D (three dimensional) curing, holographic re-
cording and nano-scale micromechanics have been
developed. Photopolymers used in electronic and prin-
ting industries usually consist of a plasticized polymer
matrix, photoinitiator/co-initiator system, photosensiti-
zer monomer, and a variety of chain transfer agents [65,
85, 170—175].

Visible light radiation curing is widely used in the cli-
nical photocuring of polymeric resins in dentistry [76,
77, 80]. The photocuring is carried out under special
conditions, which differ from any type of industrially
applied photocuring. The whole procedure is perfor-
med in vivo and is restricted by biophysiological de-
mands such as the oral temperature (which should not
exceed 50°C); visible light over 400 nm has to be used
to avoid photocancerogenic and photoallergic effects
caused by UV radiation and to eliminate the risk of tis-
sue burning [176]. Photocuring is always made in the
presence of air, water and saliva (the last can be techni-
cally limited to some extent). There are also very strict
toxic, neurotoxic, cancerogenic, mutagenic, and allergic
restrictions for the use of dental formulation compo-
nents, e.g., photoinitiator systems. Only visible light
photoinitiator systems can be used for the photocuring
of dental materials. The most common photoinitiator
used is the camphorquinone/amine system. However,
the employed amines belong to hepatoxins, which can
cause activation of toxic substances in the liver and
which can act as hepatocarcinogens [177]. An amine
such as N,N-dimethyl-p-toluidine used as co-initiator is
cancerogenic and mutagenic [178], but in spite of this it
is widely used in commercially available dental compo-
sitions to accelerate the polymerization process.
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