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ABSTRACT: Four metal-based photoinitiating systems (benzene-tricarbonylchromium(0), ArCr(CO)3,
cyclopentadienylmolybdenum tricarbonyl dimer, Cp2Mo2(CO)6, diiron nonacarbonyl, Fe2(CO)9, and bis-
(cyclopentadienylruthenium dicarbonyl), Cp2Ru2(CO)4) are investigated by laser flash photolysis (LFP) and
ESR-spin trapping (ESR-ST) experiments and checked as photoinitiators for both free radical promoted
cationic photopolymerization (FRPCP) and free radical photopolymerization (FRP). New combinations
with silanes instead of alkyl halides improve both the polymerization rates and the final conversions upon
irradiation with UV/visible or visible light and laser diodes (405, 457, 473, and 532 nm) under air. The
enhancement of the photopolymerization reaction under air in the presence of the selected compounds is
ascribed to the reuse of the inherently present hydroperoxides through a set of reactions leading to additional
initiating species. These systems are particularly attractive for FRPCP with excellent polymerization rates
and final conversions.

Introduction

The development of new photoinitiating systems for free
radical promoted cationic photopolymerization FRPCP and/or
free radical photopolymerization FRP processes still remains a
matter of concerns.1,2 Indeed, photoinitiated processes are char-
acterized by important advantages compared to thermal reac-
tions, i.e., (i) the polymerization reaction can be spatially con-
trolled and can easily be turned on or off at will, and (ii) most
photopolymerization processes operate without solvents and
thus meet the actual demands of green chemistry.1,2 FRPCP is
an elegant method where radicals (R•) are first generated from
suitable PIs and then oxidized by a diaryliodonium salt, the
resulting cations (Rþ) being the main cationic polymerization
initiating structures.3 The design of sources of efficient radicals
has been the subject of huge research efforts. They are mostly
generated from organic compounds in type I cleavable photo-
initiators PI or type II photoinitiating systems based on a
hydrogen transfer reaction between a photoinitiator PI and a
co-initiator.1,2

The commonly encountered drawback of FRPCP and FRP is
the well-known oxygen inhibition due to the formation of
peroxyls RO2

• (1);4 RO2
•s do not add to a monomer double bond

inFRPand can be hardly oxidized inFRPCP thereby leading to a
decrease of the polymerization efficiency for both processes.1,2,5

In low viscosity samples, the situation is worse as the reoxygena-
tion of the formulation remains efficient during the whole
photopolymerization process leading to strongly reduced mono-
mer conversions. In recent papers, we have outlined the specific,
versatile and valuable role of the silyl radicals which allows to
overcome this problem for FRPCP andFRPand to propose a lot
of type I and type II systems being able to efficiently work (with

high polymerization rates and final conversions) even in low vis-
cosity monomers, under air, upon UV or visible light (Hg lamp,
Xe lamp, laser diodes, sunlight) and at low light intensity.5-8 The
set of reactions 2-7 recalls that the key reactions6a,8 e.g. when
using silanes R1R2R3Si-H in Type I or Type II PI, are (i) the
formation of silyls 2 and 3, (ii) the conversion of the peroxyls into
new initiating silyl radicals through a hydrogen abstraction
reaction 4a, (iii) the conversion of the peroxyls into hydroper-
oxides by hydrogen abstraction processes from polymer chains
(P-H) 4b, (iv) the high efficient peroxylation process that
consumes oxygen 5 and then leads to a regeneration of the silyl
radicals 6 and 7.When using more exotic co-initiators based on a
multivalent atom containing structure such as various metal
amines M-R0 (M= Si, Ti, Zr and P), reaction was also turned
to a bimolecular homolytic substitution (SH2) reaction 8, the
formed peroxide R-OOM being able to be further decomposed.8

R• þO2 f RO2
• ð1Þ

�PIþR1R2R3Si-H f PIH• þR1R2R3Si
• ð2aÞ

�PI f R0• and R0• þR1R2R3Si-H f R1R2R3Si
• ð2bÞ

R• þR1R2R3Si-H f RHþR1R2R3Si
• ð3Þ

RO2
• þR1R2R3Si-H f ROOHþR1R2R3Si

• ð4aÞ

RO2
• þP-H f ROOHþP• ð4bÞ

R1R2R3Si
• þO2 þR1R2R3SiOO• ð5Þ

R1R2R3SiOO• þR1R2R3Si-H f R1R2R3SiOOH

þR1R2R3Si
• ð6Þ*Corresponding author. E-mail: j.lalevee@uha.fr.
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R1R2R3SiOO• f R1Si
•ðOR2ÞðOR3Þ ð7Þ

R-O2
• þM-R0• f R-OOMþR0• ð8Þ

The only way to still improve the performance of a PI/silane
photoinitiating systemworking under air consists in acting on the
hydroperoxides generated in 4 and 6. For FRPCP, silyl radicals
generated in 2, 3, 4a, 6, and 7 can be oxidized by iodonium salts
leading to silylium cations which can initiate the ring-opening
polymerization of epoxy monomers.5b,c The basic idea in the
present paper is therefore to propose a new concept based on
the decomposition of the hydroperoxides 9 which should allow
the generation of additional initiating radicals: an alkoxyl and a
hydroxyl radical 9 or/and a new silyl radical 10.

R-OOH f RO• þOH• ð9Þ

RO• þR1R2R3Si-H f ROHþR1R2R3Si
• ð10Þ

The main problem is however to design a photoinitiating
system that can induce such reactions as seen in eqs 9 and 10 in
situ. It is known in the literature that the CpW•(CO)3 radical is
able to decompose hydroperoxides with the formation of alkoxyl
radicals.9 We therefore decided to pay attention to the metal
based photoinitiator family (MB-PIs) combined with silane
compounds (the general interest of MB-PIs in FRP has already
been highlighted in different works).10-12 The proposed systems
are based on four selected compoundsM-Sub (whereM=moly-
bdenum, chromium, iron and ruthenium and Sub stands for the
substituents) and variousM-Sub/silane (tris(trimethylsilyl)silane,
TTMSS) combinations (Scheme 1). The ability of these systems
to initiate the FRPCP of an epoxide (upon addition of an
iodonium salt) as well as the FRP will be checked under air.
The overall initiation mechanism and the decomposition of the
hydroperoxides will be investigated by laser flash photolysis
(LFP) and ESR-spin trapping (ESR-ST) experiments.

Experimental Part

i. Compounds. The investigated compounds are shown in
Scheme 1. Benzene-tricarbonylchromium(0) (ArCr(CO)3), cy-
clopentadienylmolybdenum tricarbonyl dimer (Cp2Mo2(CO)6),
diiron nonacarbonyl (Fe2(CO)9), bis(cyclopentadienylruthenium
dicarbonyl) (Cp2Ru2(CO)4), diphenyl iodonium hexafluoro-
phosphate (Ph2I

þ), and tris(trimethylsilyl)silane (TTMSS) were
obtained from Aldrich and used with the best purity available.
(3,4-Epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate
(EPOX, UVACURE 1500) and TMPTA (trimethylolpropane
triacrylate) were gifts of Cytec.

ii. Free Radical Promoted Cationic Polymerization (FRPCP).
In FRPCP experiments, the different photoinitiating systems
M-Sub/TTMSS/Ph2I

þ are based on M-Sub (1% w/w) and 1%
w/w in diphenyliodonium hexafluorophosphate Ph2I

þ (except
as otherwise noted). TTMSS was used as an additive (3%w/w).
For Cp2Ru2(CO)4/TTMSS/Ph2I

þ, a very slow degradation of
the formulation was noted. This does not prevent, however, the
study of the photoinitiating ability on fresh samples. The EPOX
films (25 μm thick) deposited were irradiated on a BaF2 pellet.
The evolution of the epoxy group content at about 790 cm-1 is
continuously followed by real time FTIR spectroscopy (Nexus
870, Nicolet) as reported in refs 5 and 7

iii. Free Radical Polymerization (FRP). For film polymeriza-
tion experiments, TMPTAwas used as a low viscosity monomer

(∼100 cP). TheM-subs were dissolved in thismedium (1%w/w);
TTMSS was used as an additive (3% w/w). The films (20 μm
thick) deposited on a BaF2 pellet were irradiated with various
light sources (see hereafter). The evolution of both the double
bond and Si-Hcontents was continuously followed by real time
FTIR spectroscopy (Nexus 870,Nicolet) at about 1630 and 2050
cm-1, respectively.5,6 Because of the quite slow polymerization
process and the low viscosity of the samples, the change of the
sample thickness throughout the photopolymerization reaction
induces an error larger than previously seen in refs 5 and 6 on the
final conversion: it can be evaluated up to 10%.

iv. Irradiation Sources. Several light sources have been used:
Xe-Hg lamp (Hamamatsu, L8252, 150W; polychromaticUV-
visible light; I∼ 22mW/cm2 in the 300-400 nm range), Xe lamp
(filtered light at λ>390 nm; Hamamatsu, L8253, 150W; I∼ 60
mW/cm2 in the 390-800 nm range), monochromatic lights
delivered by laser diodes at 405 nm (cube-continuum; I0 ∼ 12
mW cm-2), 457 nm (MBL-F-457- BFIOPTILAS; I0 ∼ 100 mW
cm-2), 473 nm (MBL-III-473- BFIOPTILAS; I0 ∼ 100 mW
cm-2), and 532 nm (MGL-III-532- BFIOPTILAS; I0∼ 100mW
cm-2).

v. ESR Spin Trapping (ESR-ST) Experiments. ESR-ST
experiments were carried out using a X-Band spectrometer
(MS 200Magnettech). The radicals were produced at RT under
a xenon lamp exposure (λ>300 nm) and trapped by phenyl-N-
tert-butylnitrone (PBN) according to a procedure described in
detail in refs 13 and 14

vi. Laser Flash Photolysis (LFP). The nanosecond laser flash
photolysis LFP experiments were carried out with a Q-switched
nanosecondNd/YAG laser at λexc=355 nm (9 ns pulses; energy
reduced down to 10 mJ; Powerlite 9010 Continuum), the
analyzing system consisting in a pulsed xenon lamp, a mono-
chromator, a fast photomultiplier, and a transient digitizer.15

Results and Discussion

1. Absorption Properties of M-Subs. The absorption prop-
erties of the investigated compounds are depicted inFigure 1.
The absorption can be easily tuned through an appropriate
selection of the M-Subs, i.e., ArCr(CO)3, Cp2Mo2(CO)6,
Fe2(CO)9, andCp2Ru2(CO)4, presentmaximumabsorptions
at 315, 388, ∼290, and 330 nm, respectively, spread over the
visible range and exhibit high molar absorption coefficients
at 405 nm (∼540, 4800, 1300, and 1000 M-1 cm-1 for ArCr-
(CO)3, Cp2Mo2(CO)6, Fe2(CO)9, and Cp2Ru2(CO)4, res-
pectively) that are significantly higher than those reported
for classical organic photoinitiators.2c Interestingly, signifi-
cant absorptions are also noted at classical laser irradiation
wavelengths (e.g., 750 M-1 cm-1 at 532 nm for Cp2Mo2-
(CO)6).

Scheme 1

Figure 1. UV-visible absorption spectra: (1) Cp2Mo2CO6; (2) Cp2-
Ru2CO4; (3) ArCrCO3 in tert-butylbenzene; (4) Fe2CO9 in acetonitrile.
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2. Photochemistry ofM-Subs. 2.1. Silyl RadicalGeneration
As Evidenced by ESR-ST. When the four M-Subs are irra-
diated in the presence of PBN, no PBN adduct is observed.
Upon the addition of TTMSS, the tris(trimethylsilyl)silyl
radical is easily detected (e.g., Figure 2); i.e., the hyperfine
coupling constants of thePBNadduct (aN=15.3;aH=5.4G)
are in agreement with the already known values.5a,16 The new
proposed M-Sub/TTMSS systems should be very attractive
for both FRP and FRPCP as the silyl radical formed in 11
efficiently adds to acrylates (2.2 � 107 M-1 s-1 to methyl
acrylate) and is easily oxidized by iodonium salts (2.6 � 106

M-1 s-1).5b,c,17,18

M-SubþR1R2R3Si-H f f R1R2R3Si
• ðhνÞ ð11Þ

2.2. Excited State Processes: Laser Flash Photolysis
2.2.1. Cp2Mo2(CO)6 and Cp2Ru2(CO)4: Metal-Metal

Bond Cleavage. In agreement with previous studies,19,20 the
laser excitation of Cp2Mo2(CO)6 and Cp2Ru2(CO)4 at 355
nm leads to a bleaching (Figure 3) observed within the laser
pulse (the dissociation rate constants kdiss are>108 s-1). The
recovery of the starting molecule is associated with the
recombination of the radicals formed in the metal-metal
bond cleavage process (CpMo•(CO)3 or CpRu•(CO)2).

20

The radicals cannot be directly observed but their reactivity
is easily probed: in the absence of any quencher, a quantita-
tive recovery of the absorbance is found (Figure 3A); in the
presence of a quencher, the extent of the M-Sub recovery
is strongly reduced and the rate at which the metal ra-
dical disappears is accelerated. The variation of the pseudo

first order rate constants with the quencher concentration
(Figure 3B) allows to determine the radical/quencher inter-
action bimolecular rate constants gathered in Table 1. These
radicals do not exhibit a high addition rate constant to MA
or EPOX but efficiently reacts with oxygen (rate constants
close to the diffusion limit ∼3� 109 M-1 s-1) and present a
relatively low interaction with TTMSS (hydrogen abstrac-
tion rate constants <2 � 105 M-1 s-1 as in other metal

Figure 3. (A) Transient absorption spectra obtained at t = 1 μs after
theNd/YAG laser excitationofCp2Mo2(CO)6. Inset: kinetics at 360nm
for different TTMSS concentrations;(1) 0M; (2): 0.075M; (3): 0.15M
in acetonitrile. (B) kinetics at 360 nm for [3-chloroperbenzoic acid] =
0.015M in acetonitrile. Inset: Stern-Volmer plot for the CpMo•(CO)3/
3-chloroperbenzoic acid interaction.

Figure 2. ESR spin trapping experimental (1) and simulated (2) spec-
trum obtained upon irradiation of (A) Fe2(CO)9/TTMSS and (B)
ArCr(CO)3/TTMSS. Xenon lamp exposure. PBN 0.05 M. See text.
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centered radical/silane interactions11h,16). The oxidation of
these investigated metal radicals by Ph2I

þ is also quite hard
(Table 1).

Cp2Mo2ðCOÞ6 f CpMo•ðCOÞ3 þCpMo•ðCOÞ3 ð12aÞ
Cp2Ru2ðCOÞ4 f CpRu•ðCOÞ2 þCpRu•ðCOÞ2 ð12bÞ

CpMo•ðCOÞ3 þR1R2R3Si-H f CpMoðCOÞ3HþR1R2R3Si
•

ð13aÞ

CpRu•ðCOÞ2 þR1R2R3Si-H f CpRuðCOÞ2HþR1R2R3Si
•

ð13bÞ

2.2.2. ArCr(CO)3 and Fe2(CO)9: the CO loss. Upon laser
excitation, a bleaching of ArCr(CO)3 is observed at 330 nm
and weak absorptions corresponding to ArCr(CO)2 are
noted at about 280 and 400 nm as already described.21 The
ArCr(CO)2/TTMSS interaction is low (rate constant <3 �
105 M-1 s-1) but a tris(trimethylsilyl)silyl radical is formed
(see ESR-ST above): this presumably occurs through
a quite complex set of reactions (as proposed in ArCr-
(CO)3/CCl4

10,11a-11g,12,21) involving a CO loss which is
also observed here (decrease of the ν(CO) bands at about
1950 cm-1 under light irradiation; Supporting Information-
Figure 1).

ArCrðCOÞ3 f ArCrðCOÞ2 þCO

ArCrðCOÞ2 þR1R2R3Si-H f R1R2R3Si
• þproducts

ð14Þ
A similar CO lost is also expected in Fe2(CO)9 as the low

temperature UV/vis photolysis of this compound yields the
Fe2(CO)8 unsaturated complex producing both CO-bridged
and unbridged isomers:22 On the basis of previous works,22

the weak and noisy transient observed at λ<350 nmbyLFP
is tentatively ascribed to Fe2(CO)8. This transient is not
dramatically affected by TTMSS (k<105 M-1 s-1) but the
tris(trimethylsilyl)silyl radical is clearly detected in ESR-
ST, still evidencing here a complex and unclear set of
reactions as shown in eq 15.

Fe2ðCOÞ9 f Fe2ðCOÞ8 þCO

Fe2ðCOÞ8 þR1R2R3Si-H f R1R2R3Si
• þ products ð15Þ

2.2.3. Decomposition of theHydroperoxides in the Presence
ofM-Sub. Interestingly, themetal radicals (forM=Moand
Ru) or the generated intermediates (forM=Fe and Cr) are
able to decompose the hydroperoxides e.g. 16 where the
interaction rate constant k of CpMo•(CO)3 with cumene
hydroperoxide (CumOOH) is about 2 � 106 M-1 s-1

(Table 1). The solvent is not involved in the process as similar
rate constants are found in acetonitrile and tert-butylben-
zene. CpMo•(CO)3 is also able to decompose a peracid (e.g.,
k=3.7 � 107 M-1 s-1 for 3-chloroperbenzoic acid). The
reaction of these metal radicals with di-tert-butylperoxide,

occurs with a lower rate constant (k < 5 � 105 M-1 s-1).

CpMo•ðCOÞ3 þCumOOH f CpMoOHðCOÞ3 þCumO•

ð16Þ
This reaction is also supported by ESR-ST (Figure 4) as

the irradiation of a Cp2Mo2(CO)6/CumOOH solution leads
to the CumO• (Ph-C(CH3)2O

•) alkoxyl radical (PBN ad-
duct: aN= 13.5; aH= 1.5 G in agreement with literature
data13). Another quite weak signal is ascribed to the methyl
radical (aN=14.5; aH=3.3 G) generated through the known
and previously detected fragmentation of CumO• (CumO•f
Ph-C(dO)CH3 þ CH3

•).14b Using Cp2Mo2(CO)6 and Cp2-
Ru2(CO)4, the driving factor of the CumOOH decomposi-
tion is the formation of strong metal-oxygen bonds leading
to highly exothermic reactions i.e. the reaction exothermi-
cities are 73 and 79 kJ/mol for CpMo•(CO)3 and CpRu•-
(CO)2 respectively (calculated at UB3LYP/LANL2DZ level
with the Gaussian suite of programs23). In ArCr(CO)3, the
generated ArCr(CO)2 species is also quenched by CumOOH
(k = 1.1 � 106 M-1 s-1). This reaction also clearly leads to
CumO• as supported by ESR-ST. Because of the too weak
signals and the low solubility of Fe2(CO)9 in tert-butylben-
zene, no measurement can be done on the Fe2(CO)8/Cu-
mOOH interaction.

3. FRP in Laminate. The expected role of the hydroper-
oxides is demonstrated (e.g., using a 473 nm diode laser
exposure) when comparing the relative efficiency of the
M-Sub/CumOOH, M-Sub/TTMSS and M-Sub/TTMSS/
CumOOH systems (Figure 5). CumOOH improves the po-
lymerization efficiency and the M-Sub/TTMSS/CumOOH
system appears asmore efficient than theM-Sub/alkyl halide
usually proposed e.g. in arene chromium complex.10,11a-11g,12

The inhibition time is reduced and the consumption of the
silanes Si-H is almost complete. Moreover, M-Sub/Cu-
mOOH can also behave as a Type II PI with a polymerization
initiating ability quite similar toM-Sub/alkyl halide.

4. FRP under Air upon Lamp and Laser Diode Exposure.
Using M-Subs alone does not lead to any photopolymeriza-
tion of TMPTA under air (excepted ArCr(CO)3 (conversion

Table 1. Reactivity of the Metal-Centered Radicals toward O2, Methylacrylate (MA), Tris(trimethylsilyl)silane (TTMSS), Diphenyl Iodonium
Hexafluorophosphate (Ph2I

þ), EPOX, and Cumene Hydroperoxide (CumOOH): Interaction Rate Constants k (M-1 s-1) in tert-butylbenzene

O2 MA TTMSS Ph2I
þ EPOX CumOOH

CpMo•(CO)3 3.2� 109 <105 a <2� 105 a <1.0� 107 a <5� 105 2.2 � 106; 1.5 � 106 a (3.7 � 107 b)
CpRu•(CO)2 <105 <2� 105 <5.0� 106 a <5� 105 c

a In acetonitrile. bFor 3-chloroperbenzoic acid. cThe degradation of Cp2Ru2(CO)4 solution with addition of CumOOH prevents this experiment.

Figure 4. ESR spin trapping spectrum obtained upon irradiation
of Cp2Mo2(CO)6/CumOOH in tert-butylbenzene. Xenon lamp expo-
sure. PBN0.05M.ThePBNadduct is characterizedbyaN=13.5; aH=
1.5 G.
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of about 5% at t=120 s upon aHg-Xe lamp irradiation; see
Figure 6). The addition of CCl4 does not drastically improve
the polymerization i.e. nothing is observed in the presence of
the Cp2Mo2(CO)6 [Fe2(CO)9, Cp2Ru2(CO)4]/CCl4 systems
and only a modest increase of the final conversion (i.e., 10%
vs 5% at t=120 s) is noted with ArCr(CO)3/CCl4 compared
to ArCr(CO)3. On the opposite, for all the investigated
systems, the addition of TTMSS enhances the polymeriza-
tion efficiency (Figure 6), albeit the polymerization rates are
not very high. The polymerization rate remains quite low
compared to classical type I photoinitiating systems. Con-
comitantly, a high Si-Hconsumption is observed during the
polymerization (Figure 6) confirming the hydrogen abstrac-
tion process -14 (see above).

Figure 5. (A) Photopolymerization profiles of TMPTA in laminated
conditions upon a diode laser irradiation (473 nm) in the presence of
(1) Cp2Mo2(CO)6 (1% w/w), (2) Cp2Mo2(CO)6/TTMSS (1%/3% w/
w), (3) Cp2Mo2(CO)6/CumOOH (1%/3% w/w), (4) Cp2Mo2(CO)6/
CCl4 (1%/3% w/w), and (5) Cp2Mo2(CO)6/CumOOH/TTMSS (1%/
3%/3% w/w). Inset: the Si-H conversion for point 5. (B) Photopoly-
merization profiles of TMPTA in laminated conditions upon a Xe-Hg
lamp irradiation (λ>310 nm) in the presence of (1) ArCr(CO)3 (1%w/
w), (2) ArCr(CO)3/TTMSS (1%/3% w/w), (3) ArCr(CO)3/CCl4 (1%/
3% w/w), (4) ArCr(CO)3/CumOOH (1%/3% w/w), and (5) ArCr-
(CO)3/CumOOH/TTMSS (1%/3%/3% w/w).

Figure 6. (A) Photopolymerization profiles of TMPTAunder air upon
a Xe-Hg lamp irradiation in the presence of (1) ArCr(CO)3 (1%w/w),
(2) ArCr(CO)3/CCl4 (1%/3% w/w), and (3) ArCr(CO)3/TTMSS (1%/
3%w/w). (B) Photopolymerization profiles of TMPTA under air upon
a Xe-Hg lamp irradiation in the presence of (1) Cp2Mo2(CO)6 (1%
w/w), (2) Cp2Mo2(CO)6/CCl4 (1%/3% w/w), and (3) Cp2Mo2(CO)6/
TTMSS (1%/3% w/w). Inset: the Si-H conversion for point 3. (C)
Photopolymerization profiles of TMPTA under air upon a Xe-Hg
lamp irradiation in the presence of (1) Cp2Ru2(CO)4 (1% w/w), (2)
Cp2Ru2(CO)4/CCl4 (1%/3% w/w), and (3) Cp2Ru2(CO)4/TTMSS
(1%/3% w/w).
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The same holds true upon a diode laser irradiation at
405 nm despite a lower light intensity which increases the
detrimental effect of O2. These results unambiguously de-
monstrate that TTMSS is a better additive to M-subs than
the alkyl halides commonly proposed. The role of the
hydroperoxide is also demonstrated under air (Figure 7).
Addition of CumOOH to M-Sub/TTMSS clearly enhances
the polymerization efficiency upon a Xe-Hg lamp irradia-
tion thereby confirming that the decomposition of the
hydroperoxides participates into the initiation mechanism.

5. FRPCP for Lamp and Laser Diode Visible Light Irradia-
tions. When using M-Sub/Ph2I

þ systems, only a very low
conversion of EPOX can be reached after 400s (<5%).
Figures 8-9 show that the addition of TTMSS (3% w/w) to
M-Sub/Ph2I

þ dramatically improves the polymerization
(except for ArCr(CO)3) carried out under both diode laser
and xenon lamp irradiations under air. An increase of
[Ph2I

þ] leads to the increase of the consumption of the Si-H
content (inset of Figure 9) and to the enhancement of the
polymerization rates and final conversions (Figure 9). As for
the FRP process, a high Si-H function consumption is
observed during the polymerization (Figures 8 and 9) also
demonstrating that a hydrogen abstraction process is in-
volved in FRPCP. For ArCr(CO)3, the lack of polymeriza-
tion is ascribed to a detrimental quenching of ArCr(CO)2 by
EPOX (∼2 � 106 M-1 s-1). The vacant coordination site of
this intermediate is likely occupied by a EPOXmolecule. An
oxygen lone pair of the epoxy function is probably involved
as in the efficient CO addition reaction (rate constant: 3 �
107M-1 s-121) shown in eq 17. This EPOX quenching is also
probably competitive to the silyl radical formation since
ArCr(CO)3/TTMSS/Ph2I

þ is no more an efficient system.
Using the Cp2Mo2(CO)6/TTMSS/Ph2I

þ system, the cationic
polymerization is very efficient upon the laser diode exposure
at 405, 457, 473, and 532 nm (Figure 9 and the Supporting
Information, Figure 2). In M-Sub/TTMSS/Ph2I

þ, the major
pathway probably corresponds to the silyl radical formation
and their oxidation by Ph2I

þ leading to the initiating silylium
cations. The decomposition of the hydroperoxides generated
through 4 generates alkoxyl radicals which can be converted
into silyl radicals by hydrogen abstraction 10. This latter
process still increases the formation of R3Si

•. The radicals

Figure 7. Photopolymerization profiles of TMPTA under air upon a
Xe-Hg lamp irradiation (λ> 310 nm) in the presence of (1) Cp2Mo2-
(CO)6 (1% w/w), (2) Cp2Mo2(CO)6/CumOOH (1%/3% w/w), (3)
Cp2Mo2(CO)6/TTMSS (1%/3% w/w), and (4) Cp2Mo2(CO)6/Cu-
mOOH/TTMSS (1%/3%/3% w/w).

Figure 8. (A) Photopolymerization profiles of EPOX under air upon a
xenon lamp irradiation (λ > 400 nm) in the presence of (1) Fe2-
(CO)9/Ph2I

þ (1%/1% w/w); (2) Fe2(CO)9/TTMSS/Ph2I
þ (1%/3%/

1% w/w). Insert: the Si-H conversion for (2). (B) Photopolymeri-
zation profiles of EPOX under air upon a xenon lamp irradiation
(λ > 400 nm) in the presence of (1) Cp2Mo2(CO)6/Ph2I

þ (1%/1%
w/w); (2) Cp2Mo2(CO)6/TTMSS/Ph2I

þ (1%/3%/1% w/w). (C) Pho-
topolymerization profiles of EPOX under air upon a xenon lamp
irradiation (λ > 400 nm) in the presence of (1) Cp2Ru2(CO)4/
Ph2I

þ (1%/1% w/w); (2) Cp2Ru2(CO)4/TTMSS/Ph2I
þ (1%/3%/1%

w/w).
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generated in M-Sub/TTMSS/Ph2I
þ are also able to initiate

FRP (e.g., Figure 3 in the Supporting Infomation forM-Sub=
Cp2Mo2(CO)6).

ArCrðCOÞ2 þCO f ArCrðCOÞ3 ð17Þ

Conclusions

In the present paper, new metal-based M-Sub and silane-
containing photoinitiating systems are proposed for FRPCP
and FRP under polychromatic (lamp) and monochromatic light
(filtered lamp, diode laser) exposure. In addition to the well-
known ability of the silyl radical chemistry to overcome the
oxygen inhibition, the M-Subs allow here a decomposition of the
hydroperoxides and an increase of the amount of initiating radi-
cals. Since the light absorption properties ofM-Sub as well as the
reactivity of the generated metal-centered radicals can be tuned
by an appropriate selection of the metals or the ligands, one
should expect the development of such systems for applications
under visible lights delivered by conventional sources or other
lasers in the radiation curing and laser imaging areas. These
systems are particularly attractive for FRPCP with excellent
polymerization rates and final conversions.

Supporting Information Available: Figures showing FTIR
spectra for TMPTA film in the presence of ArCr(CO)3, photo-
polymerization profiles of EPOX under air upon a diode laser
irradiation in the presence of Cp2Mo2(CO)6/Ph2I

þ or Cp2Mo2-
(CO)6/TTMSS/Ph2I

þ, andphotopolymerizationprofiles ofTMPTA
under air upon a Xe-Hg lamp irradiation (λ>310 nm) in the pre-
sence of Cp2Mo2(CO)6, Cp2Mo2(CO)6/Ph2I

þ, and Cp2Mo2(CO)6/
Ph2I

þ/TTMSS. This material is available free of charge via the
Internet at http://pubs.acs.org.
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