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ABSTRACT: Three new efficient photoinitiators (PI) based on a well-known chromophore skeleton
(hydroxyphenylacetophenone, thioxanthone, or benzoin) linked to a silyl-containing moiety are proposed.
The ability of these structures to initiate both free radical polymerization and free radical promoted cationic
polymerization is investigated. A comparison with parent compounds is provided. High rates of polymer-
ization andhigh final conversions are obtained. These PI directly generate silyl radicals under light irradiation
as characterized by ESR spin-trapping. The analysis of the excited-state processes through laser flash
photolysis and quantum molecular calculations allow to explain the observed photochemical behavior. The
present results evidence the high potential of these new modified PI.

Introduction

The development of new photoinitiators PI of radical and
cationic polymerization usable in specific applications still remains
very important.1 In the recent years, attempts have been made
to design new radical PIs. For example, systems involving a
structural modification of existing skeletons (based on the benzoyl
chromophore, benzophenone, thioxanthone, etc.) are currently
designed (see e.g. refs 2-5). New type I photoinitiating systems
leading to less usual radicals such as the silyl (Si•) or germyl (Ge•)
radicals have been proposed6,7 and a lot of new type II photo-
initiating systems generating silyl, thiyl (S•), or germyl radicals
explored.8-10 Among these radicals, Si• appears promising.

The photodegradation of polysilane polymers or oligomers that
occurs from a Si-Si cleavage and generates silyl radicals has been
reported a long time ago.6a-d The photoinitiation ability of these
silyl radicals was low, but other polysilane structures exhibiting
higher photoinitiation efficiencies were further proposed.6a-d In
the past few years, we designed new structures, based e.g. on a
Si-Si, C-Si, S-Si, or Si-Hbonds, leading to Si• radicals: the high
reactivity of Si• toward the addition process to acrylate double
bonds as well as their good behavior in photoinitiation of free
radical polymerization FRP and free radical promoted cationic
polymerizations FRPCP under air were outlined.8

The goal of the present paper is to check (i) the introduction
of a silyl moiety into a usual structure of radical photoinitiator
in order to generate silyl radicals and (ii) the effect on the excited
state reactivity and the polymerization ability. Three start-
ing structures largely used in the photopolymerization area
(2-hydroxy-2-methyl-1-phenylpropanone (HMPP), thioxant-
hone, and benzoin derivatives) have been selected as shown in
Scheme 1 for the design of the new proposed photoinitiators
PI-1-PI-3.

Modification of hydroxyalkylphenyl ketone (HAP) (e.g., change
of the phenyl ring or the chromophore, introduction of functional
groups),2c,f,g thioxanthone derivative (TX) (e.g., introduction of

new substituents to improve the properties),3,4a,d,e,g and benzoin
derivative (BZ) (with various functional groups)5a have been
already achieved: in most cases, the modified HAP, TX, and BZ
behave as the parent molecules and do not generate new radicals.
Some structures combining well-known PI (e.g., a modified HAP)
substituted by a silane moiety have also been proposed to improve
the solubility in silicone media,11 but no generation of the silyl
radicals has been reported as the silane substituent exhibits no
interaction with the chromophore. In the same way, a benzoin
trimethylsilyl ether (having a O-Si(CH3)3 group instead of the
usual OH) has been proposed to check some substitution effect in
the BZ series: no silyl radicals were reported.5a The approach
developed here is different, the initiation mechanism having to be
strongly affected by the substitution through the generation of new
initiating Si• radicals.

The polymerization ability of PI-1-PI-3 in FRP and FRPCP
under air will be evaluated and the silyl radical formation
investigated by laser flash photolysis (LFP) and electron spin
resonance spin trapping (ESR-ST) experiments. A comparison
with reference photoinitiators (HMPP, 2-isopropylthioxanthone
(ITX), and benzoin methyl ether (BME)) will be proposed and
the relative improvement observed in FRP or FRPCP discussed.

Experimental Section and Computational Procedure

Samples. The new photoinitiators are presented in Scheme 1.
2,20-Dimethoxyphenylacetophenone (DMPA) used as a reference
photoinitiator (Irgacure 651 from Ciba or KB-1 from Lamberti-
Spa), benzoin methyl ether (BME), 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO), and diphenyliodonium hexafluorophosphate
(Ph2I

þ) were obtained from Aldrich, 2-isopropylthioxanthone
(ITX) was from Lamberti-Spa., and 2-hydroxy-2-methyl-1-
phenylpropanone (HMPP) (Irgacure 1173) was from Ciba
(Basel). 1-Chloro-4-hydroxythioxanthone was obtained from
Dr. A. Green, Great Lakes Fine Chemicals Ltd., and 1-chloro-4-
propoxythioxanthone was a gift from Dr. D. Anderson.

Synthetic Procedure for PI-1, PI-2, and PI-3. 2-Methyl-2-
(1,1,2,2,2-pentamethyldisilyloxy)-1-phenylpropan-1-one (PI-1).
HMPP (563 μL, 3.77 mmol) and pentamethyldisilane (693 μL,*Corresponding author. E-mail: j.lalevee@uha.fr.
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3.77 mmol, 1 equiv) were added at 0 �C dropwise over 10 min to
a solution of tris(pentafluorophenyl)borane (77 mg, 0.15 mmol,
0.04 equiv) in dichloromethane (4mL).After being stirred at room
temperature for 3 h, the reaction mixture was concentrated under
reduced pressure, and the crude product was purified by silica gel
chromatography (cyclohexane/ethyl acetate 100:1 to 100:2) to give
PI-1 (220 mg, 0.75 mmol, 20%). RMN 1H (CDCl3, 300 MHz):
δ 8.17 (dd, J=1.1, 8.3 Hz, 2H), 7.5 (m, 1H), 7.42-7.37 (2H), 1.57
(s, 6H), 0.15 (s, 6H), 0.01 (s, 9H). RMN 13C (CDCl3, 75 MHz):
δ 203.7, 135.0, 132.2, 130.4, 127.8, 80.8, 29.1, 1.6, -2.3.

1-Chloro-4-(1,1,1,3,3,3-hexamethyl-2-(trimethylsilyl)trisilan-2-
yloxy)-9H-thioxanthen-9-one (PI-2).A solution of tris(trimethyl-
silyl)silane (0.93 mL, 3 mmol) in carbon tetrachloride (15 mL)
was stirred at room temperature for 12 h. The solvent was
evaporated, leaving the corresponding tris(trimethylsilyl)
chloride. Then, potassium bis(trimethylsilyl)amide (3.45 mL,
2.3 mmol, 15% in toluene, 1.1 equiv) was added at 0 �C to a
solution of 1-chloro-4-hydroxythioxanthone (550 mg, 2.1 mmol)
in THF (15 mL). The reaction mixture was stirred at 0 �C for
15 min, and tris(trimethylsilyl)chloride (3 mmol, 1.4 equiv) in
THF (3 mL) was added. After being stirred at room temperature
for 2 h, the reaction mixture was diluted with water, extracted
with ethyl acetate, washed with brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. The
crude product was purified by silica gel chromatography
(cyclohexane/ethyl acetate 20:1) to give PI-2 (10 mg, 0.2 mmol,
1%).Thisproduct beingquite unstable, the polymerization,LFP,
and ESR experiments were carried out on fresh samples. RMN
1H (CDCl3, 300 MHz): δ 8.46 (d, J=9.3 Hz), 7.59-7.57 (2H),
7.46 (ddd, J=2.8, 5.4, 8.1, 1H), 7.38 (d, J=8.5 Hz, 1H), 6.94
(d, J=8.5 Hz, 1H), 0.27 (s, 18 H), 0.19-0.15 (9H). RMN 13C
(CDCl3, 75 MHz): δ 180.5, 152.4, 135.8, 132.7, 131.9, 130.9,
129.7, 129.1, 127.3, 126.6, 126.5, 126.1, 118.2, 0.3, -0.7.

2-(1,1,2,2,2-Pentamethyldisilyloxy)-1,2-diphenylethanone (PI-3).
Chloropentanemethyldisilane (410 μL, 2.1 mmol, 1.5 equiv),
imidazole (192 mg, 2.82 mmol, 2 equiv), and DMAP (35 mg,
0.287 mmol, 0.2 equiv) were added at room temperature to a
solution of benzoin (300 mg, 1.41 mmol) in DMF (3.5 mL). After
being stirred at room temperature for 18 h, the reaction mixture
was diluted with water, extracted with cyclohexane/dichloro-
methane (90/10), washedwith brine, dried overmagnesium sulfate,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel chromatography (cyclohexane/
ethyl acetate 100:1) to give PI-3 (200 mg, 0.58 mmol, 41%). RMN
1H (CDCl3, 300 MHz): δ 8.01 (dd, J=1.2, 8.3 Hz, 2H), 7.48 (dd,
J=7.5, 11.6 Hz, 4H), 7.35 (dd, J=7.6, 11.6 Hz, 4H), 5.72 (s, 1H),
0.22 (s, 3H), 0.19 (s, 3H), 0.04 (s, 9H). RMN 13C (CDCl3,
75MHz): δ 198.9, 134.4, 132.8, 129.8, 128.5 (2�C), 128.1 (2�C),
127.7, 125.9 (2�C), 80.5, -0.47, -0.51, -2.3 (3�C).
Polymerization. In film FRP experiments (50 μm thick films),

a given photoinitiator (weight concentrations of 1% for PI-1 to
PI-3 are used in order to get a good solubility) was dissolved in
the polymerizable medium (Ebecryl 605 from Cytec). For
comparison, DMPA was used in the same conditions. The
polymerization conditions have been described in detail in ref
12 (polychromatic light of a Xe-Hg lamp (Hamamatsu, L8252,
150 W)). The evolution of the double-bond content was con-
tinuously followed by real-time FTIR spectroscopy (Nexus 870,

Nicolet) as described in ref 12. The rates of polymerization
Rp were calculated from the early times of the conversion vs
time curves (this part, 0-15% of conversion, being linear for
the PIs investigated). In FRPCP experiments, weight concen-
trations of 1% in diphenyliodonium hexafluorophosphate
(Ph2I

þ from Aldrich) and 1% in PI were used to polymerize a
di(cycloaliphatic epoxide) monomer (Cyracure 6110 from
Dow). To investigate the photosensitization ability of Ph2I

þ

by PI, a cutoff filter has been used to select λ>300 nm
(polychromatic light delivered by a Xe-Hg lamp: Hamamatsu,
L8252, 150 W). The evolution of the epoxy group content is
continuously followed by real-time FTIR spectroscopy; the
absorbance of the epoxy group was monitored at about
800 cm-1.13

Computational Procedure. Molecular orbital calculations
were carried out with the Gaussian 03 suite of programs;14 the
different triplet energy levels (ET) and the bond dissociation
energies (BDE) were calculated at the UB3LYP/6-31G* level.
The different optimized geometries were frequency checked.

Laser Flash Photolysis. Nanosecond laser flash photolysis
(LFP) experiments were carried out using a Q-switched nano-
second Nd/YAG laser (λexc=355 nm, 9 ns fwhm pulses; energy
reduced down to 10 mJ) from Continuum (Powerlite 9010) and
an analyzing system consisting of a pulsed xenon lamp, a mono-
chromator, a fast photomultiplier, and a transient digitizer.15

ESR Spin-Trapping Experiments. ESR spin-trapping experi-
ments (a now recognized powerful technique for the identification
of the radical center)16 were carried out using a X-band spectro-
meter (MS 200 Magnettech). The radicals generated under the
light irradiation (Xe-Hg lamp (Hamamatsu, L8252, 150 W;
λ>310 nm)) were trapped by phenyl-N-tert-butylnitrone (PBN),
5, 5-dimethyl-1-pyrroline N-oxide (DMPO), or 3,3,5,5-tetra-
methylpyrroline N-oxide (4MPO). The ESR spectra simulations
were carried out with the PESTWINSIM program.17

Results and Discussion

a. Absorption Properties.TheUV absorption properties of
PI-1-PI-3 are depicted in Figure 1. ForPI-1, the absorption
maximum is slightly shifted compared to the unsubstituted
compound HMPP, i.e., 328 nm instead of 317 nm in aceto-
nitrile. For PI-2, the absorption is typical of the thiox-
anthone chromophore and exhibits an absorptionmaximum
at 386 nm in acetonitrile. For PI-3, a slight hyperchromic
effect is noted compared to benzoin methyl ether BME.

b. Free Radical Photopolymerization FRP Ability. The
proposed photoinitiators are liquid (compared for example to
BME or TX which are solid), a property useful to improve the
solubility in viscous acrylate matrix for practical applications.

The photoinitiating abilities of PI-1 to PI-3 in FRP were
investigated and compared to that of the well-known type
I photoinitiator DMPA (Figure 2). The relative polymeriza-
tion rates are given in Table 1. PI-1 and PI-3 can be
considered as powerful photoinitiators as the efficiencies
are similar to that of DMPA.

Compared to HMPP, PI-1 exhibits a slightly reduced
ability in laminated conditions. In aerated media, however,

Scheme 1
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it shows a slightly reduced oxygen inhibition. This should be in
line with the known ability of silyl radicals to overcome the
detrimental effect of oxygen as evidenced in.8 PI-2 is a much
better photoinitiating system than ITX alone (Figure 2B). For
1-chloro-4-hydroxythioxanthone and 1-chloro-4-propoxythio-
xanthone, the polymerization rates were found quite similar
to ITX (reactivity ratio 0.9 and 1.5, respectively). This also
demonstrates that the silyl substitution in PI-2 increases the
polymerization ability.

When using ITX, the initiating radicals are generated by a
hydrogen abstraction reaction with the monomer. This
thioxanthone derivative based compound (PI-2) behaves as
a type I photoinitiating system but remains less efficient than
DMPA in term of Rp (the limit % conversion is however
almost the same). Of course, the addition of an amine also

improves theRps:PI-2 can also work in type II systems.PI-3
is characterized by a higher efficiency than BME (in both
laminated and aerated conditions). This is in contrast to the
results obtained with benzoin trimethylsilyl ether for the
methyl methacrylate polymerization (see below).5a

c. Free Radical Promoted Cationic Photopolymeriza-
tion FRPCP Ability. Figure 3 shows the relative efficiency

Figure 1. UV absorption properties: (A) PI-1 (1) compared to HMPP
(2). (B) ITX (3) andPI-2 (4) in acetonitrile. (C)PI-3 (5) and BME (6) in
tert-butylbenzene.

Figure 2. (A) Radical photopolymerization ability of (a) PI-1 and
(b)PI-2 as photoinitiators compared toDMPA (1%w/w) in anEbecryl
605 film (laminated conditions). (B) Radical photopolymerization
ability of PI-2 as photoinitiators compared with ITX (1% w/w) in an
Ebecryl 605 film (laminated conditions; a different light intensity than
for (A) is used). For 1-chloro-4-hydroxythioxanthone and 1-chloro-4-
propoxythioxanthone, the relative reactivity (polymerization rates)
compared to ITX is 0.9 and 1.5, respectively.

Table 1. Radical Polymerization Ability of the Different PIs Expressed
as Rp/[M0] (s

-1)a

Rp/[M0] � 100

laminate air

DMPA 67 55
PI-1 46 (55b) 43 (40b)
PI-2 15 (45.7c) 7.3 (22.3c)
PI-3 40.7 (30.1d) 37.6 (28.9d)

a [M0] is the initial monomer concentration. [PI]=1% w/w. bFor
HMPP. c In the presence of triethylamine 1% w/w. dFor BME.
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of PI-1/Ph2I
þ, PI-2/Ph2I

þ, and PI-3/Ph2I
þ as cationic photo-

initiating systems (compared to the well-known reference
DMPA/Ph2I

þ) in aerated conditions. As aryliodonium salts
show a main absorption band at λ<300 nm, the initiation
ability of Ph2I

þ alone in our irradiation conditions (λ>300 nm)
is fairly low. Using PI-1 to PI-3 leads to a dramatic increase
of both the Rp and the final conversion. The efficiencies of
PI-2/Ph2I

þ and ITX/Ph2I
þ are similar (Figure 3A). For PI-1

(orPI-3), remarkable improvements compared toHMPP/Ph2I
þ

(or BME/Ph2I
þ) are observed (Figure 3B). Interestingly both

the PI-1/Ph2I
þ and PI-3/Ph2I

þ combinations are more efficient
than DMPA/Ph2I

þ (this system is rather efficient as the oxida-
tion of the phenyldimethoxybenzyl radical by the iodonium
salts is assumed to readily occur, leading to a cation which
initiates the polymerization process). The best result is obtained
for PI-3.

d. Potentially Cleavable Bonds. The calculated bond
dissociation energies (BDE) associated with the different
potential cleavage processes are indicated by arrows in
Scheme 2. Several bonds requiring an energy around
230-282 kJ/mol can be broken.

e. Radicals Observed by the ESRSpin-Trapping Technique.
Under direct irradiation, the benzoyl radical is observed
(g∼ 2.0008, a2H=1.2 G) for PI-1 and PI-3 (Figure 4).16d

However, for a better characterization of the photochemi-
cal processes on PI, the spin-trapping technique has been
used.16d

Different radicals are generated upon light irradiation and
trappedwith PBN,DMPO, or 4MPO (Figure 4;PI-1-PI-3).
The hyperfine splittings (hfs constants) of these adducts for

both the nitrogen (aN) and the hydrogen (aH) are reported in
Table 2. Schemes 3-5 show the possible routes for the
generation of these radicals.

In PI-1, radicals generated by a R-cleavage process are
observed (reaction 1 in Scheme 3): a benzoyl radical (a) (aN=
14.3; aH=4.5 G for PBN) and an R-oxyalkyl radical (b) (aN=
14.4; aH=24.5 G for DMPO). A β-cleavage process is also
noted (reaction 2 in Scheme 3) as evidenced by the observation
of an R-carbonylalkyl radical (c) (aN=13.6; aH=13.2 G for
DMPO) and a silyl radical (aN=14.8; aH=6.2 G for PBN).

Figure 3. Cationic photopolymerization of Cyracure 6110 under air:
(A) in the presence of (1) ITX/Ph2I

þ and (2) PI-2/Ph2I
þ; (B) in the

presence of (3)PI-3/Ph2I
þ, (4)PI-1/Ph2I

þ, (5) DMPA/Ph2I
þ, (6) HMPP/

Ph2I
þ, and (7) BME/Ph2I

þ. Photoinitiator/Ph2I
þ: 1%/1% w/w.

Scheme 2

Figure 4. ESR spin-trapping experiments under the UV light irradia-
tion of PI-1 or PI-2 (0.01 M) at λ>300 nm: experimental (top) and
simulated (bottom) spectra (see text): (A) PI-1/PBN; (B) PI-2/PBN.
Inset: the benzoyl radical observed under irradiation of PI-3 without
spin trap (g=2.0008; aH=0.12 mT).
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4MPOwas used to confirm this Si• production (Table 2).21b The
formation of silyl radicals (f and g) through a cleavage of the
Si-Si bond (reaction 3 in Scheme 3) can be probably ruled out
(see below). The silyl radical is assigned to (e). Radical d is not
observed because of its rearrangement (see below in section f).

All the assignments are in agreement with those reported for
similar radicals.18-21

In PI-2, both silyl and carbon-centered radicals were
observed (Table 2). Such a behavior has been recently observed
for 4-tris(trimethylsilyl)silyloxybenzophenone.6e The carbon
structure can be ascribed to a silylalkyl radical (a0) whose
hfs constants are in excellent agreement with the values repor-
ted for the known (CH3)3Si-CH2

• radical (aN=14.4 G and
aH=2.7 G using PBN).21 The a0 radical is formed by a hydro-
gen abstraction reaction between the PI-2 triplet state and a
ground state PI-2 molecule (reaction 1 in Scheme 4). The hfs
constants for the trapped Si• are more consistent with a trialk-
ylsilyl radical generated by a Si-Si bond cleavage (reaction 2 in
Scheme 4) rather than a tris(trimethylsilyl)silyl radical (whose
hfs constants are known)6e,21 arising from a O-Si bond
cleavage (reaction 3 in Scheme 4).

In PI-3, the benzoyl radicals generated by the R-cleavage
process are observed (reaction 1 in Scheme 5). Silyl radicals
are also clearly found in agreement with a β-cleavage process
associatedwith a rearrangement of the silyloxyl radicals. The
benzyl derived radicals (generated from R- and β-cleavages)
are not trapped with PBN.

f. Excited-State Processes As Revealed by LFP. The laser
excitation of PI-2 at 355 nm leads to the transient species
(Figure 5) with an absorptionmaximum close to 650 nm that
can be ascribed to the triplet state localized on the thiox-
anthone moiety. The triplet state lifetime (∼5 μs) is much
longer than that found for the 4-tris(trimethylsilyl)silyl-
oxybenzophenone6e supporting a lower dissociation rate
constant for PI-2 (k<2�105 s-1). This transient is quen-
ched by triethylamine and oxygen with high rate cons-
tants (5.5�108 and 3.4� 109 M-1 s-1, respectively). The
self-quenching process 3PI-2/PI-2 cannot be investigated
due to the intense ground-state absorption ofPI-2 at 355 nm.

The transient species (Figure 5) observed upon laser excita-
tion ofPI-1 at 355 nm is ascribed to the benzoyl radical already
known.22 The buildup occurs within the resolution time of
our experimental setup (<10 ns), demonstrating a fast clea-
vage process. The interaction rate constants with TEMPO
and O2 are very high and also in agreement with this radical
structure, i.e., 5.5� 108 M-1 s-1 and 2.3� 109 M-1 s-1,
respectively.23 These LFP results are in agreement with the
ESR-ST experiments.

Table 2. Hfs Constants of the Radical Adducts Observed in the ESR
Spin-Trapping Experiments for PI-1-PI-3 (Proposed Attribution

Given in Parentheses)a

aN; aH (G)

PI-1 PBN 14.4, 2.5 (c or b)b

14.3, 4.5 (a)b,1

14.8, 6.2 (silyl radical)b,2

DMPO 14.4, 24.5 (b)b,3

13.6, 13.2 (c)b,4

4MPO 14.6, 29.0 (silyl radical)b,c

PI-2 PBN 14.8, 6.2 (silyl radical)b,2

14.5, 2.3 (a0)b,5

DMPO n.d.
PI-3 PBN 14.2, 4.5 (a)b,1

14.8, 6.2 (silyl radical)b,2

DMPO n.d.
a n.d.=not determined. b See text and Schemes 3-5. The attributions

are in agreement with the literature data: 1,18 2,21 3,19 4,20 5.21 cFor the
triethylsilyl radical, the following parameters were obtained: aN=15,
aH=29 G (this work); this is in excellent agreement with ref 21b.

Scheme 3

Scheme 4
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ForPI-3, the observed species (Figure 5) is characterizedbya
maximum absorption at about 300 nm and is quenched by
TEMPO with a rate constant of 6.3�107 M-1 s-1. It can be
ascribed to the silyloxybenzyl radical (h in Scheme 5). The
benzoyl radical is not detectable in the spectrum because of its
low extinction coefficients in the investigated wavelength range
as observed previously when exciting BME.28

g. Energetic Considerations. The triplet energy levels ET

of PI-1 and PI-3 are calculated as 271 and 277 kJ/mol,
respectively (atUB3LYP/6-31G*). TheBDEassociatedwith
the different cleavage processes are gathered in Scheme 2.
Interestingly for both compounds, the β-cleavage is more
favorable than the R-cleavage by about 17 kJ/mol for PI-1
and 11 kJ/mol forPI-3. The df e rearrangement (Scheme 3)
is energetically extremely favorable with a reaction exother-
micity of -173 kJ/mol (at the UB3LYP/6-31G* level). Such
a process has been recently observed for other silyloxyl
structures.26 This can probably confirm the observation of
the silyl radical (e) in ESR spin-trapping as well as the high
abilities of PI-1 and PI-3 in FRPCP related to the easy
oxidation of the silyl radicals.

In polysilanes, it has been previously found that the Si-Si
bond cleavage can occur after energy transfer.27 In the
present case, this process canbe ruled out for the silyl radicals
formation in PI-1 (reaction 3 in Scheme 3). Indeed, the
spectroscopic triplet state associated with a Si-Si bond is
calculated as 6.1 eV for (CH3)3Si-Si(CH3)3 as a model
compound (at the MPW1PW91/6-31G* level); since ET=
2.8 eV for the acetophenone moiety, an intramolecular
triplet-triplet energy transfer to the Si-Si bond is probably
highly endergonic and can perhaps explain the absence
of f and g. A similar behavior can be expected for PI-3.

The PI-2 triplet energy (258 kJ/mol) is lower than the
BDE(Si-Si) and BDE(O-Si) in agreement with the mea-
sured low dissociation rate constant. For 4-tris(trimethyl-
silyl)silyloxybenzophenone,6e an opposite situation was
observed (ET>BDE(Si-Si)), leading to a faster cleavage
process.

h. Initiation Efficiency. The excellent ability of PI-1 and
PI-3 is partly ascribed to the formation of silyl radicals under
light irradiation; i.e., these species efficiently add to acrylate
double bonds in FRP and are easily oxidized by Ph2I

þ to
initiate FRPCP as recently evidenced for other systems.6e,f,8

The PI-1/HMPP, PI-2/ITX, and PI-3/BME differences well
demonstrate that the initiation mechanisms are different
between the starting molecules and the silylated structures.

For PI-1 and PI-3, reactions 1 and 2 appear as the
major deactivation pathways. The relative ratio of β- vs
R-cleavage can hardly be determined. Only benzoyl (for
PI-1) or benzyl (for PI-3) derived radicals significantly

absorb in LFP (silyl or R-carbonylalkyl radicals weakly
absorb at λ>330 nm).24,28 The ESR spin-trapping does not
allow an access to this ratio since the selectivity of the
different generated radicals toward the addition to PBN or
DMPO can be different.25 However, for different spin-trap
concentrations, the adducts formed from R- and β-cleavages
are present in high yields, probably demonstrating that both
pathways are important.

In PI-1, the d to e rearrangement is probably decisive
(reaction 2 in Scheme 3) for the production of efficient silyl
radicals. In PI-2, the hydrogen abstraction and the Si-Si
bond dissociation (reactions 1 and 2 in Scheme 4) are the
major pathways for the radical formation. As a consequence,
the thioxanthone derivative PI-2 also behaves as a type I PI.
These processes are in agreement with the better ability of
this compound compared to ITX inFRP. The high efficiency
of PI-3 (particularly for FRPCP) is ascribed to the genera-
tion of silyl radicals through the rearrangement of silyloxyl

Scheme 5

Figure 5. Transient spectra observed after laser excitation at 355 nm of
(A) PI-1 (circle) and HMPP (square), (B) PI-2, and (C) PI-3. Solvent:
acetonitrile; recording time: t=0 μs.
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radicals after the β-cleavage (reaction 2 in Scheme 5). Such a
process in the absence of a Si-Si bond (like for the benzoin
trimethylsilyl ether)5a can obviously not occur, thereby pre-
venting the silyl radicals formation. This can probably
demonstrate that the introduction of a O-Si-Si fragment
is requested.

Conclusion

In the present paper, new efficient silyl moiety containing
photoinitiators both for FRP and FRPCP processes are pro-
posed. Their polymerization ability in silicone-acrylate matrix
where a good photoinitiator solubility is requested will be
investigated in forthcoming works as well as the development
of new structures. Preliminary calculations suggest that the
Si containing moiety could be advantageously changed for a
Ge-based group. The rather hard synthesis of newGe-containing
conventional PI is under way.
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