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ABSTRACT: The role of silanes, germanes, and stannanesR3XHas co-initiators and additives to overcome
the oxygen inhibition usually encountered in photopolymerization reactions in aerated media is demon-
strated in experimental conditions where both a low light intensity and thin and low-viscosity samples are
used. These results concerned with silanes as co-initiators are compared to data previously obtained in more
viscous media where a lower effect of oxygen is expected. The striking role of R3XH here is their use as
additives in both type I and II photoinitiating systems. It allows to dramatically increase the polymerization
rates and the final monomer conversions in the above-selected conditions. The mechanisms investigated by
laser flash photolysis (LFP) and electron spin resonance (ESR) experiments are discussed.

Introduction

In the past few years, free radical photopolymerization (FRP)
has attracted special attention due to its strong use in the UV
radiation curing area. The selection of appropriate photoinitia-
tors (PI) is of particular importance.1,2 The design of high-
performance PIs has been largely achieved using cleavable PI
(type I) and two-component PI (type II). The addition of a third
or a fourth compound to type II systems has already led to
various more efficient three- or four-component PI; the incorpo-
ration of an additive into a type I PI remains, however, a
fascinating challenge as no significant improvement has been
reported so far in terms of rate of polymerization and conversion
(see e.g. refs 1 and 2).

In FRP, a strong drawback concerns the well-known oxygen
inhibition (Scheme 1).1-4 Indeed, excited states are quenched by
O2. Both the initiating and propagating radicals are scavenged by
O2 and yield highly stable peroxyl radicals which cannot parti-
cipate in any further polymerization initiation reactions.5,6 The
oxygen/radical interaction is a nearly diffusion-controlled reac-
tion:7 the polymerization only starts when oxygen is consumed.8

In highly viscous or thick samples, the reoxygenation process is
quite slow, leading to an efficient polymerization after an inhibi-
tionperiod.On the opposite, in very low viscosity or thin samples,
the reoxygenation remains efficient, leading to strongly reduced
monomer conversions; moreover, the lower the light intensity,
the lower the initial O2 consumption.

In the present paper, the main idea is to search for suitable
additives in type I and type II PIs for the design of photoinitiating
systems being able to work in aerated low-viscosity monomer
media. We recently proposed new photoinitiating radicals based
on silyl or germyl radicals (R3Si

•, R3Ge•).9,10 The high reactivity
of R3Si

•;generated fromSi-Si bond containing systems (type I)
or photoinitiator/silane combinations (type II);toward the
addition process to acrylate double bonds has been evidenced;
the polymerization efficiency for a viscous epoxy acrylate matrix

(Ebecryl 605∼14 500 cP) in aerated media has been explained on
the basis of the specific behavior of the silyl radicals (a similar
behavior was observed with R3Ge•).9-11 We will mostly investi-
gate here the photopolymerization of trimethylolpropane tria-
crylate TMPTA (viscosity∼ 70-100 cP) under air and upon low
light intensity using the silanes (germanes and stannanes) R3XH
shown in Scheme 2 as additives in type I (2,20-dimethoxy-
2-phenylacetophenone (DMPA), phenylbis(2,4,6-trimethylben-
zoyl)phosphine oxide (BAPO), 2-hydroxy-2-methyl-1-phenyl
propanone (HMP), and bis(cyclopentadienyl)bis[2,6-difluoro-
3-(1-pyrryl)phenyl]titanium (Ti)) and type II (benzophenone
(BP), isopropylthioxanthone (ITX), camphorquinone (CQ) and
eosin Y (Eo) in the presence of an amine) photoinitiators. This
will allow to illustrate the remarkable role of theX• (R3Si

•, R3Ge•,
and R3Sn

•) radical chemistry in UV and visible light-induced
FRP. The comparative role of R3XH as co-initiators in a fluid
and a viscousmatrixwill also be outlined.Lastly, the excited-state
processes and the involvedmechanisms investigated by laser flash
photolysis (LFP) and electron spin resonance (ESR) experiments
will be discussed.

Experimental Part

i. Compounds. The compounds reported in Scheme 2;diphe-
nylsilane (a) tris(trimethylsilyl)silane (b), triethylsilane (c),
dimethylphenylsilane (d), 1,1,2,2-tetraphenydisilane (e), triphe-
nylsilane (f), triphenylgermane (g), and triphenyltin hydride
(h);were obtained from Aldrich or Tokyo Chemical Industry
TCI. Ethyldimethylaminobenzoate (EDB, Esacure EDB from
Lamberti) was used as a reference amine co-initiator. Di-tert-
butyl peroxide was obtained fromAldrich. Benzophenone (BP),
isopropylthioxanthone (ITX), camphorquinone (CQ), and
eosin Y (Eo) were used in type II systems (from Aldrich) and
2,20-dimethoxyphenylacetophenone (DMPA from Aldrich),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO from
Ciba-Basel), 2-hydroxy-2-methyl-1-phenyl propanone (HMP
from Ciba, Basel), and bis(cyclopentadienyl)bis[2,6-difluoro-
3-(1-pyrryl)phenyl]titanium (Ti, Irgacure 784 from Ciba, Basel)
as type I photoinitiators.

*Corresponding authors. E-mail: j.lalevee@uha.fr (J.L.); mohamad.
el-roz@uha.fr (M.E.).
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ii. Photopolymerization Experiments.For film polymerization
experiments at RT, a given PI was dissolved into TMPTA
(trimethylolpropane triacrylate from Cytec). In order to get a
good reproducibility, thin samples with low PI optical densities
were used. These experimental conditions allow a good dissipa-
tion of the heat produced during the polymerization reaction
and avoid any internal filter effects.12 The 20 μm thick films
(laminated or under air) deposited on a BaF2 pellet were
irradiated with the polychromatic light of a Xe-Hg lamp for
BP, DMPA, and HMP (Hamamatsu, L8252, 150 W). For the
experiments with BAPO and ITX, a filter has been added in
order to select an irradiation at λ=365 nm (for these com-
pounds, these irradiation conditions ensure a high oxygen
inhibition for the process). For the visible light polymerization
(Ti, CQ, Eo), an irradiation with a filtered xenon lamp
(Hamamatsu L8253, 150 W) was selected (λ > 400 nm).

The evolution of both the double bond (acrylate) and the
Si-H function content was continuously followed by real-time
FTIR spectroscopy (Nexus 870, Nicolet) at about 1650 and
2100 cm-1, respectively.12,13 The Rp quantities that refer to the
maximum rates of the polymerization reaction were calculated
as presented in refs 12 and 13.

iii. Laser Flash Photolysis Experiments. Nanosecond laser
flash photolysis (LFP) experiments were carried out using a
Q-switched nanosecond Nd/YAG laser (λexc= 355 nm, 9 ns
pulses; energy reduced down to 10 mJ, from Powerlite 9010
Continuum). The analyzing system consists of a pulsed lamp, a
monochromator, a fast photomultiplier, and a transient digi-
tizer.14

iv. Kinetic ESR Experiments. The kinetic ESR experiments
carried out to determine the peroxyl/additive interaction rate
constants have been performed on a X-band spectrometer (MS
200 Magnettech) as presented in ref 11.

v. DFT Calculations. All the calculations were performed
using the hybrid functional B3LYP from the Gaussian 03 suite
of program. Reactants and products were fully optimized at the
B3LYP/6-31G* level (and frequency checked). The bond
dissociation energy corresponds to the energetic difference
between the parent hydrogenated compound and the radical.
This procedure has been presented in detail in ref 14.

Results and Discussion

1. Reactivity of the Silyl Radicals. Kinetic data on the
R3XH chemistry and the generated radicals R3X

•=R3Si
•,

R3Ge•, and R3Sn
• are rather scarce.15 As carried out in

previous works,15,16 the formation of the R3X
• radicals

Scheme 1

Scheme 2

Figure 1. (A) Interaction of the tBuOO• peroxyl radical with e (the
experimental conditions are similar to ref 11). (B) UV/vis spectrum of
the silyl radical of e in di-tert-butyl peroxide. Inset: kinetic traces at
340nm indi-tert-butyl peroxide in the absence of e anduponadditionof e.
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was investigated here through three different major path-
ways:

(a) The interaction of the tert-butoxyl radical (generated
by photolysis of di-tert-butyl peroxide) withR3XHyields the
R3X

• radical whose absorption can be followed at about
300 nm: the risetime of this absorption allows the evaluation
of the interaction rate constants by a usual Stern-Volmer
treatment (Figure 1 and Table 1).

(b) The second way involves an interaction with a ketone
triplet state (BP, ITX, ...) that leads to a hydrogen abstrac-
tion which generates a ketyl and a R3X

• radical. In that case,
the ketyl radical of BP is easily observed at 545 nm. The
observed rate constants as well as the ketyl radical quantum
yields (φK•), which are obviously equal to the R3X

• radical
quantum yields, are given in Table 1.

(c) The interaction of R3XH with a peroxyl radical also
yields a R3X

• radical. This process is investigated by kinetic
ESR (procedure presented in ref 11). The rate constants are
gathered in Table 1 (Figure 1).

In these three interactions, an efficient hydrogen transfer
occurs thereby demonstrating the high reactivity of theX-H
function. The rate constants increase together with a de-
crease of the bonddissociation energyBDE(X-H) (Table 1).
Particularly, tris(trimethylsilyl)silane (b) exhibits the best
hydrogen-donating properties.

The direct observation of the R3X
• radicals by LFP

provides a direct access to their reactivity. This was applied
to their addition to methyl acrylate that is representative of
the initiation process: the striking feature is that the kadd
values are always very high (Table 1). These structures are
clearly much better than the aminoalkyl radical of ethyldi-
methylaminobenzoate (EDB) which is already known
as a very efficient polymerization initiating structure (kadd
∼ 5 � 105 M-1 s-1).16

2. Silane as Co-initiators. a. Efficiency of BP/Silanes in a
FluidMatrix in Laminated Conditions. In order to investigate
the effect of the formulation viscosity on the reactivity of
type II systems in laminated conditions, the photopolymer-
ization of trimethylolpropane triacrylate (TMPA) as a fluid
monomer has been carried out and explored in detail. For
example, using BP/silane in TMPTA, a lower reactivity than
that previously found in Ebecryl 605 is clearly noted
(Table 1). Such a result is easily ascribed to the viscosity
change. Indeed, in a rough approximation using the
Stokes-Einstein equation for Ebecryl 605 and TMPTA,
viscosities of 14 500 and 70-100 cP lead to diffusion rate
constants about 4 � 105 and 9 � 107 M-1 s-1, respectively.

In Ebecryl 605, all bimolecular rate constants will level off
at about 4� 105M-1 s-1 whereas, in TMPTA, rate constants
lower than 9 � 107 M-1 s-1 are discriminated. As a con-
sequence, the triplet quenching (kq) of BP by the monomer

(TMPTA) appears in strong competition (kH) with the
hydrogen abstraction reaction (3BP/silane) as shown in
Scheme 3. For 3BP/TMPTA, an interaction rate constant
of 7� 107 M-1 s-1 was found in ref 17. Taking into account
the respective monomer and silane concentrations, the
3BP/monomer interaction is expected as the major pathway
(kq[TMPTA] ∼ 3� 108 s-1 . kH[silane] ∼ 5 � 105 s-1). It is
less important in 3BP/EDB (kH [EDB] ∼ 4.5 � 106 s-1). The
kH rate constants for the various 3BP/silane couples range
between 106 and 108 M-1 s-1, which is lower than the
diffusion rate constant in TMPTA. A similar behavior is
found for germanes or stannanes.

Contrary toTMPTA, inEbecryl 605, the hydrogen abstrac-
tion can compete more with the triplet/monomer quenching.
The ratio between the pathway (1) and (2) decreases
(kq[monomer] ∼ 1 � 106 s-1 > kH[silane] ∼ 2 � 104 s-1

and=kH[EDB] ∼ 2 � 104 s-1). As a consequence, the BP/
silane systems are more efficient in Ebecryl 605. The reduced
efficiency of silanes inTMPTAcompared toEDB is explained
by a decrease of the hydrogen abstraction yield. Interestingly,
in TMPTA, the reactivity order of the different R3XH is quite
well correlated with kH (Table 1). An enhanced reactivity is
found compared to the other silanes for bwhich is characteri-
zed by the highest kH (Table 1 and Figure 2).

b. Efficiency of BP/Silane (b) in a FluidMatrix under Air. It
has been previously reported that the BP/b system showed a
higher efficiency (1.7 times) than the reference combination
(BP/EDB) in the photopolymerization of Ebecryl 605 under
air.9d Such a result is also observed in the TMPTA film
(Figure 2) exposed to a low light intensity (44 mW cm-2)
where a significant effect of O2 is expected. In contrast, when
the irradiation intensity is increased (220 mW cm-2), EDB is
found more efficient (Figure 2). This is likely ascribed to the
lower effect of oxygen at high intensity associated with a fast
O2 consumption by the aminoalkyl radicals. This demon-
strates the interest of using a low light intensity towell evidence
the interesting role of R3XH on the oxygen inhibition.

3. Silanes as Additives for Type I and Type II Photoinitiator
Systems in Fluid Matrix. a. Type I System. The additive
effect of R3XH (in particular b) in type I systems has been
investigated for four well-known efficient photoinitiators
(DMPA, BAPO, HMP, and Ti). Although they are char-
acterized by a high reactivity, these PI are very sensitive to

Table 1. Polymerization rates of TMPTA and Ebecryl 605 (Eb605) Using a BP/Co-initiator System (1%/1%, w/w)a

BPb,c t-Bu-O•b t-Bu-OO• Eb 605b TMPTA R•/MA

BDEd

(kcal/mol)
kH

(107 M-1 s-1)
kH0

(107 M-1 s-1)
kH0 0

(M-1 s-1)
Rp/[M0]

� 100 (s-1)
Rp/[M0]

� 100 (s-1)
kadd

(107 M-1 s-1)

EDB 92.8 510 (1.0); 23 6 25.6 28.8 (8.1e) 0.05
a 92.3 2.1 (0.55); 5.5 20 33.6 13.7 11
b 79.8 10 (0.95); 8.5 590 30.5 20.5 2.2
c 95.0 0.4 (0.65); 1.0 2.5 36.0 14.9 24
d 94.2 2.5 (0.65); 1.5 160 22.7 13.8 45
e 88.5 18 (0.75); 7.5 60 12.2 6.9
f 86.4 3.1 (0.75); 6.7 14 22.0 12.8 51
g 79.9 6.2 (0.69); 34 260 25.2 14.0 18
h 73.8 48 (0.74); 150 5200 15.5 4.8

a In laminate. I0 = 44 mW cm-2. Rate constants characterizing the formation and the reactivity of the radicals associated with the studied
compounds. See text. bReference 9d. cKetyl radical quantum yields. dBDE at UB3LYP/6-31G* level (Gaussian 03). eWithout co-initiator.

Scheme 3
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oxygen in FRP. For example, despite a very efficient photo-
polymerization in laminated conditions, no polymerization
is observed for Ti under visible light irradiation in our
conditions. The results are reported in Figure 3. In DMPA,
BAPO, and HMP, the radicals are generated from the
cleavage of 3PI according to reaction 10 in Scheme 4; as
known, these excited states are characterized by a short
lifetime preventing their quenching by O2 or monomer
(reaction 3); for Ti, the Ti-C bond cleavage process is very
fast20 and undergoes the formation of radicals as demon-
strated by spin trapESR.21All these radicals either reactwith
the monomer or are deactivated by oxygen to form peroxyl
radicals. This oxygen quenching also occurs for the propa-
gating radicals (R0Mn

•) and efficiently competes in TMPTA
with the propagation step (kp[monomer] ∼ 3 � 104 s-1 <
kO2

[O2] ∼ 2.1 � 105 s-1). When nothing is added, an

important Rp decrease is observed (as usually) as mainly
peroxyl radicals are present in the time scale of the experi-
ment. In contrast, the addition of R3XH to the system is
highly worthwhile as supported by the increase of both
Rp/[M0] and the final conversion which, e.g. for HMP, rises
from 0.04 to 0.15 s-1 and 11% to 46% for [b] = 0 and
[b]=5%, respectively (Figure 3C).

The achieved performance can be explained through the
reactions shown in Scheme 4 in the case of the ketone (type
I)/silane systems. The same holds true if the silane is changed
for a germane and a stannane. When using Ti, a polymeri-
zation is only noted in the presence of b (Figure 3). In that
case, a fluorinated aryl and a cyclopentadienyl radical are
generated and play the role of R0• in Scheme 4.21

Silyl radicals are efficient to consume oxygen (R3Si
• þ O2

f R3Si-O2
•) as rate constants close to the diffusion limit

((2-3) � 109 M-1 s-1) were measured by LFP.9a As seen in
Table 1 for e.g. tris(trimethylsilyl)silane (b) where a hydrogen
abstraction rate constant of 590 M-1 s-1 has been found by
kinetic ESR (for Y=tBu), an efficient peroxydation process
regenerates an initiating silyl radical according to Y-O2

• þ
R3Si-HfY-O2HþR3Si

•where Y stands for an initiating
(R0 or R3Si

•) or a propagating radical (-Mn
•). This value is

much higher than that found for amines (such as EDB: k∼ 6
M-1 s-1; tBuOO•þEDBf tBuO2HþEDB•), in agreement
with the better behavior of b in aerated conditions. Another
interest of the silane-derived peroxyl radical is the possibility
of a rearrangement reaction (reaction 6 in Scheme 4) recreat-
ing a silyl radical.11,18 Under polychromatic irradia-
tion, photodecomposition of the formed hydroperoxides
Y-OOH occurs (reaction 7), and the generated radicals
(Y-O• andOH•) can abstract a hydrogen atom from a silane
or directly initiate the polymerization process.

From Figure 3, it is worth noting that the improvement of
the polymerization is connected with the hydrogen abstrac-
tion rate constant kH0 0 of the YOO•/R3XH interaction
reported in Table 1. This demonstrates that this process
(reaction 4 in Scheme 4) is probably the fingerprint for the
R3XH effect. Figure 4 depicts the silane concentration effect.
The reactivity of the DMPA/b system is strongly improved
when [b] increases. A similar behavior is observed for HMP
(Figure 3C). This is easily explained by an increase of the
efficiency of the bimolecular reaction 4 compared to the
other deactivation pathways of the peroxyls.

All these results outline the interest of R3XH in type I PI
where (i) the usually formed radicals R0• are involved in the
initiation process and (ii) R3XH behaves as a high-perfor-
mance additive to convert inefficient peroxyls into new
additional efficient initiating R3X

• radicals (reactions 4 and
5) and thereby to reduce the detrimental oxygen inhibition
effect.

Interestingly, the final conversion increase (Δconv) at e.g.
t = 120 s is well correlated with kH0 0. This is also well
exemplified by the decrease of the Si-H content (see below
e.g. Si-H in Figure 4) throughout the polymerization reac-
tion. As peroxyls are mainly present, the very high Si-H
conversion is ascribed to reaction 4. Indeed, the reaction of
themonomer radicals RMn

•with b is assumed as quite low as
rate constants k < 4 104 M-1 s-1 are determined (Figure 5)
by following the decay of the acrylate radicals at different b
concentrations using the procedure described in ref 19.
Accordingly, in addition to the propagation step, the mono-
mer radicals preferentially react with oxygen and not with
the Si-H functions, and as a consequence, the peroxyls are
responsible for the further Si-H conversion.

b. Type II System.Figure 6 shows the additive effect of b in
BP/EDB for the polymerization of TMPTA under air. The

Figure 2. Conversion vs time curves for the laminated (A) andunder air
(B) photopolymerization of TMPTA. Photoinitiating system: BP/EDB
(1) and BP/b (2) (1%/1% w/w). Hg-Xe lamp. I0 = 44 mW cm-2.
Conversion vs time curves (C) upon a higher irradiation intensity under
air (I0 = 220 mW/cm2).
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BP/EDB/b (1%/1%/2% w/w/w) system exhibits a signifi-
cant enhanced reactivity compared to BP/EDB (1%/3%
w/w) or BP/b (1%/3% w/w). It should be noted that the

co-initiator molar concentration in BP/EDB is higher than
for the BP/b system since the molecular weight of b>EDB.
Interestingly, as found for type I system, a high conversion of
the Si-H function is noted (Figure 6). This is also a strong
evidence for the YOO•/silane interaction.

The positive effect is also explained on the basis of
Scheme 4 for the ketone (type II)/silane systems, in full
agreement with the data obtained in type I systems. How-
ever, in the present case, a hydrogen abstraction between the
triplet excited state and R3XH can also occur (reaction 2).
According to this scheme, a competition between the reac-
tions 1-3 can be predicted. From the diffusion and interac-
tion rate constants, it is expected that the monomer
quenching represents the major process (kq[TMPTA] ∼ 3
� 108 . kH[EDB] ∼ 4.5 � 106 > kH[R3SiH] ∼ 1 � 106 >
kO2

[O2] ∼ 2 � 105 s-1). The hydrogen abstraction from the
amine is more favorable than from R3XH. The polymeriza-
tion rate using BP/b reflects the specific behavior of R3XH
under air9,10 (reactions 4-6).

Figure 3. Conversion vs time curves for the photopolymerizationofTMPTAunder air as a functionof thephotoinitiator and the additive. (A)DMPA/
additive (1%/3%w/w): (1) no additive; (2) a; (3) g; (4) b; (5) h. I0=22mWcm-2; sample thickness=20 μm. Inset: the conversion increase for different
additive at t=120 s (Δconv) vs the hydrogen abstraction rate constant (ROO•/R03XH). (B) BAPO/additive (1%/3%w/w): (1) no additive; (2) b; (3) h.
I0 = 3.5 mW cm-2; λexc= 365 nm; sample thickness= 20 μm. (C) HMP/additive (1%/x%w/w): (1) no additive; (2) b (1.5%); (3) b (3%); (4) b (5%).
I0 = 22 mW cm-2; sample thickness= 20 μm. (D) Ti/additive (0.1%/3%w/w): (1) no additive; (2) b; I0 = 60 mW cm-2; xenon lamp; 300 nm< λ<
800 nm; sample thickness = 20 μm.

Scheme 4
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These results demonstrate the interest of the amine/R3XH
combination in type II PI where (i) EDB is used to get a high
efficient hydrogen abstraction and favors the initiation

Figure 4. Conversion vs time curves for the photopolymerization of
TMPTA under air as a function of the additive concentration. (A)
DMPA/additive (b) (1%/x% w/w): (1) no additive; (2) b (3%); (3) b
(6%); (4) b (10%) (I0 = 22 mW cm-2; sample thickness = 20 μm).
(B) Conversion of the Si-H function vs time during the photopolym-
erization of TMPTA under air.

Figure 5. Observation of the acrylate radicals (derived from the addi-
tion of the aminoalkyl radical of triethylamine to methyl acrylate) at
480 nm according to the procedure described in ref 19 for different
concentrations of b. Figure 6. Conversion vs time curves for the photopolymerization of

TMPTA under air. (A) BP/co-initiator with CoI (1%/x% w/w): (1)
EDB 3%; (2) b 3%; (3) EDB/b (1%/2%). Inset: the conversion of Si-H
function. I0 = 44 mW cm-2; sample thickness = 20 μm. (B) ITX/CoI
with CoI (w/w): (1) EDB 3%; (2) EDB/b (1%/2%). Inset: the conver-
sion of the Si-Hfunction. I0=1mWcm-2; sample thickness=20μm.
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process and (ii) R3XH behaves as a high performance
additive as discussed above for type I PI.

Similar behaviors are also encountered for other type II
photoinitiators (ITX, CQ, and Eo;with addition of R3XH)
being able to work upon UV or visible light irradiation
(Figure 7). Scheme 4 also applies for ITX and CQ.

Conclusion

The effect of silanes, germanes, and stannanes as additives in
type I and type II photoinitiators for FRP of TMPTA in aerated
media and under low light intensity is reported. A huge improve-
ment of the polymerization efficiency is noted. The reaction
mechanisms are discussed and explain the role of oxygen. The
increase of reactivity correlates well with the YOO•/R3Si-H

hydrogen abstraction rate constants. The effect of the monomer
matrix in photopolymerization reactions using R3Si-H as
co-initiators has also been compared in a high (Ebecryl 605)
and a low-viscosity monomer (TMPTA). This work could be
extended to other additives exhibiting a high reactivity with
peroxyl radicals and a dual behavior (i.e., capable to work both
as additive and co-initiator). Moreover, this general effect of
R3Si-H can be adapted for a large range of irradiation condi-
tions. On the basis of preliminary findings, some positive effects
are also expected in practical applications under a higher light
intensity. For example, this should help to polymerize more
efficiently low-viscosity monomers under air.
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