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ABSTRACT: The recently developed silyl radical chemistry is used here for the free-radical-promoted
cationic polymerization process (FRPCP) of two epoxy monomers (epoxidized soybean oil and limonene
dioxide) that are representative of green monomers. The new developed photoinitiating systems are highly
efficient under air upon a solar irradiation in autumn French weather and, for example, lead to 60%
conversion after 25 mn and form a completely tack-free and uncolored coating after 1 h. Polymerization
profiles obtained upon a visible light irradiation delivered by a xenon lamp or a 405 nm diode laser under air
show that 70% conversion can be easily achieved after 400 s of exposure. Excited-state processes are
investigated and discussed.

Introduction

The use of natural products or renewablemonomers for plastic
materials has clearly become an important topic in polymer
science. In the photopolymerization area, the development of
systems that meet the demand of green chemistry with low energy
requirement (or even with no energy using solar irradiation) is a
matter of concern.1,2 For example, the cationic photopolymeri-
zation of epoxidized natural oils or products has been elegantly
investigated in different previous studies.3-6 It has been particu-
larly demonstrated that triglicerides can be transformed in epoxy
monomers from plant oils by a chemical modification.3-6 In a
general way, the plant oil derivatives present attractive features
such as versatility, biodegradability, and low cost. Recently, a
very interesting system based on curcumin as an electron transfer
agent for the photosensitized decomposition of an iodonium
hexafluoroantimonate has been developed for the cationic poly-
merization of epoxidized soybean or linseed oils in laminate
under visible light and even sunlight.6b Cationic photopolymer-
ization under sunlight and particularly under an aerated atmo-
sphere (contrary to laminate conditions) remains an important
challenge.2b The development of new initiating systems is still
requested.

In this laboratory, we are interested in the design of systems
that are able to polymerize efficiently radical or cationic mono-
mers under air, upon visible light exposure, or both.7-9 Free-
radical-promoted cationic polymerization process (FRPCP) has
been recognized as an interesting method10-16 where radicals are
produced from usual type I or type II radical photoinitiatior (PI)
and oxidized by a diaryliodonium salt, the resulting cations being
the polymerization-initiating structures. FRPCP for visible light
is the subject of many elegant works.6a,11,13,14,16 The drawback of
FRPCP remains obviously the observed oxygen inhibition.2b,6a,11

Among the various proposed systems for FRPCP, polysilanes
were mentioned 15 years ago as capable of initiating FRPCP
processes in degassed solutions.12 Our recent works based on the
silyl radical chemistry have largely introduced new developments

for carrying out FRPCP in film under air and upon various light
sources (Hg lamp, Xe-Hg lamp, LED, laser).7,8a,9

The outstanding specificity of the silyl radical chemistry
promptedus to investigate the photopolymerization of renewable
monomers (epoxidized soybean oil (ESO) and limonene dioxide
(LDO), see Scheme 1) under sunlight and under air in the
presence of a radical source (mainly phosphineoxide derivatives),
tris-(trimethylsilyl)silane (TTMSS), and diphenyl iodonium hex-
afluorophosphate. ESO is obtained by an epoxidation reaction of
soybean oil. Limonene (orDipentene) is a terpene liquid found in
various volatile oils such as cardamon, nutmeg, and turpentine
oil. LDO can be formed through oxidation of limonene with
peracids. LDO that has been already encountered in many
cationic photopolymerization processes6 is mainly used here as
a reference. The design of new suitable systems sensitive under
visible lights, the cationic photopolymerization of ESO and LDO
under air and upon sunlight, the recording of the conver-
sion-time profiles obtained upon a visible light irradiation
delivered by a xenon lamp or a 405 nm diode laser under air, as
well as the reactivity of the silylium cations will be presented. The
mechanisms will be discussed using laser flash photolysis (LFP)
and ESR spin trapping experiments (ESR-ST).

Experimental Part

Compounds. The investigated compounds are shown in
Scheme 1. TTMSS, isopropylthioxanthone (ITX), and diphenyl
iodonium hexafluorophosphate (Ph2I

þ) were obtained from
Aldrich, and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) or 2,4,6-trimethylbenzoyl-diphenyl phosphine (TPO)
were obtained from Ciba-Basel.

ESO was obtained from Arkema (Ecepox; epoxy content:
3.7 M/kg), and LDO was obtained from Millennium Specialty
Chemicals. (3,4-Epoxycyclohexane)methyl 3,4-epoxycyclohexyl-
carboxylate (EPOX, UVACURE 1500) was a gift of Cytec.

Free-Radical-PromotedCationic Polymerization Processes. In
FRPCP experiments, three different photoinitiating systems
based on BAPO, TPO (1% w/w), or ITX (0.1% w/w) were
studied. A weight concentration of 1% w/w in diphenyliodo-
nium hexafluorophosphate (Ph2I

þ) was added. TTMSS was*Corresponding author. E-mail: j.lalevee@uha.fr.
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also used as an additive (3% w/w). The photoinitiating systems
were: BAPO/TTMSS/Ph2I

þ (1/3/1% w/w), TPO/TTMSS/
Ph2I

þ (1/3/1% w/w), or ITX/TTMSS/Ph2I
þ (0.1/3/1% w/w).

The films (25 μm thick) deposited on a BaF2 pellet were
irradiated with the polychromatic light (to ensure a visible light
irradiation, a cut off filter has been used to select λ > 390 nm)
of a Xenon lamp (Hamamatsu, L8253, 150 W; incident light
intensity: I0 ≈ 60 mW cm-2 in the 390 < λ < 800 nm range).
Some monochromatic diode laser irradiations at 405 nm were
also carried out (cube - continuum; I0 ≈ 8 mW cm-2). The
evolution of the epoxy group content is continuously followed
by real time FTIR spectroscopy (Nexus 870, Nicolet), as re-
ported in refs 7-9. The absorbance of the epoxy group was
monitored at∼830 cm-1. The Si-Hconversion for TTMSSwas
followed at ∼2050 cm-1. The sunlight exposure is described
below.

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 of a pulsed xenon lamp, a mono-
chromator, a fast photomultiplier, and a transient digitizer.17

ESR Spin Trapping (ESR-ST) Experiments. ESR-ST experi-
ments were carried out using a X-Band spectrometer (MS 200
Magnettech). The radicals were produced at RT under the
exposure of a Xenon lamp and trapped by phenyl-N-tbutylni-
trone (PBN) according to a procedure described in detail in
ref 18.

Results and Discussion

1. FRPCP of Renewable Monomers. A. Sunlight Irradia-
tion. The solar irradiation was carried out under air and
cloudy weather in October in Mulhouse (France); an abso-
lute irradiance measurement (Ocean Optics HR4000) leads
to an estimated incident energy <0.5 mW/cm2 in the
390-420 nm range. An outdoor exposure of the sample for
∼20 min was enough to obtain already a good polymeriza-
tion result. For the systems based on BAPO/TTMSS/Ph2I

þ

or TPO/TTMSS/Ph2I
þ, completely tack-free coatings are

obtained after 1 and 3 h for LDO and ESO, respectively. In
the absence of TTMSS, the samples remain tacky. Figure 1
shows that an outdoor irradiation of 25 min leads to a
conversion of∼60% for LDOusing the TPO/TTMSS/Ph2I

þ

system. A final conversion of∼80% is reached after 1 h, and
the system is tack free. A concomitant increase in the band at
∼1080 cm-1 is also observed because of the formation of the
polyether. A strong bleaching of the TPO (or BAPO)/
TTMSS/Ph2I

þ containing film during the irradiation is
noted (Figure 1), leading to a colorless coating.

When using ITX/Ph2I
þ, the addition of TTMSS leads to

slightly better polymerization kinetics; that is, for a solar
irradiation of 10 min (Figure 1B), the conversion of LDO is
increased from 60 to 65%. Tack-free coatings are also

obtained, for example, for LDO upon 20 and 25 min
irradiations using ITX/TTMSS/Ph2I

þ (1/3/1% w/w) and
ITX/Ph2I

þ alone (1/1% w/w), respectively. Contrary to the
phosphine-oxide-based systems, the coating exhibits a detri-
mental yellowing (Figure 1B) that can be likely ascribed to an
insufficient ITX consumption.

B. FRPCP under the Xenon Lamp and the Diode Laser
(405 nm). As expected, when using BAPO/Ph2I

þ, very low
conversions are reached under air. The addition of TTMSS
drastically improves the polymerization process for both
the diode laser and the xenon lamp irradiations (Figures 2
and 3). A high conversion of the Si-Hfunctions is also noted
(∼70%). For TPO, similar trends are observed; that is, the
polymerization processes lead to significant conversion

Scheme 1

Figure 1. (A) IR spectra recorded during the photopolymerization of
LDO under sunlight irradiation in the presence of the TPO/TTMSS/
Ph2I

þ (1/3/1% w/w) photoinitiating system: t= 0 (1); t= 25 min (2);
t = 40 min (3); and t = 55 min (4) (tack free). Insert: UV-visible
absorption of a TPO/TTMSS/Ph2I

þ-containing film (thickness 1 mm)
during the irradiation: t = 0 (a) and t = 5 min (b). (B) IR spectra
recorded during the photopolymerization of LDO under sunlight
irradiation in the presence of the ITX/Ph2I

þ (1/1% w/w) for t = 0
(1); t=10min (2); and t=10minwith the additionofTTMSS3%w/w
(3). Insert: UV-visible absorption spectra of a ITX/TTMSS/Ph2I

þ-
containing film (2) and a TPO/TTMSS/Ph2I

þ-containing film (1) after
sunlight irradiation.
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under air only upon the addition of TTMSS (Figure 1 in the
Supporting Information). ComparedwithTPO,BAPO leads
to a slightly better conversion.

In contrast, as above, the well-known ITX/Ph2I
þ system

allows an already quite efficient polymerization that is only
slightly improved by the addition of TTMSS (Figure 4); a
decrease in the inhibition time for the polymerization under
air is mainly observed with TTMSS. Such a behavior has
been previously observed for the FRPCP of usual epoxides.9

However, despite the low effect on the monomer conversion,
a high Si-H consumption is noted (insert of Figure 4).

In the case of the diode laser and xenon lamp irradiations,
the light intensities used here are quite low and almost
similar: 8 and 6.7 mW cm-2, respectively, in the 390-420
nm photoinitiator absorption range. (See Figure 2 of the

Supporting Information.) This is in agreement with the quite
similar polymerization profiles obtained under these experi-
mental irradiation conditions. For the experiments carried
out with the xenon lamp, the amount of light absorbed by
ITX (0.1%), BAPO (1%), and TPO (1%) is in a ratio
0.33:1:0.25 (Supporting Information; the absorption of
TTMSS or Ph2I

þ can be neglected for λ > 320 nm). The
procedure to determine the amount of light absorbed has
been presented in detail in ref 7. This is in line with the better
polymerization rates obtained with BAPO compared with
TPO, but the quite low efficiency difference (Figures 2 and 3
and Figure 1 in the Supporting Information) suggests that
TPO exhibits a higher intrinsic reactivity than BAPO. For
ITX, the polymerization profiles are quite similar to those
obtained using BAPO; this demonstrates that the initiation
quantum yield in the presence of ITX is probably better. A
similar trend is observed for the diode laser (405 nm)
irradiation where the calculated ratio is 0.25:1:0.25 for ITX
(0.1%), BAPO (1%), and TPO (1%).

The polymerization kinetics of ESO and LDO were also
compared (Figure 5) to a well-known structure largely used
in cationic photopolymerization: EPOX. LDO and EPOX

Figure 2. Polymerization profiles of (A) ESO and (B) LDO. Under air.
Upon a diode laser irradiation (405 nm) in the presence of (1) BAPO/
Ph2I

þ (1/1%w/w) and (2) BAPO/TTMSS/Ph2I
þ (1/3/1%w/w). Insert:

conversion of the Si-H content in the case of (2).

Figure 3. Polymerization profiles of (A) ESO and (B) LDO. Under
air. Upon a Xenon lamp irradiation in the presence of (1) BAPO/Ph2I

þ

(1/1% w/w) and (2) BAPO/TTMSS/Ph2I
þ (1/3/1% w/w). Insert:

emission spectrum of the xenon lamp.
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are characterized by quite similar polymerization profiles,
albeit ESO exhibits a lower reactivity.

All of these experiments show that tack-free uncolored
coatings based on renewable cationic monomers can be
formed using a FRPCP process, upon low light intensity
exposure and under air, even using a less favorable (and by
the way less toxic) PF6

- counteranion instead of SbF6
-. This

can be achieved thanks to the use of the silyl radical
chemistry.

2. FRPCP Mechanism. A. Phosphine-Oxide-Based Sys-
tems (TPO; BAPO). Upon light irradiation of TPO, the
phosphinoyl radical generated by homolytic C-P single
bond cleavage is clearly observed in ESR-spin trapping
experiments (Figure 6A): the hyperfine coupling constants
(HFCs) of the phosphinoyl adduct (aN = 14.2; aH = 2.9;

Figure 4. Polymerization profiles of (A) ESO and (B) LDO. Under air.
Upon xenon lamp irradiation in the presence of (1) ITX/Ph2I

þ (0.1/1%
w/w) and (2) ITX/TTMSS/Ph2I

þ (0.1/3/1%w/w). Insert: conversion of
the Si-H content as a function of time for (2).

Figure 5. Polymerization profiles of EPOX (1), LDO (2), or ESO (3)
under air upon the diode laser irradiation (405 nm) in the presence of the
BAPO/TTMSS/Ph2I

þ (1/3/1% w/w) photoinitiating system.

Figure 6. ESR spin trapping spectrum (1) and simulated spectrum (2)
obtained by irradiation of (A) TPO, (B) TPO/TTMSS, and (C) BAPO/
TTMSS (xenon lamp exposure; PBN 0.05 M). See the text.
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aP = 19.2G) are in agreement with the literature data19

Interestingly, in the presence of TTMSS, this phosphinoyl
radical is converted into a silyl radical (Figure 6B); theHFCs
(aN=15.3; aH=5.4G) are in agreementwith the presence of
a tris(trimethylsilyl)silyl radical.7 This process corresponds
to a hydrogen transfer reaction 1. For BAPO, such a reaction
2 is also observed (Figure 6C).

Ph2ðO¼ÞP• þðTMSÞ3Si-H f Ph2ðO¼ÞP-HþðTMSÞ3Si•
ð1Þ

MesCð¼OÞPhðO¼ÞP•þðTMSÞ3Si-H f

MesCð¼OÞPhðO¼ÞP-HþðTMSÞ3Si• ð2Þ

The rate constants of reactions 1 and 2were determined by
LFP through the direct observation of the phosphinoyl
radicals of TPO and BAPO at 330 and 450 nm, respectively
(Figure 7).20High rate constants were obtained, that is, 1.4�
107 and 8.7� 106M-1 s-1 for reactions 1 and 2. The benzoyl
counter radicals are not easily observed in ESR-ST or LFP
experiments when produced from phosphine oxides. How-
ever, when studying another photoinitiator (2,2-dimethoxy-
2-phenylacetophenone) that allows the observation of the
benzoyl radical in ESR-ST (the dimethoxybenzyl radical also
generated is not observed in these ESR-ST experiments),23 it
is worth noting (reaction 3) that silyl radicals are also
generated (Figure 3 in the Supporting Information). There-
fore, a contribution of the benzoyl radical to the hydrogen
abstraction of TPO and BAPO by TTMSS can also con-

tribute to some extent.

PhCð¼OÞ• þðTMSÞ3Si-H f PhCð¼OÞ-HþðTMSÞ3Si•
ð3Þ

The conversion reactions 1-3 are the key reactions here
in the three-component system because the oxidation rate
constants of (TMS)3Si

• by iodonium salts (2.6 106 M-1 s-1)9

are higher than those obtained in the case of the phosphin-
oyl radicals generated from TPO and BAPO (kox < 1 106

M-1 s-1) in the formerly designed10g two-component TPO/
Ph2I

þ system. Therefore, the main interest of the TTMSS
addition is the formation of radicals that can be more easily
oxidized, the resulting silylium cations being excellent
polymerization initiating structures, as already noted in
other systems, for example, camphorquinone/iodonium
salt/TTMSS.9

Interestingly, keeping in mind that the initial Si-H con-
tent is much higher than the TPO or BAPO content, the high
conversion of the Si-H functions observed above (∼70%)
demonstrates that TTMSS reacts not only with the phosphi-
noyl or the benzoyl radical but also with the phenyl radical
generated from the reduction of Ph2I

þ (Scheme 2).
Kinetic considerations can bemade by taking into account

the various interaction rate constants (kint) determined in
acetonitrile and the diffusion rate constants (kdiff) calculated
in the monomer media. The viscosities of these monomers
are 450, 10, and 250 cP for ESO, LDO, and EPOX, respec-
tively. The corresponding kdiff valueswere calculated accord-
ing to the classical Stokes-Einstein equation: 1.3�107;
5.9� 108, and 2.4� 107M-1 s-1 for ESO, LDO, and EPOX,
respectively. As a consequence, the kint values measured in
solution and found lower than kdiff values will be used in the
monomer media; if not, they will be leveled off at the kdiff
value. It is clearly found that phosphinoyl radicals preferen-
tially react with TTMSS than with oxygen (k1-2 [TTMSS].
kO2 [O2]: 1.3 � 106 vs 2.6 � 104 s-1 in ESO). The interaction
of the phosphinoyls with the monomers can probably be
neglected (k< 106 M-1 s-1). All of these data evidence that
the conversion of phosphinoyls to silyls (1-2) is probably the
key pathway.

B. ITX-Based System. The addition of TTMSS to ITX/
Ph2I

þ leads to an only small increase in the polymerization
rates. However, a quite high Si-H conversion is found
(∼70%). This demonstrates that a hydrogen abstraction
process occurs. As already suggested in ref 9 and taking the
ITX/Ph2I

þ and radical/Ph2I
þ interactions previously dis-

cussed,1,2 a plausible general mechanism (reactions 4-10)
should involve: (i) an efficient electron transfer process
in 3ITX/Ph2I

þ (reaction 4), which promotes the decom-
position of the iodonium salt1,2,9 with a high rate constant

Figure 7. Decay of the TPO phosphinoyl radical observed at 330 nm
for different TTMSS concentrations (0; 0.027, and 0.058 M, re-
spectively) in acetonitrile.

Scheme 2
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(k = 9.6 � 109 M-1 s-1),9(ii) a strong 3ITX/R3SiH interac-
tion (reaction 5) (k = 4.1 � 107 M-1 s-1) associated with a
high ketyl radical quantum yield (ΦK = 0.721), (iii) an
inefficient monomer quenching (k < 106 M-1 s-1), and
(iv) a reaction of ITX•þ (reaction 6) and the phenyl radical
(reaction 7) with the silane.9 Other processes (reactions 8-10)
can also be invoked for the formation of the cationic species.9

3ITXþPh2I
þ f ITX•þ þPhIþPh• ð4Þ

3ITXþR3SiH f ITX-H• þR3Si
• ð5Þ

ITX•þ þR3SiH f ITXþR3Si
• þHþ ð6Þ

Ph• þR3SiH f R3Si
• þPhH ð7Þ

ITX-H• þPh2I
þ f ITXþHþ þPhIþPh• ð8Þ

R3Si
• þPh2I

þ f R3Si
þ þPhIþPh• ð9Þ

R3Si
• þO2 f R3SiO2

• ð10Þ

R3SiO2
• þPh2I

þ f R3SiO2
þ þPhIþPh• ð100Þ

The 3ITX/Ph2I
þ reaction pathway being already highly

efficient and leading to the formation of initiating cationic
species (reaction 4), the addition of TTMSS does not im-
prove the process drastically. However, the 3ITX/R3SiH,
ITX•þ/R3SiH, and Ph•/R3SiH interactions explain the high
Si-H conversion found in Figure 4. Indeed, from kinetic
grounds, 3ITX preferentially reacts with TTMSS rather than
with Ph2I

þ (k5 [TTMSS] . k4 [Ph2I
þ]: 1.7 � 106 vs 5.5 �

105 s-1 in ESO). However, keeping in mind that the initial
Si-H content is higher than the ITX content, the high
conversion of the Si-H functions observed in Figure 4
(∼70%) demonstrates that TTMS not only reacts with
3ITX but also with derived intermediates (Ph•, ITX•þ), in
agreement with the presence of reactions 6 and 7.

For the ITX/TTMSS/Ph2I
þ system, the cationic initiating

species are formed in reactions 4, 6, 8, 9, and 10, and 100, and
the high silane conversion clearly indicates an important
pathway for the silyl radicals formation in reactions 5-7;
because reaction 9 is more efficient than reaction 10
(k9 [Ph2I

þ] > k10 [O2]: 5.9 � 104 vs 3 � 104 s-1) in ESO the
silylium cation (R3Si

þ) is presumably one of the preferen-
tially initiating structure. The Hþ and R3SiO2

þ cationic
species generated from reactions 6, 8, and 100 should also
contribute to some extent. Reactions 6 and 8 are very usual.
In a recent paper,9 R3SiO2

þ was shown to be an important
initiating species in the FRPCP of the less viscous EPOX
monomer, where k9 [Ph2I

þ] < k10 [O2]: 5.9 � 104 versus 9 �
104 s-1.

The ability of the silylium cation (R3Si
þ) to initiate a

cationic polymerization is also supported here using mole-
cular orbital calculations.22 Two model epoxides were con-
sidered: 1,2-epoxypropane (EP) and cyclohexene oxide
(CHO). The epoxy ring-opening reaction by (TMS3)Si

þ is
found to be highly exothermic, that is, -135 and -152 kJ/
mol for EP and CHO, respectively (Figure 8). This strong

interaction is in full agreement with the excellent efficiency
obtained for the new proposed systems.

Conclusions

In the present article, new systems based on the silyl radical
chemistry are proposed for the photoinitiation of the cationic
polymerization of ESO and LDO as renewable monomers. An
excellent efficiency is found for the first time upon solar irradia-
tion and under air. This contribution obviously parallels other
studies on the development of green chemistry in radiation
curing, the fundamental striking difference here being the possi-
bility to work under sunlight in films in contact with the atmo-
sphere and to get uncolored tack-free coatings. In the cationic
photopolymerization area, this could open up new ideas of
applications that should have to be carried out under air using
near-UV or visible wavelengths (from lamps, LED, or sun) and
very low light intensities.

Supporting Information Available: Polymerization profiles
of LDO under air for Xenon lamp irradiation and diode laser
irradiation, emission spectrum for the xenon lamp and absorp-
tion coefficients for ITX, BAPO, and TPO in acetonitrile,
and ESR spin trapping spectrum obtained by irradiation with
a Xe-Hg lamp of 2,2-dimethoxy-2-phenylacetophenone with
TTMSS. Thismaterial is available free of charge via the Internet
at http://pubs.acs.org.
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