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ABSTRACT: A quinoline-derived titanium complex (TiQ) is
shown here to possess remarkable photosensitizing properties
when treated with an iodonium salt (Iod) to initiate, under
visible light irradiation, (i) the free-radical photopolymeriza-
tion of acrylate monomer in aerated/laminate conditions, (ii)

the cationic photopolymerization of epoxy monomer under photopolymerization

air, and (iii) the in situ formation of Ti-based nanoparticles
(NPs) inside coatings. The photochemical properties of the
TiQ/Iod photoinitiating system have been probed by electron
paramagnetic resonance, laser flash photolysis, and real-time

Toughening of the
polymer matrix

Cationic
photopolymerization

Ti-based NPs

Fourier transform infrared spectroscopy, which provide an insight into the possible radical/cationic pathways. The
microstructural properties of the photosynthesized Ti-based NPs have been investigated by bright-field conventional
transmission electron microscopy and high-angle annular dark-field scanning transmission electron microscopy. The
macroscopic mechanical properties of the resulting nanocomposite reveal that the generation of these Ti-based NPs in a
polyacrylate/polyether blend matrix leads to an increase of mechanical resistance by toughening the matrix.

B INTRODUCTION

The synthesis of nanocomposites under light exposure is a
promising research topic, notably in dentistry. The most
common approach (ex situ method) consists of a mixture of
(meth)acrylate matrix, inorganic fillers, and visible light
photoinitiating systems. Some examples were described for
dental chemical uses.'™'° To date, the most common
photoinitiator used in dental applications has been camphor-
quinone, and inorganic fillers can be silane-treated inorganic
fillers, silica, silanized glass fillers, or barium boroaluminosili-
cate glass particles. Another way to generate nanoparticles
(NPs) inside polymer matrix is the in situ technique. Various
metal NPs (Ag, Au, Pd, Cu, Zr, Ti, among many other metals)
have been synthesized in solution or in coatings by the
reduction of metal salt precursors.''~'” Typically, this
procedure involved a photoinitiator (PI) and a metal salt
precursor. Under light exposure, the homolytic cleavage of PI
simultaneously leads to the formation of two radicals:'® One
radical that can initiate the photopolymerization, and the other
reduces the metal salt. Such a strategy has led to successful
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incorporation of Ag, Au, or Cu nanoparticles in a photo-
generated matrix."” >

The coupling of PI and metallic agent has also been declined
through the use of metal-functionalized PIs such as a gold-
thiophene derivative,"” an Ag-thioxanthone derivative,”® an Ag-
diaminofluorene derived dye,”' or an Ag-phosphine derivative
complex.”” Most of these initiating systems have permitted the
formation of polyacrylate nanocomposites upon light irradi-
ation. However, one limitation is their sensitivity to oxygen,
which is a strong inhibitor to free-radical photopolymerization.
Indeed, under air, oxygen reacts with the radicals created
during the initiating process to yield peroxyls ROO* (1), which
are not reactive toward the acrylate double bonds and cannot
further initiate any polymerization reactions.

Recently, an approach to photogenerate nanocomposites by
involving a bimolecular homolytic substitution reaction (Sy2
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Scheme 1. Synthetic Entry to Complex TiQ from Precursor (PNP)Ti = CH'Bu(CH,'Bu)”
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process) has been developed. The relative ineffective peroxyl
radicals are converted into new performing radical species by
using the appropriate photoinitiating system combination (P1/
metal complex). Indeed, this process has been exploited using
formulations containing free-radical photoinitiators such as
2,2-dimethoxy-2-phenylacetophenone (DMPA); bis-
(cyclopentadienyl)titanium dichloride®* (Cp,TiCl,) or bis-
(cyclopentadienyl)zirconium dichloride;*® and polyethylene
glycol (400) diacrylate (PEGDA) or trimethylolpropane
triacrylate (TMPTA) as a polymerized matrix. For example,
we demonstrated that the addition of peroxyls to Cp,ZrCl, (2)
leads to the formation of cyclopentadienyl radicals (Cp*),
which readily initiate the free-radical polymerization of
TMPTA (3). The successive addition of peroxyls to putative
CpZrCL,(OOR) has been shown to be responsible for the in
situ generation of Zr-based NPs (4).

R® + O, — peroxyls (ROO") (1)
ROO* + Cp,ZrCl, — CpZrCL(OOR) + Cp° )
Cp® + acrylate > polyacrylate (3)

ROO® + CpZrCL(OOR) — — — Zr — based NPs (hv)
(4)
In a previous investigation, we also demonstrated that the use
of titanium alkoxides,”* namely, titanium isopropoxide or
titanium (triethanolaminato) isopropoxide precursors, with a
UV-cleavable photoinitiator (bis(2,4,6-trimethylbenzoyl)-phe-
nylphosphineoxide, BAPO) appears to be efficient photo-
initiating systems that overcome the oxygen inhibition effects
in free-radical photopolymerization of TMPTA. These systems
under air and upon exposure to a low-intensity UV light
activation result in simultaneous formation of Ti-based NPs.
More recently, the synthesis of visible-light-absorbing Ti-based
NPs™ in a polyether film has been demonstrated using UV
light irradiation of a titanium isopropoxide/(4-methylphenyl)-
[4-(2-methylpropyl) phenyl]-hexafluorophosphate (Iod) cou-
ple under air and in a cationic monomer film.
Unfortunately, one of the major drawbacks for the
aforementioned investigations is the use of UV light (or UV-
polychromatic emission lamps) for initiating free-radical or
cationic photopolymerization. In the present paper, we report,
for the first time, a novel photoinitiating system based on a
titanium-derivative compound, which can absorb in the visible
range, while using an iodonium salt (Iod). In this context, a
new titanium-conjugated complex (PNP)TiN[C,H;N]
(TiQ), obtained from the reaction of the alkylidene—alkyl
complex of titanium, namely, (PNP)Ti = CHBu(CH,Bu)
(PNP = N[2-P'Pr,-4-methylphenyl]”), and 2 equiv of
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quinoline (an industrial waste) under mild conditions as
described in Scheme 1, was used.

Due to its low oxidation potential and high molar absorption
coefficient in the close and visible range, TiQ is well adapted
for the reduction of iodonium salts upon monochromatic light
irradiation. Therefore, we investigate here the capability of
TiQ to simultaneously promote cationic and free-radical
polymerizations upon 385 and 405 nm LED exposure, when
used as a photosensitizer of an iodonium salt (Iod), and the in
situ formation of Ti-based NPs in a photopolymerizable
acrylate and/or epoxy matrices under air. The reactivity of the
TiQ/Iod photoinitiating system is first demonstrated by
steady-state photolysis and real-time infrared Fourier transform
spectroscopy (RT-FTIR). Finally, the proposed chemical
reactions according to different atmospheric conditions
(under air or oxygen-free reactions) have been investigated
through electronic paramagnetic resonance (EPR) spin-
trapping, fluorescence, laser flash photolysis measures, as well
as transmission electron microscopy (TEM) experiments. A
new proposed mechanism concerning the synthesis of in situ
Ti-based NPs under air and visible light irradiation has been
evidenced by EPR. The impact of the photoinduced Ti-based
NPs on the mechanical properties of the resulting nano-
composites has been thoroughly characterized by three-point
bending tests.

B EXPERIMENTAL SECTION

Materials. TiQ was prepared according to the literature.®
Biphenyl, Rhodamine B (RhB, >95%), trimethylolpropane tris(3-
mercaptopropionate) (Trithiol), benzophenone (BP), 2-isopropylth-
ioxanthone (ITX), N-methyl diethanol amine (MDEA), bis(4-
methylphenyl) iodonium hexafluorophosphate (Iod), the spin
trapping agent 4-0xo-2,2,6,6-tetramethylpiperidine (TMPO), and
solvents were purchased from Sigma-Aldrich and used as received
without further purification. The spin trap agent, i.e., 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, Sigma-Aldrich), was distilled prior to the
application. Monomers (3,4-epoxycyclohexane)methyl 3,4-epoxycy-
clohexylcarboxylate (EPOX) and trimethylolpropane triacrylate
(TMPTA) were obtained from Sigma-Aldrich and Cytec, respectively,
and used as received. These are reference monomers for studying the
photochemical systems.

Methods. X-Band Electronic Paramagnetic Resonance (EPR)
Spectroscopy. The X-band electronic paramagnetic resonance (EPR)
spectroscopy experiments were carried out by means of EMXplus
spectrometer (Bruker) with a high-sensitivity probe-head (Bruker) in
the small quartz flat cell (WG 808-Q, Wilmad-LabGlass; optical cell
length, 0.045 cm), or by an EMX spectrometer (Bruker) with the
standard TEo, (ER 4102 ST) rectangular cavity using thin-walled
quartz EPR tubes (Bruker). The solutions prepared in benzene were
saturated with argon. The samples were irradiated at 293 K directly in
the EPR resonator using an LED source (4,,,, = 400 nm; Bluepoint
LED, Honle UV Technology), and the EPR spectra were recorded in
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Figure 1. (A) UV—vis absorption spectrum of TiQ in dry THF. Steady-state photolysis of (B) TiQ, (C) TiQ/Iod, and (D) TiQ/Iod/RhB upon
LED@385 nm exposure (44 mW/cm?). UV—vis spectra are recorded at different irradiation times under air. [TiQ] = 4.5 X 107> M, [Iod] = 10 X

10> M, and [RhB] = 5.6 X 107° M.

situ during/after exposure. Analogous in situ experiments in toluene
were performed at 200 K using temperature control unit ER 4111 VT
(X-band; Bruker) with liquid nitrogen as the refrigerant. The total
exposure in the EPR cavity was 22 min. The g-values of spin-adducts
were determined with an uncertainty of +0.0001 using a nuclear
magnetic resonance teslameter and integrated frequency counter. The
experimental EPR spectra were analyzed by Bruker software WinEPR,
and the simulated spectra were calculated using Winsim2002
software®” or with the EasySpin toolbox.*®

UV—Vis Absorption Spectra. UV—vis absorption spectra of the
photoinitiating systems were measured under light irradiation using a
PerkinElmer Lambda 2 UV—vis spectrophotometer in the 200—1000
nm wavelength range.

Steady-State Photolysis. Steady-state photolysis experiments of
TiQ, TiQ/Iod, and TiQ/Iod/RhB were conducted in tetrahydrofur-
an, under air, and upon LED@385 nm exposure (44 mW/cm?).

Laser Flash Photolysis. The laser flash photolysis setup working at
Aex = 385 nm is based on a nanosecond Nd:TAG laser (Powerlite
9010, Continuum) operating at S Hz with 7—8 ns impulsion time.
The analyzing system (LP920, Edinburgh Instruments) used a 450-W
pulsed xenon arc lamp, a Czerny—Turner monochromator (spectral
width = S nm, coupled with an emission filter LP314), a fast
photomultiplier (PMT R928 fast mode), and a transient digitizer
(TDS 340, Tektronix). The sample was contained in a 1 cm cell.
Measurements were done at room temperature. The photolysis
experiments were carried out in oxygen-free toluene solution of TiQ
at room temperature and atmospheric pressure. The molar absorption
coefficient of TiQ triplet state and its triplet quantum yield were
determined by energy transfer from a standard, i.e., biphenyl, in
toluene solution® (e biphenyl at 360 nm in nonbenzene solution =
37000 L/(mol cm)).

Photopolymerization Experiments. All of the conditions are given
in figure captions. Formulations are deposited on a BaF, pellet
irradiated under air or under laminated conditions with different
LEDs. The thickness of the coatings is 12 ym for all of the
experiments. We can note that all of the formulations containing TiQ
(1 wt %) were stirred at room temperature, away from (solar) visible
light and none of them have gelled after a night of stirring. The
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decrease of the epoxy group contents of EPOX and the acrylate
functions of TMPTA are continuously followed by real-time Fourier
transform infrared spectroscopy (RT-FTIR, Jasco FTIR 4100) at 790
and 1636 cm™, respectively.

Irradiation Sources. Two light-emitting diodes (LEDs) from
Thorlabs were used to initiate the photopolymerization of epoxy and
acrylate monomers, i.e., LED@385 nm (12.5 mW/cm?) and LED@
405 nm (12.5 and 100 mW/cm?).

Fluorescence Experiments. The absorption measurements were
carried out with a PerkinElmer Lambda 2 spectrometer. Steady-state
fluorescence spectra were collected from a FluoroMax-4 spectro-
fluorometer. Emission spectra were spectrally corrected. The
interaction rate constants k, between TiQ and Iod were extracted
from Stern—Volmer treatment (Io/I = 1 + kyzo[lod], where I; and I
are the fluorescence intensity of TiQ without and with the presence of
Iod, respectively, and 7, is the lifetime of TiQ without Iod). The
fluorescence quantum yields were determined relatively to rhodamine
101 in ethanol (®; = 0.92) and were corrected for the solvent
refractive index.

Cyclic Voltammetry. Cyclic voltammetry measurements of TiQ
were carried out at room temperature under N, atmosphere using an
E2 Epsilon auto lab potentiostat/galvanostat under control of a BAS
software. A standard three-electrode cell configuration was employed
using a glassy carbon working electrode, a platinum wire counter
electrode, and a platinum wire as the pseudoreference electrode.
["Bu,N][PF] (0.2 M, THF solution, purified by recrystallization)
was used as the supporting electrolyte. All electrochemical data are
referenced to the [FeCp,]*/[FeCp,] redox couple at 0.0 V. The free-
energy change AG,r for an electron transfer between TiQ and Iod
can be calculated for the classical Rehm—Weller equation® (eq 5),
where E,, (donor), E,q (acceptor), Eg (or Er), AE, and F are the
oxidation potential of the donor (TiQ), the reduction potential of the
acceptor (Iod), the excited (or triplet)-state energy of the sensitizer
(TiQ), the Coulombic stabilization energy (negligible for most
systems), and Faraday constant, respectively.

AG,, = F X (E,(donor) — E,4(acceptor)) — Eg(or E;) + AE,
©)
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Transmission Electron Microscopy (TEM). The thin-film layer of
polymer was prepared by cryo-ultramicrotome (thickness less than
100 nm) using a Leica MZ6 stereomicroscope with diamond knife.
Both the knife and the specimen are cooled by liquid nitrogen; the
room temperature was adjusted at down to —90 °C. The
microstructural observations were investigated by bright-field conven-
tional transmission electron microscopy (CTEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) by a transmission electron microscope with a 200
kV FEG TEM (FEI Tecnai F20) with resolution 0.24 nm and
equipped with a complete EDS system (windowless Octane SDD
detector, 129 eV resolution and 0.5 sr, and TEAM software). The
nanoparticle size distribution and average size have been determined
by statistical analyses software called CSD."'

Thermogravimetric Measurements. The thermal degradation of
20 mg of the nanocomposite (TMPTA/EPOX blend and photo-
initiated by TiQ/Iod/TT (1/3.7/3% w/w/w)) was studied by TGA
analysis. Measurements were carried out on a LabSys Evo TGA-DTA-
DSC-1150 °C (SETARAM Instrumentation) under air, with a heating
rate of 10 °C/min up to 750 °C.

Mechanical Characterization. The macroscopic mechanical
properties of EPOX/TMPTA blend (50/50% w/w) materials based
on three different photoinitiating systems, i.e., TiQ/Iod/Trithiol (1/
3.7/3%, w/w/w), ITX/Iod/Trithiol (1/3.7/3%, w/w/w), and ITX/
Tod/Trithiol/TiO, (1/3.7/3/0.5% w/w/w/w), have been tested. The
average diameter of TiO, NPs is 20 nm. Each photosensitive
formulation has been introduced in a silicon mold (3.8 cm X 1.8 cm X
0.1 cm) and irradiated for 800 s upon LED@40S nm irradiation (100
mW/cm?). The mechanical behavior of the obtained materials was
assessed by three-point bending tests. An Instron 5962 universal
testing machine equipped with a bending setup and a force cell of 100
N was used. Samples of 40 X 9 X 0.7 mm® were tested with a
crosshead speed of S mm/min and a lower support gap of 32 mm
(i.e, 80% of the samples length) according to ISO 178 and ASTM
D7264 standards. At least three samples per material were tested. The
standard deviation of the mechanical values fell within 10% of the
average reported quantities.

From such analyses, the force vs displacement plots were obtained.
From these results, the flexural stress o, the flexural strain &5, and the
flexural modulus E; were calculated according to eqs42_44 2, 3, and 4,
respectively

o; = 3F1/2wb” (6)
& = 6Db/1* (7)
E; = A’m/4wb’ (8)

where F is the force, A is the lower support gap, w is the width, b is the
thickness, D is the displacement, and m is the slope of the force vs
displacement plot taken between 0.25 and 0.5% of the flexural strain &
according to ISO 178 and ASTM D7264 standards.

B RESULTS AND DISCUSSION

Behavior under Light Irradiation. The absorption
spectrum of the investigated compound, TiQ, in dry
tetrahydrofuran (THF) is displayed in Figure 1A. The
absorbance maxima of TiQ at 385 nm (e = 1100 M™' cm™)
and 405 nm (811 M™' cm™) ensure an interesting overlap
with the emission spectra of the LED bulb at 385 and 405 nm.
The value of molar absorption coefficient of TiQ is similar to
quinoline derivative compounds described by Merlo et al.*®
The absorption of TiQ red-shifts with the complexation of the
titanium ion in comparison to free quinoline. The steady-state
photolysis images of TiQ, TiQ/Iod, and TiQ/Iod/RhB upon
385 nm LED exposure in dry THF and under air are given in
Figure 1B—D, respectively. Under light irradiation, TiQ alone
is not photobleached (Figure 1B); on the contrary, a fast
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photobleaching of the TiQ/Iod photosystem can be readily
observed.

The ability to generate protons using TiQ as a photo-
sensitizer of Iod is demonstrated in Figure 1D. In this
experiment, both compounds are mixed together in the
presence of rhodamine B (RhB) as acid indicator.**"’
Interestingly, a gradual increase of the lowest-energy band of
the acid form of RhB at 550 nm is observed upon LED@385
nm exposure with TiQ/Iod. This experiment demonstrates the
ability of TiQ/Iod to generate photoacids, which may initiate
the cationic photopolymerization of epoxy monomers.
According to investigations by Pappas et al,**™*" the
photolysis of Iod leads to the formation of a radical cation
intermediate ([MePhI-PhMel]**), which is oxidized by Iod to
yield [MePhI*-PhMel], together with a diphenyliodine radical
((MePh),I*) and photoacids. It should be noted that, in the
same conditions of irradiation (LED@38S5 nm), Iod alone does
not generate any Brensted acid (H*).

Ring-Opening Polymerization of Epoxides. The photo-
polymerization of EPOX under air in the presence of the TiQ/
Iod photoinitiating system was carried out using 385 and 405
nm LED irradiation, compared to the ITX/Iod model system.
The kinetic profiles and the conversions are summarized in
Figure 2 and Table 1, respectively. When Iod is used alone, no
photopolymerization is observed under UVA or visible light as
Iod absorbs and works below 300 nm. When using TiQ/Iod,
the cationic polymerization of EPOX successfully proceeds
(Figure 2A), thus demonstrating the photosensitizer behavior
of TiQ under two different wavelengths (385 and 405 nm). In
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Figure 2. (A) Cationic photopolymerization of EPOX under air in the
presence of (1) TiQ/Iod (1/3.7%, w/w) upon LED@385 nm
irradiation (44 mW/cm?), (2) TiQ/Iod (1/3.7%, w/w) upon LED@
405 nm irradiation (100 mW/cm?), (3) TiQ/Iod (1/3.7%, w/w)
upon LED@385 nm irradiation (12.5 mW/cm?), (4) ITX/Iod (1/
3.7%, w/w) upon LED@385 nm irradiation (12.5 mW/cm?), (5)
ITX/Iod (1/3.7%, w/w) upon LED@385 nm irradiation (44 mW/
cm?), and (6) ITX/Iod (1/3.7%, w/w) upon LED@405 nm
irradiation (100 mW/cm?). (B) FTIR spectra of the TiQ/Iod/
EPOX formulation (1) before light exposure and (2) after 800 s
irradiation upon LED@385 nm irradiation (12.5 mW/cm?). Thick-
ness = 12 ym.
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Table 1. EPOX Conversions Obtained under Air upon
LED@385 nm and LED@40S5 nm for 800 s Exposure to
Different Light Intensities in the Presence of TiQ/Iod (1/
3.7%, w/w) or ITX/Iod (1/3.7%, w/w)“

EPOX conversion (%)

LED@38S nm
intensity LED@40S nm intensity
(mW/cm?) (mW/cm?)
photoinitiating systems 12.5 44 12.5 44 100
TiQ/Iod 60 80 np np 60
ITX/Tod 69 72 75

“np = no polymerization.

addition, a new peak ascribed to the formation of a polyether
network appears at 1080 cm™!, therefore confirming the
cationic polymerization of EPOX (Figure 2B). TiQ is
particularly well adapted with LED@385 nm. Accordingly,
the final conversion reaches 80% after 800 s exposure (44
mW/cm?), whereas such system (EPOX/TiQ/Iod) does not
polymerize at the same intensity with LED@40S nm. This
could mainly be explained by the lower molar absorption
coefficient at 405 nm (€405 yn = 811 M™! cm™) than that
observed at 385 nm (&355 ,m = 1100 M™" cm™). A higher
intensity at 405 nm (100 mW/cm?) is needed to initiate the
EPOX photopolymerization. It is also interesting to note that a
period of inhibition for all of the cationic photopolymerization
profiles is observed, thus likely implying a reaction pathway
involving the triplet state of TiQ (see section 3, Mechanistic
Studies). For comparison, ITX/Iod was tested (ITX, ie. 2-
isopropylthioxanthone,® is a well-known photosensitizer). ITX
is well adapted for the LEDs at 385 or 405 nm irradiation, as
its absorption maxima is in the range of 380—420 nm, and the
sensitized decomposition of Iod in the presence of ITX has
been shown to occur through an electron-transfer reaction to
produce Bronsted acids, which lead to the cationic photo-
polymerization of EPOX."® The final conversion after 800 s of
irradiation remains approximately the same as the TiQ/Iod
system at 385 nm, but remains slightly higher at 405 nm. A
comparable reaction pathway for TiQ/Iod is displayed in
Section 3.

Free-Radical Polymerization of Acrylates. The free-
radical polymerizations of TMPTA under air/laminate
conditions, and in the presence of TiQ/Iod/Trithiol, ITX/
Trithiol, or ITX/MDEA photoinitiating systems using LED@
405 nm are displayed in Figure 3. The final conversions of all
of the photosensitive systems used are summarized in Table 2.
The film thickness has been set at 12 ym to maximize oxygen
contact. Two photoinitiating systems have been used as
references, i.e., ITX/Trithiol and ITX/MDEA, and compared
to the TiQ-based systems. Figures S1—S3 display all of the
kinetics profiles for the free-radical polymerization of TMPTA
with ITX/Trithiol, ITX/MDEA, and TiQ/Iod/Trithiol photo-
initiatings systems, respectively, upon LEDs@385 and 405 nm
irradiation. Thioxanthone derivatives®'~ in conjunction with
some H-donors are highly efficient photoinitiating systems for
free-radical photopolymerization of acrylate monomers.
Tertiary amines such as MDEA play a dual role in the
photopolymerization reaction. Besides hydrogen donation,
MDEA reacts with O,, thereby reducing the inhibition of
free-radical polymerization by oxygen.'®>* The second
common method used for oxygen depletion consists of the
addition of thiol compounds.>~>"
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Figure 3. Free-radical photopolymerization of TMPTA upon LED@
405 nm irradiation (100 mW/cm?) with (1) TiQ/Iod/Trithiol (1/
3.7/3%, w/w/w) under air, (2) TiQ/Iod/Trithiol (1/3.7/3%, w/w/
w) in laminate, (3) ITX/Trithiol (1/3%, w/w) under air, (4) ITX/
Trithiol (1/3%, w/w) in laminate, (5) ITX/MDEA (1/3%, w/w)
under air, and (6) ITX/MDEA (1/3%, w/w) in laminate. Thickness =
12 pym.

Table 2. TMPTA Conversions Obtained under Air and in
Laminate Conditions upon LED@385 nm and LED@405
nm for 800 s Exposure to Different Light Intensities in the
Presence of TiQ/Iod/Trithiol (1/3.7/3%, w/w/w), TiQ/
Iod (1/3.7%, w/w), Iod/Trithiol (3.7/3%, w/w), ITX/
Trithiol (1/3%, w/w/w), and ITX/MDEA (1/3% w/w)

TMPTA conversion (%)

LED@38S nm intensity LED@405 nm

(mW/cm?) intensity (mW/cm?)
photoinitiating
system 12.5 12.5 100

TiQ/Iod/Trithiol 214, 60" 359, 70° 329, 67"
TiQ/Iod np*, 30" np, 45”  np“, 50°
Tod/Trithiol np%, 19° np“’l’
ITX/Trithiol 314, 52° 237, 48" 279, 53"
ITX/MDEA 45¢, 627 55, 60° 637 67"

“Under air. “In laminate, np = no polymerization.

After being exited under light irradiation and in the presence
of hydrogen donors'® such as MDEA or Trithiol, the
photolysis of aromatic ketones leads to the formation of
both radicals derived from the carbonyl compound (ketyl-type
radical) and other radicals derived from the hydrogen donor
via an H-abstraction mechanism. The generated a-aminoalkyl
or thiyl radicals®® can therefore initiate the photopolymeriza-
tion even in air. Indeed, these radicals react with oxygen to
form peroxyl radicals, which are able to abstract hydrogen
atom from MDEA or thiol group; thus, a-aminoalkyl or thiyl
radicals are regenerated. This fact is further corroborated since
the photopolymerization of TMPTA with both ITX/MDEA
and ITX/Trithiol photoinitiating systems is evaluated at
around 30% even in air (Table 2). However, the ITX/
MDEA photoinitiating system appears more reactive than the
ITX/Trithiol one: indeed, the reactivity of the a-aminoalkyl
radicals is higher than that observed for thiyl radicals toward
the acrylate monomer.”” ™"

Under the same conditions, and in the absence of Iod, no
polymerization was observed in air or in laminate conditions
with TiQ since it is not able to abstract H as a ketone PI did.
When TiQ is combined with Iod, the photopolymerization of
TMPTA occurs only under laminate conditions. This suggests
the formation of phenyl-derived radicals by an electron-transfer
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Figure 4. Photopolymerization profiles of an EPOX/TMPTA blend (50/50%, w/w) in the presence of TiQ/Iod/Trithiol (1/3.7/3%, w/w/w)
upon LED@405 nm (100 mW/cm?) in laminate (A and B: curves 1) and under air (A and B: curves 2). Thickness = 12 ym.

reaction between TiQ and Iod (see section 3, Mechanistic
Studies); according to the literature,® such radicals can afford
to initiate the free-radical polymerization. However, under air,
phenyl-derived radicals are scavenged by oxygen (peroxyl
radicals) and are unable to initiate the photopolymerization of
TMPTA. With the multicomponent photoinitiating systems
containing TiQ/Iod/Trithiol, the photopolymerization of
TMPTA successfully takes place even in the presence of air;
nevertheless, the final conversion remains higher in laminate
conditions than under air without any period of inhibition.
This could be explained by the presence of thiol functionalities,
which are well adapted to overcome oxygen scavenging in
radical polymerization.” Indeed, a direct hydrogen-transfer
reaction may occur under air between the peroxyl radicals and
trithiol; thiyl radicals are thus generated and lead to the
consumption of acrylate function. It is also interesting to show
that the use of Iod/trithiol alone fails to initiate the
photopolymerization of TMPTA under air and the final
conversion remains much lower than TiQ/Iod/Trithiol in
laminate.

Synthesis of Interpenetrating Networks. Interpene-
trated polymer networks (IPN) can also be obtained through a
concomitant cationic/radical photopolymerization of a
TMPTA/EPOX blend (50/50% w/w) using a TiQ/Iod/
Trithiol combination under air or in laminate upon visible light
irradiation (LED@405 nm, 100 mW/cm?) (Figure 4). Some
investigations in the literature®>**~°* have proposed such a
mixture (TMPTA/EPOX blend) for demonstrating the dual
role of the photoinitiating systems for the concomitant
cationic/radical photopolymerization. As described elsewhere
for other systems,” the final conversions of TMPTA are higher
in laminate (87%, Figure 4A-1) than under air (63%, Figure
4A-2). However, the final conversions are not influenced by
air/laminate conditions when considering EPOX polymer-
ization (Figure 4B); the oxygen scavenging effect plays an
important role in the free-radical polymerization of TMPTA
rather than in the cationic photopolymerization of EPOX, as
the radicals are predominantly consumed by oxygen to form
peroxy radicals, which are unable to initiate the polymerization.
Interestingly, the final conversion of TMPTA under air (in the
EPOX/TMPTA blend) with TiQ/Iod/Trithiol photoinitiating
system is twice higher than that observed with TMPTA alone
(Figure 3, Table 2). As previously described in the
literature,"*> EPOX has a labile H that phenyl-derived radicals
are able to abstract, thus leading to the formation of carbon-
derived radicals on the EPOX backbone (epoxy y*). The
latter radical can indeed add on the acrylate double bond of
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TMPTA and increase the acrylate conversion over time. A
similar mechanism has been demonstrated with camphorqui-
none. The formation of carbon-centered radicals may there-
after be oxidized by Iod to form cationic species,l’65 ie,
epoxy(y) and radical cation MePhI™. These results could
explain the increase of the initial rate constant of EPOX
(Figure 4B) in comparison to that observed in Figure 2A in the
first second of the photopolymerization process (Table 3).

Table 3. EPOX/TMPTA Blend (50/50%, w/w)
Conversions Obtained under Air and in Laminate upon
LED@405 nm (100 mW/cm?) for 800 s Exposure in the
Presence of TiQ/Iod/Trithiol (1/3.7/3%, w/w/w)

LED@405 nm (100 mW/cm?)

air (%) laminate (%)
acrylate conversion 63 87
epoxy conversion 5SS 5SS

Mechanistic Studies. The maximum absorption and
emission wavelengths and other photophysical properties of
TiQ are summarized in Table 4. The proposed mechanism
(rrr1—rrr9) reflects the polymerization process under argon.
Reactions in air as well as the proposed mechanism of the in
situ synthesis of Ti-based NPs are described in Section 3.7 to
avoid confusion.

Proposed Mechanism under Argon. According to the
studies of other related photoinitiating systems using Iod, the
proposed sequence holds true as confirmed by the
fluorescence, nanosecond laser flash photolysis, and EPR
experiments reported below.

TiQ(hv) — 'TiQ - ’TiQ (r1)
YTiQ + (MePh),I*(Iod)

- TiQ"* + (MePh),I*

— TiQ"" + MePh’ + MePhl (r2)
MePhI + TiQ*" — MePhI"™* + TiQ (13)
MePhI** + MePhl — [MePhl — PhMel]™* (r4)
[MePhI — PhMel]** + (MePh),T*

— [MePhI" — PhMel] + H* + (MePh),I* (5)
(MePh),I* — MePhl + MePh' (6)
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Table 4. Photophysical Properties of TiQ"”

Ep” (eV)
2.82

er® M em™)

18390

AG(T)" (eV) or"
-226 0.87

A’maxEm (nm) ESH AGET(S)a wFluoa j’maxTa (nm)
420 3.36 -2.80 0.083 440
“In THF. ®Toluene.
MePh’ + RS — H(Trithiol) > MePh — H + RS*  (17)
RS* + R’ — CH = CH,(TMPTA)
— R — CH®* — CH, — SR (r8)
R —CH* - CH, —SR+RS—H
— R’ — CH, — CH, — SR + RS’ (19)

Transition absorption spectra of TiQ are displayed in Figure
5A, and reveal the triplet state *TiQ (rrr1) at around 440 nm

A
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0.016+ —m—ops
®—2us
n— " 5us
0.0124 \ —v—10ps
l/ \\
o] n
O 0.008- - -
o o0 ‘- -
o / he N \ A
8 ooy yn w
0O 0.004y o
N\ °
S v’v,'\ : Yovoowy
| 5 SV eVe
0.000 \\\ / vv\"v// N
’ /
w

450 500 550 600

Wavelength (nm)

0.018

7 :
Time (us)

Generation of new species

‘l I

4 8 12

Time (US)

Figure S. (A) Transition absorption spectra of the TiQ complex
under argon atmosphere after 0, 2, S, and 10 ps (4, = 385 nm). (B)
Decay of the TiQ triplet state at 440 nm with the addition of Iod.
Inset: Transient signal (4, = 690 nm) of a iodonium derivative
compound after the irradiation (4, = 385 nm) of TiQ/Iod
photosensitive system under argon atmosphere. Solvent = toluene.

as described for other quinoline derivative compounds.” The
quenching rate constants of *TiQ by oxygen and Iod were
evaluated at k;(0,) > 10° M™" s™" (Figure $4) and k,(Tod) >
10* M~ s7! (Figure 5B), respectively. According to Figure 5B,
the addition of Iod to excited TiQ leads to the formation of a
new species absorbing in the visible range (690 nm), which
could be attributed to 4-methylphenyliodinium radical cation®
(MePhI**) (r1r3). Intermediate MePhI** is postulated to react
with MePhI to produce a new transient species™”"’ [MePhl-
PhMel]** (rrr4). This intermediate may be oxidized by
diphenyliodonium ion to yield [MePhI*-PhMel], together
with a diphenyliodine radical ((MePh),I*) and photoacids48’49
(H*) in rrrS. (MePh),I® is known to be unstable™*’ and
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decomposes to iodobenzene and phenyl(4-methyl) radical
(MePh*) in rrr6 (EPR experiments; Figure 7). For a
photoinduced electron transfer reaction to be thermodynami-
cally feasible, AG,r has to be negative. Therefore, the AG,
values are useful to the most valuable photochemistry
pathways. In our conditions, the calculation of the free-energy
change (AG.(T)) calculated from the Rehm-—Weller
equation40 (eq S, cyclic voltametry in Experimental Section)
for the >TiQ/Iod electron-transfer reaction demonstrates a fast
and spontaneous process: AG,r = —2.26 eV (E,, of TiQ =
+0.46 V/SCE or —0.1 V/[FeCp,]*/[FeCp,] redox couple, as
measured by cyclic voltammetry in this work in THF (see
Supporting Information Figure S5); Egeq of Iod = —0.2 V/
SCE,*3%? triplet state energy E1 of TiQ = 2.82 eV as extracted
from the transition absorption spectrum).

Fluorescence quenching experiment of TiQ by Iod in THF
is displayed in Figure 6; this allows determining whether the
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Figure 6. (A) Absorbance and emission spectra of TiQ in THF: the
blue curve corresponds to the ground-state absorption spectrum of
TiQ, and the red curve corresponds to the emission spectrum of TiQ
(iex = 370 nm). (B) Fluorescence quenching of TiQ by lod in THF
(Aex = 370 nm). Inset: evolution of the fluorescence intensity as a

function of [Iod].

singlet state of TiQ is involved in the photoinitiating process
or not. The free-energy change (AG.r(S)) for the 'TiQ/Iod
electron-transfer reaction was evaluated at —2.8 eV, and the
associated dynamic Stern—Volmer constants (KSV) between
TiQ and Iod are evaluated at 132 M~'. The electron-transfer
quantum yield ®.; of TiQ/Iod in our case and calculated
according to eq 9 is high at 0.79 (for [Iod] = 9.27 X 107> M)

@, = kyzollod]/(1 + kyzollod]) ()
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However, according to the low fluorescence quantum yield of
TiQ (0.053), its high triplet quantum yield* (0.87), and the
inhibition period observed in the EPOX photopolymerization
(Figure 2), we can properly expect that the photoinduced
process in the TiQ/Iod system mainly occurs from the triplet
state, whereas the singlet state is certainly involved in a minor
component of the polymerization process.

In line with rrr2 and rrr6, the photoexcitation of TiQ/Iod/
benzene in the presence of DMPO spin trap under argon using
LED@400 nm source resulted in the immediate generation of
EPR signals shown in Figure 7. To achieve the best fit of the

[uny

N

336 338 340

Magnetic field (mT)

3('52 3é4
Figure 7. Experimental (1) and simulated (2) EPR spectra monitored
in benzene solution of TiQ/Iod under argon upon 450 s in situ
LED@400 nm exposure and under air upon 450 s in situ LED@400
nm exposure. EPR spectrometer settings: microwave frequency,
~9.432 GHz; microwave power, 10.94 mW; center field, 335.94 mT;
sweep width, 7 mT; gain, 2.52 X 10°%; modulation amplitude, 0.05
mT; sweep time, 45 s; time constant, 10.24 ms; number of scans, 10.

experimental six-line spectrum characterized by the asymmetric
signal intensities, abundance of two DMPO spin-adducts of
carbon-centered radicals (Figure 7) with slightly different spin-
Hamiltonian parameters was included in the simulation. The
dominant signal with relative concentration (c.) of 70%
characterized with ay = 1.399 mT, a;’ = 1.956 mT, and g=
2.0060 was assigned to *DMPO-(4-methylphenyl)*” spin-
adduct derived from the 3TiQ/Iod electron-transfer reaction
and the hemolysis of the carbon—iodine bond of Iod. The
spin-Hamiltonian parameters of the second signal (ay = 1.41S
mT, a = 1.957 mT, g = 2.0061) are compatible with the
DMPO adduct of an aromatic carbon-centered radical,
produced most probably from quinoline ligand (TiQ**, rrr2).
This EPR result clearly highli§hts that MePh® is reactive
toward acrylate double bonds™ and leads, in laminated
conditions, to the free-radical photopolymerization of
TMPTA with TiQ/Iod photoinitiating system (Table 2,
Figure S3). The photorelease of acids (H*) in rrrS is
demonstrated in Figure 1D and is confirmed by the cationic
photopolymerization of EPOX shown in Figure 2. Finally, the
acrylate consumption of TMPTA (Figure 3), with the TiQ/
Iod/Trithiol photoinitiating system under light irradiation, is
consistent with the proposed reactions shown in rrr7—rrr9.
Indeed, the in situ irradiation of TiQ/Iod/Trithiol solutions
containing the DMPO spin trap using LED@400 nm source
revealed an EPR spectrum (Figure 8) with dominating signals
characterized by the spin-Hamiltonian parameters ay = 1.351
mT, ay = 1.181 mT, ay’ = 0.093 mT, a,y” = 0.072 mT, and g =
2.0059 (relative concentration, 98.8%) correlating well with
the *DMPO-SR spin-adduct.”” Furthermore, a low-intensity
six-line signal (ay = 1.429 mT, ay’ = 1.929 mT, g = 2.0057
(rel. conc.,, 1.2%) observed in the EPR spectrum (Figure 8)
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Figure 8. Experimental (1, black trace) and simulated (2, red trace)
EPR spectra of DMPO spin-adducts obtained upon in situ LED @400
nm exposure of TiQ/Iod/Trithiol/DMPO in benzene under argon.
EPR spectrometer settings: microwave frequency, ~9.448 GHz;
microwave power, 10.03 mW; center field, 335.2 mT; sweep width, 6
mT; gain, 2.00 ¢ 10% modulation amplitude, 0.025 mT; scan, 84 s;
time constant, 20.48 ms; number of scans, 10.

can be assigned to the “©DMPO-(4-methylphenyl) spin-adduct.
The detected DMPO spin-adducts confirmed the formation of
thiyl radicals, along with the generation/consumption of
MePh* species (rrr7), which further corroborates our proposed
reaction mechanism, and is in accordance with the literature.**
In light of these results, MePh® and RS® react with TMPTA
acrylate double bonds, leading to a high final acrylate
conversion in laminate with the TiQ/Iod/Trithiol photo-
initiating system (Table 2, Figure 3, and Figure S3).
Proposed Mechanism in Air and Understanding the
Synthesis of Ti-Based NPs. Under air conditions and due to
the increased solubility of molecular oxygen in benzene, the
EPR spectra monitored in the irradiated solutions TiQ/Iod/
DMPO/benzene are characterized with substantially broad-
ened spectral lines (Figure 9). The simulated spectrum was

T T T 1
334 336 338 340

Magnetic field (mT)

T
332

Figure 9. Experimental (1) and simulated (2) EPR spectra monitored
in benzene solution of TiQ/Iod/DMPO under air upon 450 s in situ
LED@400 nm exposure. EPR spectrometer settings: microwave
frequency, ~9.432 GHz; microwave power, 10.94 mW; center field,
335.94 mT; sweep width, 7 mT; gain, 2.52 X 10% modulation
amplitude, 0.05 mT; sweep time, 45 s; time constant, 10.24 ms;
number of scans, 10.

fitted considering the presence of two dominated DMPO
carbon-centered spin-adducts, i.e., ®DMPO-ORI1 (ay = 1.307
mT, ay’ = 0.664 mT, ay’ = 0.178 mT, g = 2.0061) and
*DMPO-OR2 (ay = 1.374 mT, 4, = 1.157 mT, a,/ = 0.079
mT, g = 2.0060). The detected radicals reflect the proposed
generation of carbon-centered radicals (MePh® and TiQ®")
upon exposure of TiQ/Iod and their subsequent reaction with
molecular oxygen to produce ROO® radicals, which are
detected as the corresponding *DMPO-OR spin-adduct
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Figure 10. Experimental (1) and simulated (2) EPR spectra monitored in benzene solution of TiQ/Iod/Trithiol/DMPO: (A) under air upon 450
s in situ LED@400 nm exposure and (B) solution from experiment (A) measured in the dark after a short postradiation saturation with argon. EPR
spectrometer settings: microwave frequency, ~9.448 GHz; microwave power, 10.03 mW; center field, 335.0 mT; sweep width, 6 mT; gain, 2.00 or
2.52 X 10% modulation amplitude, 0.025 mT; sweep time, 84 or 45 s; time constant, 20.48 ms or 10.24; number of scans, 10.

(oxygen-centered radicals) from the decomposition of peroxyl
radical adducts.”® These results are in accordance with the
absence of polymerization of the TMPTA/TiQ/Iod system
under air (Table 2, Figure S3). Indeed, peroxyl radicals are
inactive toward the acrylate double bonds.

However, the addition of Trithiol reveals additional new
EPR signals (Figure 10), which are attributed to the thiyl
(RS®) and peroxyl radicals. Peroxyl radicals formed by the
oxygen scavenging of carbon- and sulfur-centered radicals
(rrr10) are also capable of abstracting hydrogen atoms from
thiol and regenerate thiyl radicals (rrr11). This explains why a
polymerization occurs with TiQ/Iod/Trithiol under air (Table
2, Figure 3, and Figure S3).

P-+0, —» POO- (r10)

(r11)

When the TiQ/Iod/benzene solutions were continuously
irradiated (LED@400 nm) in air without the use of DMPO
(Figure 11), the EPR spectrum of superimposed paramagnetic
signals was obtained. Despite the limited resolution of the
hyperfine structure due to the significant line broadening
caused by the molecular oxygen dissolved in benzene,”’ the
EPR spectral characteristics (spin-Hamiltonian parameters ay
=0.9310 mT, ay = 0.365 mT, ag = 0.276 mT, g = 2.0058) are
well compatible with previously published data for substituted

POO-+RSH — POOH + RS-

334 336 338 340 342

Magnetic field (mT)

330 332

Figure 11. Experimental (1) and simulated (2) EPR spectra
monitored in benzene solution of TiQ/Iod under air (without
DMPO) upon 900 s in situ LED@400 nm exposure. EPR
spectrometer settings: microwave frequency, ~9.435 GHz; microwave
power, 11.21 mW; center field, 336.12 mT; sweep width, 7 mT; gain,
2.52 X 10% modulation amplitude, 0.1 mT; sweep time, 90 s; time
constant, 20.48 ms; number of scans, 10.
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quinoline N-oxyl radicals.”””" In addition to the EPR signal,
the simulation analysis of the EPR spectrum measured upon
photoexcitation (Figure 11) also evidenced the presence of a
triplet signal without a resolvable hyperfine coupling. The
latter (ay = 0.634 mT, g = 2.0056) is also assigned to a N-oxyl
radical possessin§ delocalized 7n-electrons over the z-con-
jugated systems.”” These later results undoubtedly reflect the
photoinduced oxidative cleavage of metal—ligand bond upon
the photoactivation of TiQ in the presence of molecular
oxygen or singlet oxygen. Indeed, the photoinduced formation
of singlet oxygen is frequently monitored by EPR spectroscopy,
detecting the generation of nitroxide radicals, Tempone,
produced by the oxidation of 4-0xo0-2,2,6,6-tetramethylpiper-
idine””’* (TMPO). Interestingly, the stable nitroxide radical
Tempone, which has a signature EPR s.pectlrum75 formed via
the oxidation of TMPO, appears when TiQ/Iod/TMPO/
benzene/air solution is irradiated upon LED@400 nm (Figure
12). Therefore, the EPR spectrum observed reveals a low-

T T T 1
334 336 338 340

Magnetic field (mT)

T T
330 332

Figure 12. Experimental (1) and simulated (2) EPR spectra
monitored in benzene solution of TiQ/Iod/TMPO under air after
450 s irradiation (LED@400 nm). EPR spectrometer settings:
microwave frequency, ~9.443 GHz; microwave power, 10.03 mW;
center field, 335.05 mT; sweep width, 7 mT; gain, 2.52 X 10%
modulation amplitude, 0.1 mT; sweep time, 45 s; time constant, 20.48
ms; number of scans, 10.

intensity three-line signal of Tempone (ay = 1.468 mT, g =
2.0055), superimposed on the signals of quinoline N-oxyl
radicals (ay = 0.9310 mT, ay = 0.365 mT, ay = 0276 mT, g =
2.0058).

In conclusion, when the photoinitiating system TiQ/Iod is
irradiated in air, singlet oxygen 'O, is generated along with
peroxyl radicals. 'O, leads to the photoinduced oxidative
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Figure 13. TEM images of Ti-based NPs inside coatings from (A) TiQ/Iod/EPOX system upon an LED@385 nm exposure (44 mW/cm?) under
air and (B) EPOX/TMPTA blend (50/50%, w/w) in the presence of TiQ/Iod/Trithiol upon a LED@405 nm exposure (100 mW/cm?) under air.
Irradiation time = 800 s. (C, D) NPs diameter inside the coatings from TiQ/Iod/EPOX and EPOX/TMPTA/TiQ/Iod/Trithiol photoinitiating
systems, respectively. (E) Optical image of the photosynthesized materials with the TiQ/Iod/Trithiol/TMPTA/EPOX system after 800 s of

irradiation under air upon LED@405 nm exposure (100 mW/cm?).

cleavage of the metal (Ti)—ligand bond (quinoline ligand),
resulting in the formation of oxygen-centered radicals (N-oxyl
radicals, RNO*®) and probably metal oxide NPs. The following
paragraph will discuss the synthesis of such Ti-based NPs in air
and their impact on the mechanical properties of the resulting
materials.

New Approach in the Synthesis of Ti-Based NPs and
Impact Mechanical Properties. Two photoinitiating sys-
tems, namely, TiQ/Iod/EPOX and TiQ/Iod/Trithiol/
TMPTA/EPOX, were used to develop, under 385 and 405
nm light exposure, new hybrid organic—inorganic materials
containing Ti-based NPs. Evidence suggesting that these
particles are attributed to Ti-based NPs synthesized in situ was
provided by TEM spectroscopy (Figure 13). Morphological
analyses were carried out by TEM spectroscopy to
demonstrate the presence of Ti-based nanoparticles produced
inside the polymer matrix. The TEM images, reported in
Figure 13, show the presence of dispersed spherical Ti-based
NPs inside the polymer films with a diameter ranging from 1.8
to 7.3 nm (mean average of 3.5 nm # 1.2 nm for the EPOX/
TiQ/Iod system) and from 1.8 to 8.2 nm (mean average of 3.7
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+ 1.9 nm for the EPOX/TMPTA/TiQ/Iod/Trithiol system).
No agglomeration of Ti-based NPs was observed, which
tantalizingly suggests the polymer matrix to serve as a
stabilizing matrix for the photoinduced NPs. Moreover, no
Ti-based NPs were observed without the addition of Iod to
TiQ. As the thickness of the samples are too high, HAADE-
STEM experiments have been performed on both samples to
easily observe heavy atoms, which appeared brighter (see
Supporting Information Figure $6). The atomic number (Z)
contrast results in bright spots corresponding to high Z Ti-
based nanoparticles in a dark low-Z polymeric matrix. As
shown in these micrographs, the photoinduced Ti-based
nanoparticles (in white) are mostly well separated and hence
contact-free. For example, an optical image of the photo-
synthesized materials with the TiQ/Iod/Trithiol/TMPTA/
EPOX system is displayed in Figure 13E. This optical image
also proves that the Ti-based NPs are well dispersed inside the
photoinduced materials as the corresponding material is
transparent.

To assess the thermal stability of TiQ/Iod/Trithiol/
TMPTA/EPOX nanocomposite, a ramp thermogravimetric
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analysis is carried out. The weight loss as a function of
temperature is then plotted in Figure 14, which shows that the
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Figure 14. Ramp thermogravimetric analysis obtained for TiQ/Iod/
Trithiol/ TMPTA/EPOX nanocomposite.

TiQ/Iod/Trithiol/TMPTA/EPOX sample is stable at temper-
atures up to 300 °C. At this temperature, the material starts to
degrade until reaching a pike degradation temperature of 420
°C. At this temperature, more than 80% of the organic mass
has been degraded. The remaining mass would correspond to
the bulk polymer chains in close interaction with the Ti-based
nanoparticles. These chains further degrade at 550 °C, which
would be a signature of good interactions between the polymer
matrix and the photoinduced Ti-based NPs.

The macroscopic mechanical properties of new EPOX/
TMPTA materials based on three different photoinitiating
systems (TiQ/Iod/Trithiol, ITX/Iod/Trithiol, and ITX/Iod/
Trithiol/TiO,) were characterized by three-point bending
tests. The interest was centered in assessing the influence of
the photoinduced Ti-based NPs (from the irradiation of TiQ/
Iod/Trithiol photoinitiating system) on the mechanical
behavior of the EPOX/TMPTA resin compared to the same
resin reticulated under visible light (40S nm), with different
photoinitiating systems (ITX/Iod/Trithiol and ITX/Iod/
Trithiol/TiO,). As an example, Figure 1S shows, for each
sample, a characteristic flexural stress o¢ vs flexural strain &
plot. The average oy, &; and flexural modulus E; values obtained
from the three-point bending tests are summarized in Table S.
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Figure 1S. Flexural stress o¢ as a function of the flexural strain &
obtained by three-point bending tests for the photoinduced EPOX/
TMPTA materials based on (1) TiQ/Iod/Trithiol, (2) ITX/Iod/
Trithiol/TiO,, and (3) ITX/Iod/Trithiol photoinitiating systems.
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Table S. Flexural Modulus E, Stress 6 and Strain &
Obtained by Three-Point Bending Tests for the
Photoinduced EPOX/TMPTA Resins Based on (TiQ/Iod/
Trithiol), (ITX/Iod/Trithiol), and (ITX/Iod/Trithiol/
TiO,) Photoinitiating Systems

photoinitiating systems E; (GPa) o; (MPa) & (%)
PIS 1: ITX/Iod/Trithiol 1.9 38.7 2.0
PIS 2: ITX/Iod/Trithiol/TiO, 1.7 39.2 2.5
PIS 3: TiQ/Iod/Trithiol 0.4 9.7 3.4

First, it is seen that the mechanical values listed in Table 5
agree very well with prototypical epoxy resins reported in the
literature.””~** Furthermore, the neat photosensitized EPOX/
TMPTA resin containing 1TX/Iod/Trithiol (PIS 1) as a
photoinitiating system was compared to the same one but with
the introduction of TiO, nanoparticles (PIS 2). Both materials
are synthesized to compare their mechanical properties to
those of the TiQ-based material (PIS 3), thus demonstrating
the positive influence of the photoinduced generation of Ti-
based NPs (from TiQ/Iod/Trithiol photoinitiating system,
PIS 3) under visible light irradiation. It can be seen in both
Figure 15 and Table S that the presence of TiO, NPs (PIS 2)
globally induces a drop on the flexural modulus Ej, stress o
and strain & This would mean that the sole presence of TiO,
NPs in this case yields a fragile material exhibiting a loss in the
mechanical properties and clearly evidences the weak
dispersion of TiO, NPs in the polymer matrix. This contrasts
with the results obtained for TiQ because our system also
induces a drop on the flexural modulus E; and flexural stress o,
but yet increases the maximum strain &, compared to the neat
EPOX/TMPTA resin containing ITX/Iod/Trithiol (PIS 1) or
ITX/Tod//Trithiol/TiO, NPs (PIS 2). This would mean that
the nanocomposite containing TiQ (and Ti-based NPs) is
tougher (i.e., less fragile) material compared to the former two
materials containing either ITX/Iod/Trithiol (PIS 1) or ITX/
Iod/Trithiol/TiO, (PIS 2) as a photoinitiating system. In
conclusion, the photogeneration of Ti-based NPs (from the
TiQ/Iod/Trithiol photoinitiating system) in the polymer
matrix leads to an increase of its mechanical resistance by
toughening the matrix.

B CONCLUSIONS

A well-performing photoinitiating system based on a well-
defined titanium precursor complex that derives from the ring-
opening and coupling of two quinoline molecules was reported
in this study (TiQ). This system performs both free-radical
and cationic photopolymerizations of TMPTA and EPOX,
respectively, under visible light irradiation along with the
formation of Ti-based nanoparticles (NPs). The use of a
quinoline-derived titanium complex TiQ in combination with
an iodonium salt (Iod) as an efficient visible light photo-
initiating system is an unprecedented combination for
overcoming the oxygen inhibition in free-radical photo-
polymerization under air. The TiQ/Iod photoinitiating system
was also found to promote efficiently, and in a one-step
process, an interpenetrated network in the radical and cationic
photopolymerizations of an epoxide/acrylate blend upon
LED@405 nm. Interestingly, our studies reveal that the
conditions used for TiQ/Iod Pls lead to the generation of Ti-
based NPs under visible light irradiation inside the
polymerized coatings. The macroscopic mechanical properties
of the resulting TiQ-based nanocomposite also result in the

DOI: 10.1021/acs.macromol.8b02719
Macromolecules 2019, 52, 3716—3729


http://dx.doi.org/10.1021/acs.macromol.8b02719

Macromolecules

generation of these Ti-based NPs within the polymer matrix,
which in turn results in an increase of its mechanical resistance
by toughening the matrix. These unprecedented results might
open the gate for the synthesis of newly hybrid materials using
well-defined early-transition metal complexes.
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All of the kinetics profiles for the free-radical polymer-
ization of TMPTA with I'TX/Trithiol, ITX/MDEA, and
TiQ/Iod/Trithiol photoinitiatings systems upon
LEDs@38S and 405 nm irradiation (under air and in
laminate conditions) (Figures S1—S3); decay traces of
TiQ triplet state (*°TiQ) at 440 nm after a laser pulse
(Aex = 385 nm) of argon (1) and O, (2)—saturated
toluene solution of TiQ (Figure S4); cyclic voltammetry
of TiQ in ["Bu,N][PFs]/THF (0.2 M electrolyte, room
temperature, under N, (Figure SS); and HAADF-STEM
images of Ti NPs inside coatings from (A) TiQ/Iod/
EPOX system upon an LED@38S nm exposure (44
mW/cm?) under air and (B) EPOX/TMPTA blend
(50/50%, w/w) in the presence of TiQ/Iod/Trithiol
upon an LED@40S nm exposure (100 mW/cm?) under
air, irradiation time = 800 s (Figure S6) (PDF)
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