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ABSTRACT: New polysilsesquioxane-based lamellar materials, functionalized with radical precursors, were synthe-

sized. They play a double role in the preparation of composite materials: first, as filler homogenously dispersed in the

monomer after delamination, second as radical initiator in photopolymerization. These polysilsesquioxanes enable fast
and efficient photopolymerization upon UV light for thick samples. High conversions in monomers as well as the for-
mation of hybrid polymers covalently linked to the filler are observed. This strategy, based on a double bottom-up
approach, avoids the solubility/dispersion problem encountered in the classical preparation of composite polymers

from pre-formed organic polymers.

The design of new functional hybrid materials is not
only a challenge for fundamental synthetic chemistry
but it also opens up ways to innovative industrial appli-
cations.! These composite materials combine the proper-
ties of an organic phase and an inorganic phase. If one of
the phases has at least one dimension lower than 100
nm, the materials are referred to as nanocomposites. The
main difficulty lies in the homogeneous dispersion of
these nano-objects in the host matrix. Ideally, once
spread in the composite, the large surface of the nano-
fillers strengthens the matrix-reinforcement interface
and induces effects on the macroscopic properties, struc-
tural or functional, of the nanocomposite.” Different
strategies can be used to access to complex multifunc-
tional nanocomposites, either from molecular precursors
or from well-defined nano-objects as starting materials.
As a result, it is possible to synergistically combine the
properties of the organic and inorganic components. The
first route relies on the bottom-up approach and the
synthesis of the materials is achieved through soft
chemical processes (sol-gel process, MOF synthesis,
hydrothermal synthesis) from well-designed precursors.
The second pathway implies the use of pre-formed
nano-objects (nanoparticles, nano sheets, polymers...) as
starting nanobuilding blocks, their transformation leads
to hybrid materials. Usually nano-objects used are com-
posed of an inorganic network that can be: clays, layered

double hydroxides (LDH), silicates, metal oxides, metal
phosphates or metal chalcogenide. Two hybridization
strategies can be used: (i) intercalation / delamination of
a lamellar material already formed or (ii) one-pot syn-
thesis from a mixture of inorganic and organic precur-
sors.>4

We have shown that the lifetimes of arylsulfanyl radicals
anchored in the framework® or on the pore® of mesopor-
ous silicas could dramatically improve depending on the
structure of the hybrid material.

Although important in both cases, the effect of the silica
structure on the radical lifetime turned out to be more
important when the radical precursors were located in
the pores of silicas rather than in the walls. The forma-
tion of an organic monolayer on the pore surface disfa-
voured the formation of disulfides, which is the main
contributor to the decay of the EPR signal in this case.® In
these materials, the arylsulfanyl half-lifetime (ti2)
reaches values superior to 60 hours i.e., an incredible
improvement with respect to the value of 200 us esti-
mated by flash photolysis for the phenylsulfanyl radical
in solution.” For the sake of comparison, we have ex-
plored the radical behaviour in lamellar functional mate-
rials, namely polysilsesquioxanes.

Beyond the fundamental interest of the properties of
confined radicals, lamellar polysilsesquioxanes are po-



tential nanobuilding blocks for the design of hybrid
materials. A strategy similar to that reported by Blum-
stein for the polymerization of monomers inserted be-
tween sheets of clays could be applied.® Considering the
overall process, these new lamellar materials would
enable to associate the two synthetic routes of hybrid
materials described above: by synthesizing first hybrid
lamellar polysilsesquioxanes by sol-gel process, and then
by using the resulting nano-sheets as both nanobuilding
blocks and polymerization initiators after delamination
by insertion of monomer between the sheets.

Lamellar materials, LAM-1 and LAM-2, were prepared
from bis(triethoxysilyl) precursors 1° and 2° via the sol-
gel process (Scheme 1).1 These precursors were de-
signed to generate sulfur- or oxygen-centered radicals
thanks to a double fragmentation triggered by photoly-
sis.>® They differ by the nature of the spacer between the
aromatic ring and the silicon atom, i.e. ether or urea.

These materials were tested as radical polymerization
photoinitiators, owing to their potential ability to gener-
ate free radicals upon light exposure. In this context, the
use of LAM-1 and LAM-2 would achieve a real break-
through due to their dual behavior as they are both fill-
ers and photoinitiators. Moreover, this approach would
enable to covalently link the polymer to the filler. Albeit,
the use of fillers to improve the mechanical properties of
polymers is currently very broad, their presence in
photopolymerization is usually a drawback as they can
diffuse the light and consequently reduce the penetra-
tion of light into thick samples."

In the present paper, LAM-1 and LAM-2 were evaluated
as light sensitive fillers to initiate the polymerization of
thick samples.

Scheme 1. Synthesis of LAM-1 and LAM-2
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The X-ray powder diffraction (XRD) diagrams of LAM-1
and LAM-2 display the characteristic peaks assigned to
lamellar structures.’? LAM-1 exhibits first and second
order peaks at 4 = 829 nm™ and 17.90 nm™ which are
characteristic of a lamellar structure with 0.35 nm inter-
sheet distance (d = 27t/q) (Figure 2). The broad peak at g =
1.90 nm corresponds to an interlayer distance of 3.3 nm.
The sharp peak at g = 7.68 nm™ (d = 0.87 nm™) could fit
with the distance between two sulfur atoms in the pre-
cursor. LAM-2 shows a characteristic broad peak at g
=1.90 nm™" which is consistent with an interlayer distance
of 3.3 nm. The broad peak at 4 = 18.09 nm™ corresponds
to an intersheet distance of 0.35 nm. An interchain dis-
tance of 0.43 nm is evidenced by the peak at 4 =15.1 nm-
1. The XRD highlights the incidence of the ureido moie-
ties on the lamella structure, sharp peaks can be as-
signed to the distance between two carbonyl groups (g =
13.3 nm, 0.47 nm) and to the N-O distance (g = 10.1 and
20.2 nm™, 0.31 and 0.62 nm).!® The comparison between
the XRD analysis of LAM-1 and LAM-2 clearly shows a
higher inter-lamella organization for LAM-1 whereas the
presence of the urea in LAM-2 increases the organization
inside the sheet.

The properties of the arylsulfanyl and phenoxyl radicals
generated from the photolysis of these precursors was
investigated by EPR. In a typical procedure, the func-
tionalized material was degassed (10-° mbar) in a 4 mm
quartz-glass tube and heteroatom-centered radicals were
generated via the light-induced decomposition of the
diazene> inside the spectrometer cavity (xenon lamp
(200-800 nm) fitted with a 360+10 nm filter).

At room temperature and under irradiation, LAM-1 led
to an anisotropic signal assigned to the corresponding
arylsulfanyl radical. The EPR parameters of these signals
(Table 1) were in agreement with the formation of aryl-
sulfanyl radicals>6'* for which the g tensor is axisymmet-
rical and the spin density is localized on the sulfur
atom.’® The thermal decomposition of the diazene moie-
ties at 473 K enabled the observation of an isotropic sig-
nal with a 2.009 g-factor. The half-lifetimes of the
arylsulfanyl radicals were measured graphically by
monitoring the decay of the signal of highest intensity.
They were in the same order of magnitude as those reg-
istered for radicals generated from symmetrical diazene
precursors located in the wall of the silica, i.e. 2.3 h at
273 K and 3 min at 473 K.5 Concerning LAM-2, the EPR
study performed at 293 K under irradiation showed the
formation of an isotropic signal with a 2.004 g factor,
which is consistent with a phenoxyl radical.’® Amazing-
ly, the half-life time of the phenoxyl radical in this lamel-
lar organization was higher than 2 years. In this system,
this radical can be considered as stable!” since the EPR
tube cannot be considered airtight over such a long peri-



od. This result confirms that changing neither the elec-
tronic properties nor the steric hindrance of the
phenoxyl radical, it is possible to increase the lifetime of
a transient radical by controlling its close surroundings.

Table 1. Half-lifetime of the arylsulfanyl and phenoxyl
radicals generated from LAM-1 and LAM-2

Conditions | gy gL Giso® t1/2°
a ;‘AM_ hv 2,014 | 2,008 | 2,010 | 23h
- d
b ]fAM 473K - - 2,009¢ | 3 min
LAM- | hf >
¢ | PAM- by - - 2,004¢ 2
2 years

a giso = (2g1 + g1)/3 from graphically determinated g. and
/.18 Determined from the double integrated EPR signal at
293 K. < Xenon lamp (200-800 nm). ¢ Without irradiation. ¢

Isotropic signal. f Xenon lamp (200-800 nm) fitted with a 360
+ 10 nm filter.

The observed lifetime difference between the sulfanyl
and phenoxyl radicals could be related to the spin densi-
ty at the heteroatom (85% at the sulfur atom in the case
of arylsulfanyl radicals® versus 27% at the oxygen atom
in the case of phenoxyl radical'’) and to the mobility of
the organic chains in the lamella. The increase of the
half-life time of the sulfur-centered radical up to 2.3 h
shows that the formation of the disulfide, main cause of
the signal decay, is slowed down with respect to
phenylsulfanyl radical in solution. The evolution of the
phenoxyl radical is different since the spin density is
delocalized on the ortho and para positions of the aro-
matic ring, which leads the signal to decay through the
formation of O-C and C-C coupling products.”” These
reactions are disfavored in the lamella because of the
low mobility resulting from strong associations, evi-
denced by the XRD and by IR analyses which show the
presence of associated urea carbonyl moieties (ve-o = 1635
cm).

Scheme 2. Photopolymerization process
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These lamellar materials were tested as photoinitiators
for radical polymerization (Scheme 2). As regard to
trimethylolpropane triacrylate (TMPTA), the
photopolymerization process did not occur without any
photoinitiator (Figure 1- curve 3). Interestingly, in pres-
ence of LAM-1 or LAM-2, a clean and efficient

photopolymerization reaction was observed. The NIR
absorption peaks representative of the acrylate C=C
double bond are found at three different wavenumbers:
~4490 cm 1; 4736 cm ! or 6165 cm '; a clear consumption
of the acrylate functions upon irradiation in presence of
LAM-1 or LAM-2 was registered as evidenced by the
strong decrease of their intensity in Figure 1B. An inhibi-
tion period of ~ 30 s was noted in presence of LAM-2 but
the polymerization started almost immediately in pres-
ence of LAM-1. This is also in agreement with the higher
conversion of the acrylate monomer for LAM-1 (~80% ;
Figure 1 — curve 1) compared to LAM-2 (Figure 1 — curve
2). These data unambiguously show that LAM-1 and
LAM-2 can be considered as radical photoinitiators for
the polymerization of acrylates but also that LAM-1 is
more efficient than LAM-2. It must be underlined that
the polymerization was initiated by the addition of a
heteroatom- or a carbon-centered radical onto the acry-
late double bond. The inhibition phenomenon might be
related to the relative rates of fragmentation of (3-sulfur
or (3-oxygen carbon-centered radicals. The fragmentation
of the former is fast; it generates sulfur-centered radicals
highly efficient to initiate the polymerization by adding
to the monomers.”' The variation of log ka for the addi-
tion of p-substituted arylsulfanyl radical ranges between
5.7 and 6.7 highlighting the weak incidence of the sub-
stituent. > With LAM-2, in all likelihood the polymeriza-
tion starts with the addition of a carbon centered radical
rather than a phenoxy radical. Due to the slower frag-
mentation,” part of the tertiary carbon centered-radicals
reacts with residual oxygen before the initiation occurs.
In other words, the absence of inhibition for LAM-1
evidences its efficiency as initiator in the presence of air.

In all cases, the filler, i.e. the radical precursor sheet, is
covalently linked to the polymer. The polymerization of
thick samples (up to 1.4 mm) was fully possible (~70% of
acrylate function conversion in less than 100 s — Figure
1).
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Figure 1. (A) Photopolymerization profiles of TMPTA un-
der air (acrylate function conversion vs. irradiation time) in
the presence of LAM-1 (1) (10% w/w); LAM-2 (2) (10%
w/w) or without photoinitiator (3); the irradiation starts for
t =10 s; (B) NIR-FTIR spectra before and after polymeriza-
tion of TMPTA in presence of LAM-1

Evidence for a homogeneous dispersion of the nano-
building block in the monomer phase was provided by
WAXS analysis performed on the mixture mono-
mer/LAM-1. The comparison with the WAXS profile of
LAM-1 showed clearly the disappearance of the charac-
teristic peaks of a lamellar organization (Figure 2), in
other words a delamination occurred during the prepa-
ration of the sample leading to a homogeneous mixture
of sheet in the monomer. However, it must be under-
lined that a broad signal (g = 1.90 nm) was still present
after delamination which show the stability of the sheets
in the presence of monomer. TEM analysis were then
performed, they gave no evidence for the formation of
aggregates but no additional information could be
drawn because of the low contrast due to the high or-
ganic content.

=+ =Polymer  emmm—lAM-1+TMPTA LAM-1

17,90nm™*

-

0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01

Figure 2. WAXS profiles (grey : LAM-1, orange : LAM-1 +
TMPTA, blue : polymer)

To conclude, lamellar hybrid materials functionalized
with radical precursors were designed for the generation
of oxygen- or sulfur-centered radicals by photolysis or
thermolysis. The amazing half-lifetimes recorded by EPR
for these radicals are consistent with the high structura-
tion of the materials through self-assembly. These nano-
objects, i.e., the sheets, were used as nanobuilding blocks
and as initiators for photopolymerization under air. The
polymerization was more efficient with the sulfur con-
taining filler than with the oxygenated one. High con-
versions in hybrid polymers covalently linked to the
filler were observed. The major advantage of the method
is to avoid the solubility/dispersion problem encoun-
tered in the classical preparation of composite polymers
from pre-formed organic polymers,” thanks to a double
bottom-up approach, the first for the nano-object and the
second for the polymerization.
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