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Abstract

Here, we report the use of new bifunctional silane-based type-1 photoinitiator (SPI-1) as a
coupling agent for photopolymer filler and silica grafting. The SPI-1 is grafted on the surface of silica
nanoparticles via interactions between the ethoxy group of the silane and the silanol groups of the
silica surface. The grafted particles are then dispersed or embedded in/with acrylate polymer by a
direct photopolymerization process. The materials were characterized using different techniques
including UV-visible spectroscopy, FTIR, TGA, and TEM. Their mechanical properties and the surface
morphology were also investigated using AFM and DMA analyses. A significant change and
enhancement of the mechanical properties of the newly synthesized materials were observed with
respect to that of the unmodified silica. The analysis of the morphology at the microscale level reveals
interesting information on the origin of this enhancement and on the dispersion of the filler in the

polymer matrix.
1. Introduction

Hybrid materials have received extensive interest and gained their effectiveness due to their
astonishing characteristics and their dramatic improvements in the material properties. Particularly,
hybrid inorganic-organic UV-curable materials have emerged to be good candidates in different
application fields such as in microelectronics, photolithography for micro and macro 3D printing,
plastics, adhesives and coatings[1-9]. The rapid, inexpensive and environmentally friendly synthesis
of these materials is based on the treatment of a photosensitive substance, the so-called
photoinitiator, using light radiation to promote the polymerization of the organic layer [10-12].
Moreover, during the free radical photopolymerization, photoinitiators absorb the appropriate
wavelength, generate primary radical species by a-cleavage (type 1) or H-abstraction (type II)

depending on their type, and initiate therefore the polymerization [13-16]. However, various inert or
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active oxides (e.g. silica, TiO,, etc.) are used as filler (core) to attend the desired properties of the
hybrid products. When none of the reactants is capable of absorbing the photochemically active light,
the grafting of an active photoinitiator on the surface of the support becomes crucial [17]. In fact,
modifying the surface of the core reactant has been widely used in thermal polymerization (e.g.
rubber vulcanization) since it prevents the agglomeration of the core nanoparticles, inhibits clusters
formation, assures thus a homogeneous dispersion and simultaneously controls the thickness, the
density and the functionality of the formed polymer[18-20].

Silica nanoparticles are commonly used as fillers for hybrid inorganic-organic UV-curable
materials[7-21-22]. Their importance is due to the fact that they are optically inert, low toxic, highly
abundant, thermally and chemically stable and permeable to template molecules. Their surface is
highly rich in silanol groups, so they are extremely hydrophilic and are not adequate for a
homogeneous dispersion in the polymer matrix [23]. Grafting core active photoinitiators on the silica
surface allows their good dispersion and assures their stability by increasing their hydrophobicity.
Therefore, strong covalent chemical interactions are generated between them and the polymer matrix,
respectively [24].

Herein, a newly synthesized silane-based bifunctional type | photoinitiator coupling agent (SPI-1)
[25-26] is tested in the free-radical photopolymerization on the surface of silica nanoparticles.
Particularly, SPI-1 is grafted on the surface of silica nanoparticles via interactions between the silane
and the silanol groups on the silica surface. Then, highly active ketyl radicals are generated on the
silica surface by direct fragmentation under UV irradiation. The efficiency of these grafted radicals is
investigated in the photopolymerization of trimethylolpropane triacrylate (TMPTA). The hybrid
materials are characterized using UV-visible and FTIR spectroscopies. The mechanical properties of
the films are also exploited using AFM and DMA analyses. The reported results are compared with
that obtained by using the parent polymer film. Finally, a photopolymerization in solution is tested to
elucidate the mechanical properties and to examine the morphological aspects of the synthesized

material.

2. Materials and methods

2.1. Materials

The chemicals, purchased from Aldrich, were used without any further purification: Isobutyrophenone
(IBP, 97 %), Allyl bromide (99 %), Potassium t-butoxide (99.99 %), Decane (299 %), Diethyl ether (99
%), Magnesium sulfate (99.99 %), Triethoxysilane (95 %) and Trimethylolpropanetriacrylate (TMPTA)
(technical grade). Ultrasil 7000 GR (Evonik-Degussa), with a surface area of 175 m?/g and a primary
particle size of around 14 nm, was used as silica filler.

2.2.Methods

2.2.1. Synthesis of SPI-1



The synthesis of 2,2-dimethyl-1-phenyl-5-(triethoxysilyl) pentane-1-one (SPI-1) is conducted in a two-

step reaction (Scheme. 1) as described below.

0 0 0
A~ tBUOH ~ HSIOEY)s :
+ B tBUOK PUALO; Si(OEDs
83°C, 18h 83°C, 18h
9 % 1 20 % SPI-1

Scheme. 1. Schematic representation of the two-step reaction of the synthesis of SPI-1. NMR data of

the precursor (1) and SPI-1 products are available in supplementary information (Fig. S1-S2).

To a solution of isobutyrophenone (10 g, 67 mmol) and t-BuOK (15, 128 mmol) in 40 mL of t-BuOH,
11 mL of allylbromide (128 mmol) were added dropwise. The overall mixture was stirred for 18 hours
at 83 °C and then poured into water and extracted with Et,O. The combined organic extracts were
dried over Na,SO,4 and the solvent was removed at reduced pressure.

Later, a solution of triethoxysilane (685 uL, 3.7 mmol)) and precursor 1 (1 g, 5.3 mmol) was stirred
with 1.5 g of Pt/Al,O5; 5 wt % at 83 °C without adding any solvent in a Schlenk tube. The reaction was
conducted under N, for 18 hours. Following that, the mixture was filtered and washed with absolute
EtOH,s through activated charcoal. The final product was collected after concentration and dried by

rotary evaporation.

2.2.2. Grafting of SPI-1 on the surface of silica nanoparticles

1 g of silica nanoparticles was first dried at 150 °C and then dispersed in 20 mL of decane at 120 °C
under vigorous stirring for 10 minutes. Later, 100 mg of the previously synthesized SPI-1 was added.
The overall mixture was stirred for 30 minutes. The powder was obtained by centrifugation and re-
dispersed in water/ethanol solvent (v/v) to remove the excess of the ungrafted SPI-1 and the solvent.

Before characterization, the white precipitate was dried at 50 °C for 12 hours and stored in the dark.

2.2.3. Photopolymerization Process



The siloxane functions of the synthesized initiator can promote an efficient grafting of the molecule on
the silica surface and the photosensitive group (benzoyl function) promotes the generation of free
radicals by direct fragmentation under UV-irradiation (Scheme. 2). The UV light used to initiate the
photopolymerization was generated by a polychromatic Xe-Hg lamp (LC8-01A spotlight, Hamamatsu,
L10852, 200 W, I, = 100 mW.cm'z) and was directed through a flexible fiberoptic. The prepared

samples are take-free and the conversion degree is between 75 and 80 % for all the samples.
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Scheme. 2. Schematic representation of the mechanism of the free radical generation under UV irradiation.

2.2.3.1. Film preparation

Prior to AFM and DMA analyses, three different films were prepared for comparison: 1) pure polymer
film; 2) polymer film containing 10 wt.% of ungrafted silica (silica@polymer) and prepared by adding 1
wt% of external photoinitiator (IBP, Scheme. 3(B)); and 3) polymer film prepared by the dispersion of
10 wt% grafted silica (SPI-1/silica) without adding the external photoinitiator, designated as SPI-
1/silica@polymer film. The films were synthesized using a Teflon spacer of a width of 5 mm and a
diameter of 50 mm. Ungrafted and grafted silica nanoparticles were dispersed with the external
photoinitiator and the monomer. Few drops of the mixture were spread on polypropylene films and

subjected to UV irradiation.
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Scheme. 3. Schematic representation of (A) SPI-1 and (B) Isobutyrphenone (IBP).

2.2.3.2. Photopolymerization in solution

2 mL of acetonitrile (AcN) mixed with few drops of the monomer trimethylolpropane triacrylate
(TMPTA) was added to a transparent vial containing 100 mg of SPI-1/Silica. Being one of the mostly
used monomer, this trifunctional monomer can lead to a 3D polymer matrix as a model in this specific
polymerization. The mixture was stirred and bubbled with argon for degassing. The
photopolymerization was then carried out under polychromatic irradiation and soft stirring at room

temperature for 120 seconds. After polymerization, the excess solvent was removed using



centrifugation and the precipitate was washed several times with AcN/H,O solution (1/1, v/v). The

obtained precipitate was dried at 70 °C for more than 12 hours prior to characterization.

3. Characterization techniques

Diffuse reflectance UV-Vis (DR UV-Vis) measurements of the obtained powder (SPI-1/silica) were
performed in the spectral range 200 — 900 nm with a Cary 4000 spectrophotometer (Varian),

equipped with Praying Mantis Diffuse Reflection Accessory.

The thermogravimetric analysis was conducted on a SETSYS instrument (SETARAM) analyzer (25—
800 °C, a heating rate of 5 °C.min" under 40 mL.min™ flow of air) to determine water and

hydrocarbon contents in the grafted sample.

FTIR spectroscopy was performed on a ~ 20 mg of the powder pressed (~ 10’ Pa) into self-supported
pellets (2 cm? area) and placed in an IR cell equipped with KBr windows. IR spectra were recorded in
the region between 400 and 5500 cm™ at a resolution of 4 cm™ and for 128 scans, using a Nicolet

6700 IR spectrometer equipped with a DTGS detector and an extended-KBr beam splitter.

The AFM measurements were carried out on a Multimode 8 microscope (Bruker) using the
PeakForce Quantitative Nanomechanics Mapping mode (PF-QNM). The scans were recorded on
three different regions on the films and the maps were collected with 256 x 256 pixels at a scan rate
of 1 Hz. The radius of the tip was estimated during the calibration step, was evaluated by the relative
method on a polystyrene test sample, and was found to be equal to ~ 50 nm. Silicon probes were
selected upon the recommendation of the AFM microscope producer, and the nominal spring
constant of the cantilever was 40 N.m™ (RTESPA-300). As for the DMA analyses, the experiments
were performed on a TA Instrument DMA 2980 in a single cantilever mode. The dimensions of the
sample were about 18 mm x 10 mm x 1 mm (length x width x thickness). A sinusoidal load,
automatically adjusted to achieve a displacement of 10 pym at the frequency of 1 Hz, was applied to
remain in the viscoelastic range. The storage modulus was recorded from the ambient temperature to
150 °C with a heating rate of 3 °C.min™.

The microstructure of the sample was examined using a transmission electron microscopy HAADF-
STEM (High-angle annular dark field). TEM micrographs along with the elemental maps were
recorded on JEM200F cold FEG double aberration corrected microscope equipped with CENTURIO
large-angle EDX detector. Before that, the powder was dispersed in ethanol on a holey carbon film
and coated with copper. Low-intensity beam conditions were applied during the measurements to

minimize the degradation of the material under the electron beam



4. Results and discussion

After grafting on the silica surface, the characteristic bands of the grafted SPI-1 are examined
using diffuse reflectance DR UV-visible and transmission FTIR spectroscopies. The DR UV-visible
spectrum for the SPI-1/Silica in Fig. 1(A) shows the presence of new bands centered at 315 and 276
nm. These bands are attributed to the n — * (315 nm) and = — ©* (230-300 nm) electronic transitions
of the benzoyl groups of the SPI-1, respectively. Additionally, the FTIR spectrum of the grafted silica
sample in Fig. 1(B) displays new characteristic bands on the grafted silica pellets (summarized in
Table S1 in the Sl), thus confirming the presence of SPI-1 on the silica surface.
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Fig. 1. (A) Diffuse reflectance UV-visible spectra and (B) FTIR spectra of pure silica nanoparticles and grafted
silica with SPI-1. The inset in (B) corresponds to the subtraction result of the FTIR spectra of the grafted silica
with SPI-1 from that of the parent silica. FTIR spectra are recorded at RT under vacuum after activation at
150 °C.

Thermogravimetric analysis (TGA) and in-situ FTIR with thermal programed desorption (TPD) are
carried out to determine qualitatively and quantitatively the nature of the interactions between the SPI-
1 and the silica surface. The TGA curve of the grafted silica powder is compared to that of the pure
silica powder (Fig. 2A). In both cases a first weight loss observed below 100 °C is attributed to the
release of water and the desorption resulting from the condensation of the vicinal silanol groups (2
SiOH - SiOSi + H,0). As for the grafted silica sample, an additional weight loss is observed at
relatively high temperature. It cannot be assigned to the condensation of supplementary silanol
groups since the vicinal silanol content is similar in both samples (vicinal silanols are not active for
grafting). It is then attributed to the thermal degradation of the grafted SPI-1 hydrocarbon. The
derivative weight loss versus the temperature reveals three main peaks for SPI-1/Silica samples at
192 °C, 350 °C and 465 °C (Fig. 2B). The peak centered at 192 °C is assigned to the physisorbed
SPI-1 and represents less than 20% of the total SPI-1. The peaks at 350 °C and 465 °C are due to
the degradation and the total oxidation of the strongly adsorbed SPI-1 species, respectively. Based on
these results and considering the similar contents of water and silanol in the parent and in the grafted
sample, the SPI-1 loading in this latter is estimated to 1.7 + 0.5 wt %.
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Fig. 1. Thermogravimetric analysis of the pure silica before grafting with SPI-1 (black) and of the grafted
silica with SPI-1 (red). (A) corresponds to the weight loss (%) and (B) corresponds to the derivative weight

loss (%/min).

The grafting mechanism between the silane groups and the surface of the silica is generally
explained by considering two types of surface interactions [27]: i) physisorption of the silane on the
silica via hydrogen bond between the alkoxy function and isolated and terminal silanols, ii)
chemisorption via the formation of a covalent bond by condensation of alkoxy function and silanol
group forming a Si-O-Si bond and releasing alcohol molecules. The FTIR spectrum of SPI-1/silica
recorded at a temperature up to 200 °C under secondary vacuum (Fig. 3(A)) shows that the decrease
in the intensities of the characteristic vibration bands at 1390 cm™ is weak (~ 12 %) (Fig. 3(B)),
confirming the low amount of physisorbed species and the high thermal stability of the remaining
species. According to the literature [28], the high thermal stability of SPI-1 is typical of the covalent
attachment of the silanes to the silica surface via the condensation of the alkoxy group with the
silanol. Additionally, the comparison of the spectra of silica and SPI-1/silica recorded after evacuation
at 200 °C reveal an irreversible decrease in the intensity of the v(OH) band of the isolated silanol
functions at 3744 cm™ (of around 50 %) in the case of SPI-1/silica, showing the grafting of SPI-1 via

the condensation of the alkoxy group with the isolated silanol.
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Fig. 3. (A) Evolution of the FTIR spectra of the grafted silica with SPI-1 as a function of temperature under
vacuum (P= 10®) and (B) evolution of the intensity of the vibration band at 1390 cm™ attributed to the C-H
bending of the SPI-1 structure.

After confirming the covalent interactions and the thermal stability of SPI-1 on the surface of the
silica particles, a free radical photopolymerization is conducted, whereby radical initiators are created
on the surface upon UV irradiation and therefore triggering the polymerization. A kinetic study is
performed first to monitor the rate of photopolymerization and measure the conversion of the
monomer using in-situ FTIR. For this, few drops of trimethylolpropane triacrylate (TMPTA) are added
on a SPI-1/Silica self-supported pellet (diameter of the pellet = 2 cm? and thickness = 65 um) without
adding any external photoinitiator. The sample is placed in the in-situ FTIR cell, equipped with KBr
windows and then subjected to polychromatic UV light and IR beam under controlled atmosphere
(Ar), simultaneously. The evolution of the FTIR spectra along with the conversion yield are
represented in Fig. 4. The conversion is measured by the evolution of the characteristic stretching

band of the C=C (at 1635 cm'l) of the monomer, and is calculated according to the following equation:

Conversion (%) = (4o — A;)/Ay * 100

where A, and A; correspond to the band area at t = 0 and t = t of the photopolymerization,

respectively.



The results reveal a high yield conversion ~ 75 % after 300 s of irradiation confirming that the SPI-1 is

still highly photoactive after its grafting on the surface of the silica. No polymerization observed when

using pure silica without external photoinitiator under similar conditions. This result demonstrates the
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effectiveness of the grafted SPI-1.

Upon the successful synthesis of these hybrid materials via photopolymerization, their mechanical
properties are examined using atomic force microscopy (AFM) and dynamic mechanical analysis
(DMA). The topographic maps represented in Fig. 5 reveal smooth surfaces with nanometric
roughness for the three films (Fig. 5(A)). The surface elastic modulus is calculated using DMT model
in contact mechanic [29] and is found to be two to three times higher in SPI-1/silica@polymer film (2.1
+ 0.2 GPa) than that in silica@polymer film and pure polymer (Fig. 5(B) and 5(C)). Nanodomains (50
nm) with high elastic modulus are also observed on the SPI-1/silica@polymer film. No differences are

detected in the surface elastic modulus (1.3 + 0.1 GPa) between the films of the pure polymer and the

Fig. 2. (A) Evolution of the FTIR spectra of SPI-1/silica pellet with 10 wt% of TMPTA during
photopolymerization. (B) Kinetic behavior of the photopolymerization of the TMPTA.
silica@polymer with a heterogeneous dispersion of silica agglomerates in this latter. This rise is
attributed to the homogenous and high dispersion of the grafted silica particles whereas ungrafted

particles are heterogeneously dispersed or agglomerated in the bulk of the polymer film.
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Fig. 3. (A) AFM topographic images at 1 um scale (z scale 4 nm) and (B-C) mechanical maps at two
different scales 1 um and 5 um respectively (z scale 4 GPa) of (a) pure polymer, (b) silica@polymer and (c)
SPI-1/silica@polymer films. The white lines on the images correspond to the analysis range of the section’s

measurements illustrated at the bottom of each image.

The notable increase of the elastic modulus of the SPI-1/silica@polymer film is further investigated
by the dynamic mechanical analysis since AFM is limited to report the properties of the surface. In
fact, the DMA analysis scrutinizes the overall properties of the material. The elastic modulus (E’) of
the pure polymer calculated from AFM and DMA are similar (about 1.3 GPa). Nevertheless, after
adding ungrafted silica particles to the polymer film, a slight increase of the modulus (E’) is observed.
An important increase of E’ is calculated from the dynamic mechanical analysis for the SPI-
1/silica@polymer film. This surge, obtained also from AFM experiments, indicates that the

enhancement of the mechanical properties is not only detected on the surface but in the vicinity of the
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polymer matrix. The evolution of the elastic modulus as a function of temperature is also exploited for
the three films (Fig. 6). Its decrease is observed with the increase of the temperature for all the
samples. This is due to the polymer softening upon heating. In accordance with AFM and DMA
experiments, SPI-1/silica@polymer film has the highest modulus at different temperatures relative to
pure polymer and ungrafted silica/polymer films. The pure polymer and the SPI-1/silica@polymer
films behave similarly with the increase of temperature: a decrease of the storage modulus for both
films is registered with the increase of the temperature. However, two remarkable decreases of the
storage modulus of the silica@polymer film at 95 °C and 110 °C are distinguished. These shifts are
probably due to the cracks of the film under the oscillation force indicating the presence of week
interfacial regions between the polymer matrix and the filler particle which promotes the propagation
of cracks. The absence of these cracks in the SPI-1/silica@polymer film is consistent with the
enhancement of the interfacial interactions between silica nanoparticles and the surrounding polymer
matrix. The highest elastic modulus is obtained when the content of SPI-1/Silica reaches 7.5 % (Fig.
S3).
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Fig. 4. Evolution of the storage modulus studied by DMA of (a) the pure polymer
film, (b) ungrafted silica/polymer and (c) SPI-1/silica@polymer film. Silica content =

10 wt.%. Sinusoidal strain of 10 um max at a frequency of 1 Hz, heating rate 3
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To elucidate the origin of the prominent mechanical properties reported above,
photopolymerization is studied in solution where the monomer is diluted in a solvent, to capture
isolated particles. SPI-1/silica powder is dispersed in a solution of acetonitrile and then the
photopolymerization is carried out under controlled atmosphere (Ar) and vigorous stirring in the
presence of the monomer (TMPTA). The SPI-1/silica: monomer ratio is estimated by
thermogravimetric analyses (TGA) and determined to be highest at 1:5 (Fig. S4). Accordingly, a ratio
of 1:5 wt./wt. of silica/monomer is adapted. The collected powder is subjected to TEM-EDX analysis
to examine its morphology. The TEM micrographs in Fig. 7(A-B) reveal a total coverage of silica
particles by a shell layer of polymer. A close-up image on a single particle of SiO,. Fig. 7(C) shows the
presence of a core-shell composite where silica particle is totally covered by an external shell layer of
polymer. Furthermore, the EDX elemental maps in Fig. 7(D) represent the distribution of silicon,
oxygen and carbon through which a consistent distribution of Si and O is observed where silica
nanoparticles are present. A remarkable dispersion of carbon is noticed on the surface of silica
nanopatrticles, confirming thus the presence of a polymer shell layer on the surface of the silica
nanoparticles.

Polymer
shell

Fig. 5.(A-B-C) HAADF-STEM images and (D) EDX elemental mapping of SPI-1/Silica after photopolymerization
of TMPTA in the presence of AcN. Si (red), O (green) and C (blue).

The core-shell like structure at the microscale level explains the mechanical behavior at the
macroscale level of the polymer film containing SPI-1/Silica filler. The high dispersion of the SPI-1 on
the silica surface as well as the covalent bond created between the silica surface and the polymer

generate a highly stable hybrid network of ultra-dispersed silica particles with the polymer matrix.
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5. Conclusion

In conclusion, the efficiency of a newly synthesized silane-based photoinitiator (SPI-1) as a
coupling agent for preparing hybrid SPI-1/silica@polymer materials via photopolymerization of
trimethylolpropane triacrylate has been tested. Interestingly, the analysis of the mechanical properties
of the hybrid materials shows a significant increase of the surface elastic modulus compared to that of
the silica/polymer materials prepared using ungrafted silica as reference. The examination of the
morphology of the SPI-1/silica@polymer single particles by HAADF-STEM indicates their core-shell
structure resulting from a homogeneous polymerization at the silica surface. This behavior explains
the increase of the elastic modulus by creating strong covalent bonds between the polymer and the
silica surface through the grafting of the SPI-1 on this latter. The new procedure can be applied for
preparing different core-shell materials for various applications, such as membranes,

chromatographic colons, etc.
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