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A B S T R A C T

Hybrid mesoporous silica films were prepared in acid-catalysed medium using a one-pot self-assembly method. A grad-
ual content of methyl groups was introduced into the inorganic framework by co-condensation of tetraethyl orthosilicate
and methyltriethoxysilane. To better understand how the ordered and disordered transition occurs in mesoporous hybrid
organosilica sytem as function of the MTES molar ratio in the starting solution, textural, chemical and optical properties
of the films were studied by transmission electronic microscopy (TEM), grazing-incident small angle X-ray scattering
(GISAXS), transmission Fourier transformed infrared (FTIR) and UV–visible spectroscopy. Increasing the loading of
the incorporated organic groups (up to 40% in the starting solution) led simultaneously to a disorganization of the pore
mesostructure and a reduction in the pore diameter. Concomitantly, a disordered domain of the silica rings in the walls
was observed, which created bond strains in the silica wall contributing also to the disorganization of the pore mesostruc-
ture. Furthermore, an optimal MTES content was identified in order to obtain antireflection coatings, exhibiting low re-
flection in the visible range.
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1. Introduction

One-pot co-condensation of hybrid precursors in solution is a use-
ful method to incorporate organic functional groups into a silica in-
organic network, yielding specific pore surface properties such as hy-
drophobicity, optical, catalytic and electronic activities. Porous sil-
ica materials with well distributed mesophase can be obtained by the
evaporation-induced self-assembly method (EISA) using a precursor
solution containing a template [1,2]. Pyrolysis is usually used to de-
stroy the template revealing a mesostructured void in the silica mater-
ial. EISA have received great interest due to its simplicity to produce a
wide range of mesoporous metal oxides [3,4]. Currently, this method
also offers the best way to homogenously disperse organic function
within the silica oxide matrix or at its surface [5] and to control the sto-
ichiometry of chemical pending groups [6]. Hybrid mesoporous ma-
terial showed a wide range of potential applications in catalysis [7],
sensing [8,9], energy [10] optics [11] etc. Mesostructured organosilica
films obtained via the co-condensation of self-assembly hybrid precur-
sors in solution of methyltriethoxysilane (MTES)-tetraethyl orthosili-
cate (TEOS) were widely studied [12,13], mainly because of the rela-
tive stability of the methyl group during a calcination up to 400 °C [5].
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Converting the inorganic framework to hybrid through the incor-
poration of an organic functional group can lower the dielectric con-
stant of the film [14]. Although variable mesophases have been re-
ported for hybrid systems [12,13,14], a systematic disordering of the
mesostructure occurs when the molar ratio of the MTES in the start-
ing solution increases. A threshold was often reported when pendant
organic functionalities are incorporated and the ordering of the meso-
pore is generally completely lost above 20 mol% MTES in the start-
ing solution [2]. Strong efforts have been made to produce highly or-
dered materials with the organic functionality required for device ap-
plications. The synthesis conditions were studied and designed to con-
trol the reactivity of the silica oligomer and to reduce the perturbation
due to the modification of the surface energy at the organic-groups/
template interface [12]. Electro-assisted deposition has been also ap-
plied as useful process to build hybrid system by co-condensation of
alkoxysilane and organosilane [15]. Recently, electro-assisted method
shows the ability to reach high functionalization level of (3-azido-
propyl)trimethoxysilane up to 40% mol. of the starting solution [16].

While most of the research has been focused to make the
mesostructure more stable, few studies were dedicated to better un-
derstand the disorganization of the mesostructure for such kind of hy-
brid systems. Several parameters are the potential causes of the loss of
order. They are generally related to the synthesis conditions. Jung et
al. [14] suggested that the disordering of the mesoporous organosilica
films at high MTES/TEOS molar ratio is caused by a lengthy sol ag-
ing time. A longer organic side chain was also reported as detrimental
to preserving the mesostructure [14].

http://dx.doi.org/10.1016/j.tsf.2016.05.018
0040-6090/© 2016 Published by Elsevier Ltd.
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In the present study, mesoporous methylated organosilicate thin
films were synthesized by one-pot co-condensation of MTES and
TEOS precursor with a rapid solvent evaporation via spin-coating.
The films mesostructure as well as the hybrid wall chemical composi-
tion were investigated before and after calcination. The solvent evap-
oration and the kinetics of the condensation of the system which oc-
curred simultaneously are discussed, in order to explain the disorga-
nization mechanism of the mesostructure. Furthermore, optical prop-
erties of the films were evaluated by UV–visible spectroscopy as they
are designed to be antireflective coating.

2. Experimental set up

Hybrid silica films were obtained by mixing TEOS with differ-
ent proportions of MTES under acidic conditions. Sol synthesis and
films elaboration were prepared by adapting the procedure described
elsewhere [5]. Hybrid silica films were obtained using one-pot co-
condensation of two precursors (Si(OC2H5)4, TEOS, Aldrich and
CH3Si(OC2H5)3, MTES, Aldrich) with different proportions in the
presence of an adequate amount of water (Milli Q, 18 Ω), in ethanol
(absolute grade). The pH was adjusted at $_amp_$lt; 2 with hy-
drochloric acid (Aldrich, 37%). The molar ratio of MTES/(
MTES + TEOS) was varied from 0 to 0.8. Final molar ratios af-
ter the template addition (triblock copolymer Pluronic P68; ~ 8.400;
EO80PO30EO80) were MTES/TEOS/H2O/EtOH/P68 = x:y:10:20:0.01.
The coatings were obtained via spin-coating the so prepared hybrid so-
lutions at 5000 rpm during 30 s on the substrates. The substrates were
previously cleaned under sonication by detergent, acetone, ethanol and
finally by MilliQ water (18 Ω). The films were submitted to a drying
process during 6 h at 70 °C, and then the template was destroyed by
heating the samples in air at 400 °C for 2 h using a heating ramp of
1 °C·min− 1.

3. Thin film characterization

Transmission electron microscopy (TEM) images were obtained
with a JEOL 2000FX instruments, working under an acceleration volt-
age of 200 kV. The samples were scratched off from the substrate and
dispersed in ethanol. A droplet of the suspension was deposited on the
cooper grid and dried before analysis.

The mesostructure of the mesoporous hybrid silica films before
and after calcination was carefully checked by small-angle X-ray scat-
tering at grazing incidence of 0.2°. The GISAXS-Rigaku S-max 3000
facility was equipped with a microfocus source λ = 0.154 nm and a 2D
Gabriel type detector. The distance between samples and the detector
was fixed at 1494 mm. The transmitted and specular reflected beams
were masked by a vertical beam-stop.

Fourier transform infrared (FTIR) spectra (200 scans were av-
eraged with a resolution of 4 cm− 1) were recorded using Bruker
EQUINOX 55 spectrometer in static air in the range of
4000 cm− 1 − 400 cm− 1. The spectra of the hybrid silica thin films
were obtained by coating the KBr pellets by 0.1 ml of precursor solu-
tions, which enables specific recording the IR region meanwhile the
soda lime slide was not transparent to. Maintaining the same amount
deposited in KBr pellets enable to have a quite-quantitative compari-
son of the infrared spectra. The spectrum of a non-coated KBr pellet
was used as the background. Measurements were performed for the
thermally-treated samples at different temperatures (70 °C in air for
6 h and 400 °C in air for 2 h) and following identical successive and
variable condensation–consolidation temperatures as described above
for the films.

Static water contact angles (Ө) were measured at ambient temper-
ature and humidity using the sessile drop method and image analysis

of the drop profile. The instrument, consisting of a CCD camera and
an image analysis processor, was purchased from Electronisch On-
twerpbureau De Boer (The Netherlands). The water (Milli-Q, Milli-
pore, Molsheim, France) droplet volume was 3 μl and the contact an-
gle was measured 5 s after the drop deposit onto the sample. For each
sample, the reported value consisted of the average of the results ob-
tained using at least 5 droplets.

Transmittance measurements in the range of 300–800 nm were
carried out using a UV–Visible spectrophotometer (Cary5E) at a nor-
mal angle of incidence.

The thickness of the film is measured using atmospheric ellip-
sometric porosimetry (A-EP) performed with equipment from Sopra
(Model GES-5E, A-EP, Sopra, Paris, France) using the software pack-
age “WinElli2”. More details concerning the procedure used can be
found elsewhere [9].

4. Results and discussion

4.1. TEM analysis

The ordered and disordered evolution of the mesostructured for
hybrid silica films obtained by self-assembly method and after calci-
nation at 400 °C was first analyzed as function of the molar ratio of
MTES by TEM (Fig. 1). The mesoporous silica thin film prepared us-
ing solely TEOS precursor (Fig. 1.a) shows a well-organized and de-
fect-free mesostructure. From the TEM images, it is challenging to un-
ambiguously distinguish whether the bright circular features were at-
tributable to cylindrical or spherical pores. In the image taken in plane
view, the spheres appear overlapped such as forming cylinders. This
confusion results from the observation angle, which was previously
observed for Body-centered cubic mesostructure [17,18]. Thus, the
identification of the mesophase structure is not straightforward. GI-
SAXS technique was, therefore, effectively applied to achieve a bet-
ter identification of the organized mesophases (see below). The hybrid
silica film with a 10% of MTES molar ratio in the starting sol shows
the same organization of the pore over a large area (Fig. 1.b). How-
ever, the periodicity of the mesopore was destroyed at MTES molar
ratios higher than 10%. Worm-like structure appeared as a result of
randomly distributed micelles for molar ratio of MTES ranging be-
tween 25% (Fig. 1.c) and 40% in starting sol (Fig. 1.d). Beside a disor-
ganization of the mesostructure, an increase in loading of the incorpo-
rated organic groups lead to a reduction in the pore diameter. A non-
porous hybrid silica film was obtained when the MTES molar ratio
exceeded 60% in the starting sol (Fig. 1.e and .f).

4.2. GISAXS analysis

GISAXS patterns of the films before and after calcination are pre-
sented in Fig. 2. Both patterns exhibit two kinds of repartition for the
X-ray diffuse scattering.

Firstly, for MTES contents of 0 and 10%, the Bragg diffraction
spots are clearly observed. This confirms that the pores are highly or-
ganized and structured, and drying steps did not affect the crystalliza-
tion. This pattern can be indexed as the Body-Centered Cubic (BCC)
Im3 ̅m unit cell in, showing only reflections [011] perpendicular to the
plane. Cell parameter “a” is of 8.53 nm and 8.36 nm for non-calcined
0 and 10% of MTES molar ratio, respectively. The films retain their
ordered mesostructure up to 400 °C. However, the unit cell parame-
ter a contracts to 8.3 nm and 8.1 nm after the calcination, as indicated
from GISAXS patterns. The intensity of the Bragg diffraction spots
before calcination is lower compared to that obtained after calcina-
tion, which is due to the lower contrast of electron density between
the pores filled by the template and the silica matrix. The films are in
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Fig. 1. TEM images of scratched samples at variable molar ratio of MTES precursor, (a) 0, (b) 0.1, (c) 0.25, (d) 0.4, (e) 0.6, (f) 0.8.

fluenced by a deformation which occurred in a direction perpendic-
ular to the substrate. Indeed, the spots position of qz are localized at
a higher position after the heating, whereas they are at the same po-
sition in qy-position. This confirms that the thermal treatment has no
effect on the periodic structure in the film plane parallel to the sub-
strate. However, a contraction along a direction perpendicular to the
film plane is observed. The deformation results from the presence of a
strain in the mesostructured silica films. The drying and thermal treat-
ments are complex processes in traditional sol-gel films preparation.
The silica pore wall shrinks during these two processes. The shrink-
age of the film, which can only occur in the direction (z) normal to the
substrate (uniaxial shrinkage), arises because the film is constrained to
the substrate; this shrinkage thus produces a tensile stress in the films
and a compressive stress in the substrate [19].

Secondly, at higher molar ratios of MTES in the starting sol (25%
and 40%), the Bragg diffraction spots disappear leaving a place to
a faint ellipsoidal circle. This corresponds to mesostructured pores,
but with random orientation relatively to the surface [20]. The results
match very well with the wormlike structure identified by TEM im-
ages (Fig. 1c and d). At higher MTES molar ratio, GISAXS patterns

do not show any diffraction, confirming the destruction of the
mesostructure.

In our study, no major difference in the mesopore organization
was observed via GISAXS before and after calcination at high tem-
perature. These results suggest that the pore organization is already
achieved during the spin-coating process and the pyrolysis had no ef-
fect on the pore organization. The transition of ordered to disordered
of mesoporous organosilica films made by the EISA method is com-
plex and is driven by several parameters such as the aging of the silica
sol [13], the nature of the silicon alkoxide precursor used [14], and the
experimental conditions of the coating [21].

In order to understand the disorganization phenomenon of the
mesophase, it is important to look further in the micelle formation
and the self-assembly process. The concentration of surfactant used
in this study is above the critical micelle concentration (cmc) and the
presence of other molecules such as MTES decreased the cmc even
further. The micelles formation takes place during the spin-coating
process and more precisely during the solvent evaporation. The sol-
vent evaporation increases the surfactant concentration and the cmc is
reached [21]. Thus, the micelle aggregation induces the apparition of
a liquid crystalline phase. In the best condition, micelles stack in or
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Fig. 2. GISAXS patterns for the hybrid silica films with variable MTES ratio before (left) and after (right) calcination at 400 °C.

dered structures and the inorganic skeleton surround the organic liq-
uid-crystalline phase. The mesostruture is achieved and commonly re-
sults from a balance of the competition of inorganic polycondensation
and the ability of the surfactant to form micelles [20].

Falcaro et al. [13] highlighted the role of methyl groups present in
the silica sol to help the self-organization of the inorganic oligomers
around the micelles for low MTES molar ratio in the starting sol.
They reported that introducing methyl groups affected significantly
the micelle/silica interface and the kinetics of the reactions of the
species involved in EISA. The presence of CH3 in the silica oligomers
reduces the interactions between the silica and the template, while
at the same time the kinetic of polycondensation also be

comes smaller. In these conditions, the organization of the micelles is
not delayed by a more condensed inorganic network, and very high
organization is reached. Since the MTES molar ratio was the only pa-
rameter varied, we can reasonably assume that the partial substitu-
tion of hydroxyl groups by methyl groups reduces the polycondensa-
tion kinetics of the inorganic silica oligomers. This explains the highly
mesostructured film obtained until a molar ratio up to 10% (MTES
molar ratio = 0–10%; Fig. 3.a).

However, the kinetic of polycondensation of the silica oligomers
is not anymore the dominant parameter that drives the self-organiza-
tion of the micelles, since a wormlike structure appeared for higher
concentration of CH3 groups. Moreover, a complete disorganization
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Fig. 3. Evolution of the mesostructure of hybrid silica film by increasing MTES con-
tent.

of the pore is achieved for 25% and 40% (MTES molar ra-
tio = 25%–40%; Fig. 3.b). The interaction between the methylated sil-
ica oligomers and the template became the limiting parameter. The
interaction of the silica oligomers and the surfactant is considerably

disturbed. The hydrolysis degree of the inorganic species (many re-
search groups have considered that Si OH groups are roughly
equivalent to water [22]) at the surface has been proved to be an im-
portant parameter which contribute efficiently to enhance the forma-
tion of ordered micelle arrays, and control the interactions between the
template and the inorganic network [23]. Raising the methyl pendent
groups by increasing the MTES ratio in the starting sol disrupted the
insertion of the water (Si OH) between the polar head of the mi-
celles and the inorganic framework. The fluidity needed which allows
the micelle the required mobility to organize themselves was then re-
duced. The organization of the template in crystalline mesophase is
prevented. In addition to the perturbation due to the order transition,
the pore size was reduced. This can be explained by the fact that lower
numbers of template molecules were forming the micelles. The re-
duced fraction of silanol groups disturbed the previously established
“Template/Precursor/water (Si OH)” equilibrium. The micelle for-
mation was completely lost for higher molar ratio of MTES and the
sol contained separate template molecules (Fig. 3.c). In such case, the
films obtained after calcination appeared with low porosity.

4.3. FTIR analysis

FTIR transmittance spectra, collected in air, for each hybrid sil-
ica sample treated at increasing temperatures (70, 150, 200, 300 and
400 °C) are shown in Fig. 4. The main objective of this characteriza-
tion was to uncover important information for several features attrib-
uted to hybrid silica structure (cyclic species), the surfactant, methyl
groups and residual water. However, we did not aim to better under-
stand the condensation kinetics process occurring when the solvent
evaporation starts. The cyclic species in silica precursor solutions has
been well described by 29Si nuclear magnetic resonance (NMR) ex-
periments [24]. Cyclic species, especially those of lower dimensions
such as twofold, threefold, and fourfold rings are found to be ther-
modynamically unstable, since the order is easily lost during thermal
treatment. These vibrations mode attributed to the silica cyclic species
can be taken as the silica fingerprint to identify the modification of
the structure. However, to assess the presence of these structures in
thin films is very difficult to perform. The particular processing con-
ditions that are used for self-assembly of silica films (low pH) can
produce the formation of different ordered units of rings. The tech-
niques that can give a direct in situ indication of the presence of silica
rings are FTIR or Raman [25] which are quite difficult to perform on
thin films (Raman). In our study, we used coated KBr pellets with the
hybrid sols as an effective solution to study the silica cyclic species
by FTIR. FTIR spectroscopy was previously performed for silica in-
organic mesoporous films [12,20]. Although the authors provide data
about the polycondensation kinetics, only the roles played by the sur-
factant or the temperature for inorganic silica films were discussed.
The surfactant-containing system was found to be the cause of the
scaling down of the solvent evaporation rate, whereas the temperature
affects the structure of the silica structure. In the present study, we fo-
cused on the disordering occurred on the cyclic species of the hybrid
silica structure, a region from 400 to 1400 cm− 1, as function of a ris-
ing temperature and when the ratio of MTES/TEOS is varied.

With solely TEOS as precursor (Fig. 4.a), the band assigned to the
residual surfactant (1352 cm− 1 and 794 cm− 1) decreased with temper-
ature, and after a 400 °C thermal treatment this band disappeared com-
pletely. The intensity of the Si − OH stretching band around 950 cm− 1

was reduced when the films were calcined, and the same was ob-
served when the molar ratio of the MTES in the starting sol
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Fig. 4. FTIR transmittance spectra of hybrid silica films coated KBr with MTES ratio of (a) 0, (b) 0.1, (c) 0.25, (d) 0.4, (e) 0.6, (f) 0.8 calcined at increasing temperatures (from 70 °C
to 400 °C).

was increased (Fig. 4.b–f). Increasing MTES molar ratio induces a
major spectral change. The incorporation of a methyl group in the
silica network resulted in the appearance of peaks (1276 cm− 1 and
790 cm− 1) corresponding to the vibration mode Si − CH3 (Fig. 4.b–f).
The first was assigned to the C − H deformation modes and the second
to the Si C stretching modes [9]. The methyl group showed great
stability even when calcined at high temperature (400 °C during 2 h).
A good correlation can be found between the intensity of this band and
the MTES content, suggesting a higher functionalization level.

The peaks around 1070, 800 and 440 cm− 1, characteristic of the
Si O Si [24] bonds vibration modes, were detected for samples
with low MTES ratio or when solely TEOS was used. Antisymmet-
ric stretching (third transverse optical; TO3) mode with high inten-
sity was located at the frequency mode of 1070 cm− 1. The symmetric
stretching (second transverse optical; TO2 mode) revealed by a weak
peak at 800 cm− 1 is assigned to Si O Si bonds. Near 440 cm− 1,
the peak is assigned to the transverse optical rocking motions (TO1
mode). The transverse optical asymmetric stretching modes appeared
with a shoulder at high frequencies. The nature of this bond is very
complex and the attribution of its vibrational modes is yet unclear
[24]. For a low MTES molar ratio ($_amp_$lt; 25%), the band at

1068 cm− 1 and 1190 cm− 1 could be assigned to the transversal opti-
cal (TO) vibration mode, whereas the 1140 cm− 1 and the 1220 cm− 1

to the longitudinal optical (LO) vibration mode of the Si O
Si bonds [23]. The shoulder intensity decreased by heating the sam-
ple at higher temperature. Although the experiment enabled a quali-
tative comparison, the decrease of the peak intensity with rising tem-
peratures provides important insights into the cyclic species compos-
ing the silica structure. The bands around 1220 cm− 1 assigned to the
three-membered cyclic species were thermodynamically instable and
disappeared at 400 °C, while the band at 1140 cm− 1 persisted, in-
dicating the stability of the octameric silicon arrangement [25]. In-
creasing the MTES molar ratio ($_amp_$gt; 0.25) significantly en-
hanced the LO mode and thus the formation of four-membered cyclic
species, as evidenced by the peak around 1109 cm− 1 for the sam-
ple heated at 70 °C. The peak position shifted to higher wavenumber
(from 1109 to 1130 cm− 1) when the calcination temperature exceeded
300 °C, whereas the peak at 1070 cm− 1 assigned to the TO mode vi-
bration of the Si O Si network shifted to lower wavenumbers.
The shift of the TO mode is usually observed when the tempera-
ture increases and is correlated to increasing porosity during the sol-
vent evaporation or the surfactant degradation [24]. Other shifts were
also observed when comparing the FTIR transmittance of the films
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isothermally-treated at 400 °C (Fig. 4). An intense broad band be-
tween 2900 and 3700 cm− 1 was detected (Fig. 5.a). The large band
was due to the vibration of O H groups originating from the silanol
groups and adsorbed water linked to the surface by hydrogen bonds.
The band quickly disappeared when methyl group were introduced
in the network by increasing the MTES content (Fig. 5.a). This

Fig. 5. (a) and (b) FTIR spectra of a hybrid silica layer with increasing MTES content
treated at 400 °C, (c) Static water contact angle dependence on the MTES ratio.

correlated well with the increase of the intensity of the bands corre-
sponding to the methyl groups incorporated into the films, as well as
with the decrease of the Si OH peak around 960 cm− 1 (Fig. 5.b),
demonstrating higher functionalization levels. Consequently, the sur-
face of the films became more hydrophobic, which was confirmed
by the static angle measurement (Fig. 5.c). Substituting the hydroxyl
groups by methyl groups in the silica surface as well as in the pore
surface, induced the formation of the small silica cyclic species in
the surface (small silica rings) [26]. This was confirmed by the shift
to lower wavenumber of the TO mode vibration of the Si O Si
band (from 1076 to 1035 cm− 1), suggesting a strengthening of the sil-
ica network due to polycondensation [26]. Concomitantly to the ob-
served shift, a distinct peak appeared at 1145 cm− 1 for 0.4 MTES mo-
lar ratio; at higher molar ratios, the peak shifted to lower wavelengths.

The modification of these optical modes confirms the presence of a
disordered domain of the silica structure. As prepared the silica struc-
ture showed an arrangement of its cyclic species in three-membered
and octameric silicon. While the first arrangement disappeared by in-
creasing the temperature, the second one remain stable. Furthermore,
the formation of four-membered cyclic species was enhanced by sub-
stituting hydroxyl groups by methyl groups. Increasing methyl groups
in the silica structure modified the Si O Si bond distance as well.
This created bond strains in the silica pore wall which strongly in-
fluenced the mechanical properties leading to a disorganization of the
pore mesostructure.

4.4. Antireflection characteristics of hybrid films

Antireflection properties were assessed by UV–visible spec-
troscopy for different films for both single and double side coated
glass. UV–vis transmittance of the glasses coated with the porous
films was measured in the wavelength range from 400 to 800 cm− 1.
The transmission spectra of coated glass are reported and compared
to the spectrum of an uncoated glass in Fig. 6. It is obvious that the
porous coating improved the transmittance of the glass, even if only
one side is coated. The transmittance reached 93.94% when one side
was coated and 96.62% when both sides were coated. The wavelength
at the maximum transmittance (λmax) was red-shifted (Fig. 6.a). This
could be correlated to a change of the film thicknesses since λmax
has a linear dependence on the refractive index and the thickness as
well; λmax = 4dn (n: refractive index and d: film thickness) [27]. In-
deed, the thickness of the films was assessed using ellipsometric spec-
troscopy (Table 1). Despite the fact that the polycondensation of the
silica films is affected by the MTES (d = 0.955 g/ml) ratio, the vis-
cosity of the starting sol has expected to increase since the density
of the TEOS precursor is lower (d = 0.895 g/ml). However, no cor-
relation could be observed between the thickness measured and the
content of MTES precursor, suggesting that the effect of adding the
MTES precursor on the viscosity is low. As we can see from the
Table 1, the thickness of the films varies from 93 to 189 nm. The
films obtained using the ratio 0, 10%, 25%, 60% and 80% show a
comparable thickness. The large variation concern the film obtained
using 40% MTES ratio. These variations could be due to the coat-
ing process. The organic group incorporated into the films is detri-
mental for the optical properties of the films, the maximum transmit-
tance of the substrate decreased. This result could be related to the
evolution of the pore order and then to the densification of the hy-
brid film when the film become non porous at higher methyl group
content. Not only increasing the molar ratio of MTES causes the per-
turbation of the pore mesostructure (as shown above), it also inhibits
the pore formation evidenced by TEM analysis (MTES/TEOS ra
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Fig. 6. UV–visible transmission analysis at 90° incident angle of (a) the single and (b)
both side coated glass microscope slide substrate for variable hybrid system.

Table 1
Films thicknesses as function of increasing the molar ratio of MTES in the starting sol.

MTES molar ratio 0 10% 25% 40% 60% 80%
Films thicknesses 97 nm 130 nm 93 nm 189 nm 127 nm 119 nm

tio $_amp_$gt; 60%). The reduction of the pore size and the volume
of void could lead to an increase of the films refractive index. At
higher MTES molar ratio, the film was non porous and the trans-
mittance was significantly affected. However, the transmittance re-
mained higher than that observed for the non-coated glass. The refrac-
tive index of the organosilica layer was lower than the glass itself. The
organosilica film obtained by substituting the silanol groups by methyl
groups is reported to have low refractive index. The shrinkage is less
important in the organosilica framework when the Si O Si link-
age is reduced in favor of Si CH3, and a porous phase is formed
around the pendant methyl groups since these cannot condense [5].

5. Conclusion

Functionalization of silica framework by methyl groups with a
mesostructured pore was successfully obtained using mixtures of
MTES and TEOS precursors. The ordered mesophase was preserved
for a MTES molar ratio between 0 and 10% but was clearly affected

at higher MTES content. The BCC mesostructure obtained at low
METS content was destroyed step by step as function of increasing
the MTES content: the pores show a wormlike structure at intermedi-
ate MTES molar ratio and finally with no organization at all at high
MTES molar ratio. However, the hybrid silica films remain porous
with a MTES molar ratio up to 60%. The wormlike structure results
from the reduced interactions between the silica and the template due
to the introduced methyl groups. Adding the methyl group in the sil-
ica wall pore was found to induce a disordered domain of the silica
structure. An arrangement of the silica cyclic species in three-mem-
bered and octameric silicon was observed. While the first arrangement
disappeared by increasing the temperature, the second one remain sta-
ble. Furthermore, the formation of four-membered cyclic species was
enhanced by substituting hydroxyl groups by methyl groups. Increas-
ing methyl groups in the silica structure modified the Si O Si
bond distance as well. This created bond strains in the silica pore wall
which strongly influenced the mechanical properties leading to a dis-
organization of the pore mesostructure. This creates a bond strains in
the silica pore wall that influence the mechanical properties playing
probably a key role for the disorganization of the pore mesostructure.
These modifications also impacted the antireflective performance of
the films: raising the organic group incorporated by adding the MTES
precursor decreased the transmittance maximum of the substrate.
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