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ABSTRACT

A new type of mesostructured hybrid organic-inorganic film has been synthesised by
evaporation-induced self-assembly using 3-glycidoxypropyltrimethoxysilane as
precursor and a tri-block copolymer, Pluronic F127, as template. The chemistry has
been tuned to form in the sol bridged polysilsesquioxanes that self-organize into ordered
lamellar structures. Controlled aging in highly basic conditions, which has been
monitored by Raman and infrared spectroscopy, has been used to obtain the layered
ordered hybrid structures in the precursor sol. The pH of the sol has been adjusted to
form the micelles that act as templates during solvent evaporation. Self-assembly of the
system has been studied in situ by small and wide angle X-ray scattering using a
synchrotron light source, which have confirmed both the formation of hybrid layered
structures and the long-range organization of the mesophase in the hybrid films. The
present approach allows ordering the hybrid film in two different length scales; at the
end of film processing, hybrid crystals are retained into the pore walls and the micelles

are arranged within the films with a long range order.
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1. Introduction

Ordering mesoporous films through self-assembly is a kinetically driven process, which
employs a supramolecular template for shaping and organising the mesostructure. In the
evaporation induced self-assembly (EISA) processes, the evaporation of the solvent
drives the formation and organization of micelles, while polycondensation of building
blocks at the micelles interface gives rise to the mesostructure.' This process is now
well known and several types of ordered mesostructures have been obtained.” Ordering
the micelles and mastering their topology is, however, not the only type of issue at the
nanoscale in mesostructured films.> Increasing the complexity of the material adding
some new advanced properties, such as a higher durability and better mechanical
properties, is a fundamental step for developing applications based on mesoporous
films.* This target can be achieved through a careful design of the material properties,
for instance the structure and composition of the pore walls, which form the material
scaffold. Crystalline walls are easily obtained in films based on transition metal oxides,
such as titania,” and even perovskite mesostructured films have been reported in
literature.® Finally, also silica walls in mesostructured films have been crystallized using
a seeding process with strontium or barium to assist quartz nucleation and growth.” In
mesostructured crystalline oxide films the walls are generally formed by crystals of
dimensions up to few nanometers while growth is achieved by a controlled thermal
treatment. However, an increasing level of complexity arises if the walls are organic-
inorganic; in this case they are formed through sol-gel reactions of organically modified
alkoxides.® In general, organization in hybrid materials is observed only if bridged
species are used to self-assemble into ordered layered structures.”'® At present, one of
the few  exceptions reported in literature is the case of 3-
glycidoxypropyltrimethoxysilane (GPTMS), although this is not a bridged alkoxide;
highly basic conditions are, in fact, capable of favouring the coupling of two GPTMS
molecules, through reaction of the terminal epoxides, forming p-dioxane rings.11 These
newly formed molecules are substantially bridged species generated in situ that are
eventually capable of self-organise themselves originating ordered layered structures.

Using these structures to create mesostructured materials through EISA processes is an
even more difficult task because the kinetic of the evaporation does not allow an easy

ordering of the layered hybrid material.'* The first example of order into hybrid pore
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walls of mesoporous materials has been given by Inagaki et al."’, which have been able
to produce layered structures using a 1,4-phenylene-bridged alkoxide. Following this
first example, several other mesostructured materials with layered walls have been
obtained, but only one clear example in films has been reported so far.'"* A biphenyl-
bridged organosilica precursor, 4,4-bis(triethoxysilyl)biphenyl has been used for
preparing mesoporous ordered films with molecular-scale periodicity in the pore walls
via self-assembly. Interestingly, the synthesis and self-assembly have been carried out
in mild acidic conditions, while a basic medium is generally used for synthesising
powders. In basic solutions, self-assembly of the precursors into a lamellar organization
is, in fact, directed by the hydrophobic-hydrophilic interactions between the fully
hydrolysed bridged precursors ((HO)3Si—R—Si(OH)3).15

The formation of mesostructured ordered hybrid films, with ordered structures in the
walls, is a process where, during evaporation, self-assembly has to be achieved in two
different scales: at the molecular scale, with the formation of ordered lamellar
structures, and at the meso-scale, with the organization of templating micelles. The
chemistry and the kinetic of evaporation, which in films is much faster and therefore
more critical, dictate the process. We have, therefore, tried to get order into a hybrid
system without employing a preformed bridged alkoxide and concurrently studying in
situ the self-assembly. 3-glycidoxypropyltrimethoxysilane has been used as the hybrid
precursor and we have carefully designed the chemistry to have films with an ordered
mesophase and a lamellar structure in the walls. To get order in both scales we have
prepared a solution containing hybrid layered crystals, that we have allowed self-
assembling around the templating micelles, obtaining an ordered mesophase within a
crystalline hybrid films. Simultaneous small angle X-rays (SAXS) and wide angle X-
rays scattering (WAXS) have allowed following in situ the organization at the two
different length scales while the film morphology after thermal treatment has been

observed by transmission electron microscopy (TEM).

2. Experimental

2.1 Chemicals
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3-Glycidoxypropyltrimethoxysilane (GPTMS) (Sigma, >99%), ethanol (Sigma-Aldrich,
> 99,8%), water (milli-Q), NaOH (Sigma-Aldrich, 35%) and HCI (Sigma-Aldrich,
37%), tri-block copolymer Pluronic F127 (PEO;-PPO7p-PEO; o6, Aldrich) were used as
received without further purification. Silicon wafers (Si-Mat) (100) cut, p-type boron
doped, 350 pm thick were used as substrates for film deposition. A cleaning solution
MICRO-90® Aldrich was diluted to give a 10% v/v solution in water. The silicon wafers
were cleansed with the 10% v/v cleaning solution, then washed thoroughly with water,

acetone and finally with ethanol before drying them with compressed air.

2.2 Synthesis of the precursor sols.

The precursor sol was prepared by mixing 5 ml of GPTMS (5.350 g, 22.64 mmol, 1 eq.)
with 2 ml of 2 M aqueous NaOH (0.16 g, 4 mmol, 0.18 eq.) in a glass vial. The solution
was left to react for 30 minutes after which the vial was closed with a screw cap and left

under stirring for 24 h. The sol was then aged for 8 days in a sealed vial.

2.3 Synthesis of hybrid organic-inorganic films

2.3.1 Deposition of hybrid films. 1 ml of ethanol was added to 1 ml of the aged sol (3.23
mmol of GPTMS, 1 eq.) and the pH of the resulting mixture was then adjusted to 7.5 by
adding 0.350 ml of 2M aqueous HCI. The solution was left stirring and the films
deposited with a withdrawal rate of 15 cm s and a relative humidity of 25% at room
temperature. The mesostructured films were deposited by following the same procedure
but adding 0.47 mg of Pluronic F127 (0.35 mmol, 0.11 eq.) to the sol before changing
the pH of the solution. The hybrid films were placed on a hot plate at 60°C soon after
the deposition to stabilise the structure and for further 1 h at 150°C under Argon

atmosphere.

2.3.2 Sol prepared for in situ SAXS-WAXS analysis. The sol was prepared with the same
procedure described above but the deposition was performed with the dip-coater placed

inside the SAXS experimental hutch.
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2.4 Materials characterisation.

Attenuated Total Reflection (ATR) infrared analysis was performed with an
interferometer Bruker infrared Vertex 70v equipped with a Platinum ATR attachment.
The spectra were performed by casting a drop of sol onto the diamond of the ATR
attachment and the data were acquired in the range 4000—400 cm’ by averaging 256
scans with 4 cm™ of resolution. The baseline was fitted by a concave rubber band
correction with OPUS 7.0 software.

Fourier transform infrared (FTIR) analysis was performed with an interferometer
Bruker infrared Vertex 70v. The spectra were recorded in transmission mode between
4000-400 cm™ by averaging 256 scans with 4 cm™ of resolution. The background was
evaluated by measuring the signal of a clean silicon wafer substrate; the baseline was
fitted by a concave rubber band correction with OPUS 7.0 software.

X-Ray Diffraction (XRD) patterns were recorded using a Bruker diffractometer D8
Discover working in grazing incidence geometry with a Cu k, radiation source and
equipped with a Goebel mirror and a scintillator. Diffraction patterns were recorded
with a step size of 0.05° and iterations of 0.5 s in 2D mode; the acquisitions were
repeated until a good signal-to-noise ratio was achieved.

A Bruker Senterra confocal microscope working with a laser excitation wavelength of
532 nm at 12.5 mW of nominal power was used for Raman spectroscopy analysis; the
spectra were recorded by averaging 30 acquisitions of 2 s.

The organization of the mesopohase was studied by in situ 2D grazing incidence small-
angle X-ray scattering (GI-SAXS). The experiments were performed at the Austrian
SAXS beamline at Elettra using a synchrotron electron storage ring light source. The
energy was set at 8 keV (A = 1.54056 A) and the incident angle of the beam at 0.5° +
0.1° to obtain the highest contrast between the GISAXS pattern and the background; a
CCD detector (Dectris 2D Pilatus3 1M) was used to acquire the scattering patterns and
the experimental configuration was optimised in order to acquire the signal in the range
spanning from 1.5 to 14°. The dip-coating was performed with a home-made equipment
customized to fit the experimental hutch. The films were deposited at RH of 25 % and a
GISAXS pattern was acquired every 2 seconds starting 10 seconds after the deposition.



Physical Chemistry Chemical Physics

The patterns were obtained by averaging 3 different acquisitions with 2 seconds of
exposure time. A final static GISAXS pattern was acquired for 30 seconds, 5 minutes
after the deposition.

Structure images were taken using a transmission electron microscope (TEM) (JEM-
2000 FX JEOL) operating at 200 kV. The samples were prepared by scratching the
films and depositing the fragments on a carbon-coated copper grid. Pore size was
estimated from line profile analysis performed on representative TEM images with
ImageJ programme.

A Wollam-a spectroscopic ellipsometer with fixed angle geometry was used to estimate
the thickness of the dense hybrid films deposited on silicon substrates by fitting the
experimental data with a model for absorbing films on Si substrates. The fit showed an
average mean square error (MSE) smaller than 33.

The nanoindentation analysis was performed by wusing a CSM Table Top
Nanoindentation Tester (TTX-NHT) equipped with a head suitable for loadings from
0.1 up to 500 mN and a load resolution of 0.04 uN. The instrument is mounted on an
anti-vibration support. The Young’s modulus of the hybrid films was estimated by

averaging a number of measurements with normal force ranging from 0.4 to 0.8 mN.

3. Results and discussion

The present work aimed at obtaining crystalline mesostructured hybrid films using
hybrid layered crystals as nano building blocks for the pores walls. These units have
been let to form into the precursor sol and then have been incorporated within the pore
walls to give an ordered mesophase. GPTMS has been selected as the chemical
precursor because of its peculiar chemical properties; in highly basic conditions is, in
fact, able to form bridged structures, via opening and coupling of two epoxy rings,
which self-organize into lamellar structures (Scheme 1). The high pH, around 14, is a
mandatory condition to get organization since both the silica condensation and the
epoxide opening are strongly slowed down in these conditions. In fact, if the silica
network would condense faster than the epoxide opening, the newly generated diols
would not have time enough to form the bridged species, hampering therefore the self-

organisation into layered structures. The choice of the Pluronic F127 as surfactant has
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been dictated by its molecular nature; in fact its polyethylene oxide chains would have a
close interaction with the ethylene oxide moieties present into the layered crystals. An
increased interaction would promote the capability of forming an organised mesophase
at the micelles interface. Highly basic conditions, however, are not fully compatible
with the use of Pluronic F127 as micellar template since this surfactant has a good
solubility in neutral and acidic pH, but very poor solubility in basic conditions. On the
base of these premises, we have specifically designed an experimental protocol that
allows the precursor to be used for generating bridged species. Afterwards, these will be

used to form the hybrid scaffold during the formation of an ordered mesophase.

3.1 Growth of hybrid crystals in liquid phase.

Previous work from our group has highlighted the GPTMS structural changes as a
function of the sol aging time, under different pH conditions.'™'” Controlling the
structural modifications,"® which occur with time in highly basic conditions, allows
tuning the formation of ordered hybrid structures to be employed for self-assembly at
the mesoscale.

To follow the formation of hybrid crystals, the sol has been analysed as a function of the
aging time by Raman spectroscopy. Figure 1a shows the Raman spectra of the sol up to
8 aging days in the 1330 - 1220 cm™ range; the Raman bands have been normalised to
the -CH, wagging band of the propyl chain, at 1296 cm™. In this range falls the epoxide
-CH, rocking band, peaking around 1256 cm™, which allows following the reaction of
the epoxides opening as a function of the aging time."” The band decreases in intensity
with time (Figure 1b), showing that the reaction is a slow process, which can allow the
formation and organization of bridged species, in accordance to the sol design. After 8
aging days around 75% of the epoxides are finally opened.

As we have previously underlined, the formation of the silica network should be slowed
down enough to avoid that it hampers the formation of organic chains. For this reason,
besides the opening of the epoxy group, another important reaction to be kept under
control is the condensation of the silica species. Figure 2 shows the changes in the ATR
FTIR spectra in the region of the silica signals, 1175 - 925 cm™; the arrows show the
direction of the change in the bands intensity as a function of the aging time. Three

different overlapped bands are detected, one at 1090 cm™, assigned to Si-O-Si
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symmetric stretching, a second one assigned to silica stretching in cyclic species at 1022
cm™ and a third at 970 cm™. The latter one, which increases in intensity with aging, is
attributed, most likely, to the -CH,-OH twisting vibrations of the primary alcohol
formed as a result of the epoxide opening.*

Although in general the sol-to-gel transition is realized through polycondensation of Si-
OH groups, however the reaction rate could be significantly slowed down if very highly
basic or acidic conditions are employed.”’ This strategy has been used before for self-
assemble mesostructured materials using supramolecular templates,' but it can be used
also for achieving self-organization in hybrid materials based on GPTMS. On the other
hand, as we have demonstrated in previous works,” highly basic conditions favour a
fast initial hydrolysis of the alkoxides while slowing down the polycondensation
reaction. These conditions create a peculiar chemical environment which promotes the
formation of silica cyclic species from GPTMS,*'* in accordance to previous findings
and literature.'** In particular, large strainless cage T, species such as [RSiOj s]y=s.10, OT

i 25,26
silica structures™”

(T, denotes a cage structure with n SiOs/, groups) are expected to
form.”! The presence of open cages in the system is confirmed by the infrared analysis;
the cyclic species form at the initial stage of sol-gel reaction and slowly condense with
aging, as shown by the decrease in intensity of the 1022 cm™ band. Similarly an
increase in the silica stretching band (1090 cm™) at high aging time, indicates that the
open cages tend to condense with the proceed of sol-gel reaction, giving rise to the silica
random network. The silica structure during the aging time remains "soff" enough to
allow opening the epoxy ring and forming bridged species, which self-organize into
layered structure. The simultaneous polycondensation of the inorganic and organic
network is, in fact, a competitive process which has to be carefully controlled;”” a faster
polycondensation rate of the inorganic network hinders the formation of the organic
network and vice versa.

The signature of the organic reactions is given by the Raman band at 1456 cm™; Figure
3 shows the spectra within the 1520 - 1425 cm’ range, where two main bands are
detected, the first one around 1485 cm™, assigned to CH, scissoring and CH rocking in
epoxy rings,'” the second at 1456 cm™ to CH, scissoring in the propyl chain.'” This last
band increases in intensity with aging time while the epoxide gradually looses intensity

becoming a shoulder of the propyl chain scissoring band at the end of the aging time.
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This suggests that, with the gradual opening of the epoxy ring, new species are formed;
in fact, the increase of the 1456 cm™ band with aging can be explained with the rise of
the p-dioxane species.”® In our previous works, this band has been well correlated with
the formation of layered hybrid structures.”” The self-organization process starts with
opening of the epoxides in highly basic conditions and subsequent formation of diols (-
CH,-OH) that react in pairs to form p-dioxanes, which can now behave like bridged
species.”’ The condensation of silica species finally triggers the self-organization of the
newly formed bridged molecules, which pile themselves to give layered crystals
(Scheme 1).

3.2 Ordering mesoporous hybrid films with crystalline walls

Once obtained a hybrid sol containing layered structures, the next step was to bring the
complexity to a further level, fabricating mesostructured films. The main problem, as
we have previously observed, is the formation of micelles based on polyethylene oxide
chains, in basic conditions. To overcome this issue, we have then changed the pH of the
sol to 7.5 by adding hydrochloric acid, improving thus the solubility of the tri-block
copolymer Pluronic F127. Moreover, to control the self-assembly process through the
evaporation, we have diluted the hybrid sol by adding an equivalent amount of ethanol.
The resulting hybrid films, deposited by dip-coating using this sol, have shown the
typical signature of ordered hybrid structures in XRD spectra (Figure 4). In fact, as
described in a previous work, the lamellar structure of the hybrid crystals is strictly
correlated to the diffraction peak at 9°. This increases in relative intensity, as a function
of the aging time of the sol,”> when compared to the peak at 5°,*°° which is due to the
intermolecular correlation of siloxane chains in an amorphous state.’! The broad
diffraction peak is generally indicated as the basal peak and is, in agreement with
current literature, the typical signature of layered structures.*

To gain a better understanding of self-assembly in the hybrid films and to clarify if the
micelles self-organise into ordered arrays, we have also performed a specific
experiment. The hybrid sol, aged for 8 days and containing Pluronic F127, was dip-
coated in situ onto a silicon wafer and analysed using a synchrotron light source. The
experimental setup has been designed using a GISAXS-WAXS configuration to

perform the measure in a 2-theta range spanning from 1.5 to 14°. The reason for such a
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choice has been dictated by the need of having simultaneous information on the
mesophase organisation (low angular range) and further evidences of the hybrid
crystallinity (high angular range) given the higher definition attainable with the high
brilliance source of the synchrotron light. X-ray scattering measurement under grazing
incidence conditions, in fact, allows maximizing the scattering coming from the film
and this experimental configuration has given the possibility of collecting consecutive
SAXS acquisitions in a time scale of few seconds, enabling the real-time monitoring of
the self-assembly process.

The evolution of the time-resolved GISAXS experiment has been followed every 12
seconds starting 10 seconds after the deposition. A selection of SAXS images
describing the structural evolution of the mesophase organisation with time is shown in
Figure S1 (see ESI, Figure S1). For clarity, a synoptic overview is, instead, illustrated
by Figure 5, where the images (a-d) describe the acquisitions performed after 10, 34,
46 and 134 seconds from film deposition.

Figure 5a gives a representation of the structural film organisation at time zero, which
is 10 seconds after the deposition. At this stage the solvent just started evaporating and
no spots indicating any order have been detected. In Figure Sb, 34 seconds after the
deposition, a faint halo depicting an arc starts appearing, indicating a mesostructural
organisation lacking of a defined order, which, instead, emerges 12 seconds after in
Figure 5c (46 seconds after deposition) as soon as the solvent evaporation induced the
self-assembly. Figure 5c shows, in fact, two defined and four faint spots indicating an
ordered structure. The organisation is further confirmed after 88 seconds (Figure 5d),
corresponding to 134 seconds after deposition, where the spots defining the ordered
mesostructure are more visible. With the purpose of evidencing both the ordered
mesostructure and the crystallinity of the hybrid material, 5 minutes after the film
deposition, a GISAXS-WAXS measurement has been performed covering the 20
angular range between 1.5 and 14° and acquiring the data for 30 seconds. The resulting
image is reported in Figure 6, where the faint spots have been highlighted with white
and yellow circles and the arc correlated to the crystallinity of the hybrid material in the
walls is evidenced with a curve. On the basis on previous studies, the analysis of the

SAXS pattern could indicates that the organisation of the mesostructure can be referred

to as R3m, i.e. a thomboedral stack of spherical micelles; this arrangement is coherent

10

Page 10 of 29



Page 11 of 29

Physical Chemistry Chemical Physics

with a face-centered cubic array of micelles and is sometimes referred as Fm3m.>
Following this attribution we have indexed the spots highlighted by a white circle as
(100) and (110). The yellow circles, instead, indicate the spots due to multiple
diffraction within the films.*

The radial integration of the GISAXS-WAXS image has been performed by using silver
behenate as a reference and the result is reported in Figure 7. Comparing this pattern
with that in Figure 4, a shift to higher 26 degrees, which corresponds to lower d
spacings for the sample acquired with a conventional diffractometer (5.2 and 9.4°), is
observed. In this case the d spacings are, in fact, 1.7 and 0.9 nm, respectively. This shift
is not surprising, since it is due to the thermal treatment performed to stabilise the
sample, whilst the pattern derived from the GISAXS-WAXS radial integration (4.9 and
8.6°) has been performed in situ, soon after the deposition of the coating, and it
corresponds to 1.8 and 1.0 nm d-spacing, respectively. This result implies that the
interlamellar spacing is reduced by 1 A because of the thermal treatment. However, the
most important difference between the two acquisitions is correlated to the shape of the
peaks and their relative intensities. The pattern derived from the WAXS acquisition is,
in fact, characterised by a peak at 9° narrower when compared to that one acquired with
a conventional diffractometer. This is mainly due to the higher brilliance of the
synchrotron light source that allows determining with clarity both the crystalline nature
and the mesostructure order of the hybrid materials.

The organization at mesoscopic level has been further investigated by TEM analysis
(Figure 8a and S2). The TEM characterization has revealed a highly organized
mesostructure formed by large domains of cylindrical channels arranged in a 2D-
hexagonal fashion. Line plot analysis applied on representative images has allowed
estimating the average pore size as 4.3 = 0.4 nm and the pore walls as 3.3 £ 0.3 nm
(Figure 8b and ¢). These results are not in agreement with the space group attributed to
the mesostructure by GISAXS characterization, however it should be considered that
the TEM characterization requires the films to be thermally treated before measures
(150°C under inert atmosphere). GISAXS, on the contrary, has been performed in situ
during the self-assembly process. The change in the mesophase organization, therefore,
is likely due to the thermal treatment, which is necessary to increase the contrast

between pores and pore walls. This is particularly true for the specific chemical
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composition of these hybrid matrixes; all the attempts to study the sample morphology
by TEM on as-deposited films resulted in a severe damage of the specimens due to the
electronic beam. A close examination of the TEM images allows also detecting a fine
"texture" which is due to the self-organization of the bridged moieties into a crystalline
lamellar structure (Figure 8d). The d-spacing of the lamellae derived from the TEM
analysis is 1.2 + 0.3 nm; this value is in agreement with that obtained from the Scherrer
equation applied to the XRD pattern of the thermally treated sample (Figure 7). A
drawing of the final material is shown in Figure 9; the film exhibits a long-range pore
organization and ordered hybrid lamellar structures embedded in the pore walls.

The film performances have been studied both in terms of hydrolytically and
mechanical stability. The films have been immersed either in water and acidic ethanol
solution (0.5 ml of 2 M HCl in 10 ml of ethanol) for increasing times up to 24 h. After
this period, the films have been observed through a microscope without noticing any
relevant damage in their structure such as cracks or delamination.

The mechanical stability has been tested by nanoindentation on a mesostructured
crystalline film with a thickness of 1851+10 nm (as estimated by ellipsometry) in
comparison with a reference sample prepared from a not-aged sol (i.e. an amorphous
mesostructured sample) with a thickness of 1765450 nm. Interestingly, the analysis
could be performed only onto the crystalline mesostructured sample, while the
amorphous reference resulted to be too soft for these measurements, even at very small
loading (0.2 mN). The analysis has allowed estimating the Young's modulus (E) of the
mesostructured crystalline films as 0.302+0.015 GPa. The value is in the same order of
magnitude of the elastic modulus measured in silica mesoporous thin films* and much
higher if compared with other mesoporous organosilica systems.** This measure marks a
clear difference in the mechanical stability between an amorphous and crystalline

mesostructured films made by the same hybrid precursor.

4. Conclusions
The present work has explored the possibility of synthesising crystalline periodic
mesostructured organosilica starting entirely from a monosililated precursor, such as 3-

glycidoxypropyltrimethoxysilane, which is capable of forming new bridged species in

12
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situ. The resulting bridged polysilsesquioxane self-assemble and grows up into hybrid
crystals forming lamellar structures by controlled aging of the highly basic precursor
sol. The addition of surfactant Pluronic F127 as micellar template and pH modification
enables the deposition of a self-organised crystalline mesostructured hybrid film, whose
formation has been confirmed by in situ GI-SAXS-WAXS analysis. The test of
mechanical properties has shown how the films processing can affect the final
properties of the materials. In fact, despite the same chemical composition and
mesoscopic organization, a hybrid mesoporous film can show a significant Young's
modulus or a poor mechanical stability depending on the organization at the nanoscale.

The possibility of controlling the evolution of the epoxide opening can therefore allow
the synthesis of hybrid films that can be further functionalised after formation of an

ordered matrix, giving rise to a versatile crystalline hybrid mesostructured platform.
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Figures

Figure 1. a) Raman spectra in the 1330-1220 cm™ range as a function of sol aging time.
The spectra have been normalized to the -CH,- wagging band of the propyl chain, at
1256 cm™ (*). The arrow shows the evolution of the band as a function of sol aging
time. The GPTMS Raman spectrum is shown as reference in the top layer. b) Amount
of epoxy opening (%) as a function of aging time calculated from the change in

intensity of Raman rocking band at 1256 cm™.

Figure 2. ATR FTIR spectra in the 1175-935 cm™ range as a function of sol aging up to

9 days. The arrows show the direction of absorption band intensity changes with aging.

Figure 3. Raman spectra in the 1510-1425 cm™ range as a function of sol aging up to 8

days. The arrow shows the direction of intensity change with aging.

Figure 4. XRD diffraction pattern of a hybrid films with Pluronic F127, prepared from
a sol aged for 8 days.

Figure 5. GI-SAXS images of a mesostructured crystalline GPTMS film deposited on
Si wafer. The patterns were acquired after 10, 34, 46 and 134 seconds.

Figure 6. Static GI-SAXS image of a mesostructured crystalline GPTMS film deposited
on Si wafer. The pattern was acquired for 30 seconds, about 5 minutes after the film

deposition.

Figure 7. Diffraction pattern obtained by the radial integration of the SAXS-WAXS

image in Figure 6.

Figure 8. a) Representative TEM image of the mesostructured film; b) enlargement

showing the 2D ordered mesostructure; c) plot profile of the line shown in panel b; d)

17
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FFT-filtered enlargement of the same TEM image highlighting the crystalline lamellar

structure.

Figure 9. Schematic representation of the hybrid film containing lamellar layered

hybrid crystals within a long-range close-packed mesostructure.

Scheme 1.

TOC

A new type of hybrid organic-inorganic film showing long-range ordered mesostructure

and crystalline pore walls has been successfully prepared
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