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Abstract

The co-condensation of TEOS and an amphiphilic organosilane precursor containing an ammonium part is
investigated in presence of different counter-ions. We highlight the morphological versatility offered by such “one
pot” synthesis, resulting of the combinatory effects of the addition of TEOS and of the nature of the counter-ion
involved in the sol-gel process. Indeed, the interactions at the interface governed by the ammonium species affect
the shape of the aggregates, making of the counter-ion a critical morphological parameter. The morphology of the
particles is also closely linked to the homogeneity of the system. Thereby, using the immiscibility of the
TEOS/water mixture, we showed that it is possible to get macroporous, blackberry-like or cerasome materials.
Oppositely, the use of tetrahydrofuran able to solubilize all the systems leads to monodisperse nanoparticles whose

size can be modulated as a function of the involved counter ion.
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1. Introduction

Nanostructuring and control over morphology in hybrid solids are of great interest for the design of polyfunctional
materials [1]. The sol-gel process is a powerful method for the production of solid hybrid materials. The
funtionalization of silica with various organosilane compounds having amine was carried out via co-condensation,
post-grafting of amino-silanes or surface hyperbranching polymerization [2]. Aminofunctionalized silica has been
found to be useful for some base-catalyzed reactions, wastewater treatment, CO, capture, further post-synthesis
functionalization, and as platinum group metal, heavy metal and toxic oxyanion sorbents [3-8] to name a few.
Multistep functionalization by attachment of different polyamines or dendrimers to pregrafted mesoporous
substrates and surface growth of hyperbranched polyethyleneimine (PEI) is also described [9-10]. From the
surfactant-mediated route, shape-controlled hybrids materials can be obtained. However some limitations, like the
weak functionalization ratio and the non-homogeneous grafting due to blocking effects at the entrance of the pores,
have been highlighted [11, 12].

Alternatively, hybrid silica can be prepared via the self-assembly of organosilane precursors bearing bridging
organic unit that can be used to direct the structure of the solid network without addition of an external structure-
directing agent [13-15].

Self-structuring properties based on weak interactions between precursor molecules can influence the texture and
morphology of materials after the sol-gel process [16]. An alternative procedure for functional silica materials with
a high density of organic functions has been already described in a few studies, and consists in the use of

amphiphilic organosilane molecules [17-21].

We recently demonstrated the amphiphilic abilities of amino-undecyl-triethoxysilane (AUT) when this molecule
is associated with various acidic curvature agents [22]. We showed that the self-assembly is governed by the
formation of ammonium species by the addition of an agent (in the form of a counter-ion) whose steric hindrance
can introduce tunable curvature at the surface. Depending of the size of the curvature agent surrounding the amino
part of the amphiphilic organosilane molecule, it has been possible to modulate the morphology in the form of

lamellae, vesicular membranes or nanofibers.

Thanks to the siloxane part of the AUT, which can be hydrolyzed and condensed, such amphiphilic molecules can
be engaged in a sol-gel process as for tetraethoxysilane (TEOS) silica precursors. The introduction of a silica
precursor such as TEOS in the mixture implies that the siloxane part of both the AUT and the TEOS are likely to
react and form Si-O-Si bridges. Therefore, the incorporation of TEOS in the organization may involve structural
changes. In particular, a previous study devoted to the effect of TEOS on the self-assembly of AUT without excess
of water demonstrated the possible reversibility of the self-assembly from lamellae to reverse cylindrical micelles,

in which silica surrounds the organic core [23].

In this article, we explore the influence of the counter-ion on the morphology, the nanostructure and the
composition of the final products. Starting from a system evolving in water, the aim of this study is to explore the
combinatory effects of TEOS addition and of different curvature agents such as carbamic acid, hydrochloric acid,
acetic acid, pivalic acid, and valproic acid on the structural arrangement of AUT during the sol-gel process. Then,

the study was extended to the influence of the solvent on the morphological structure and the chemical composition
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of the solids. The mechanism of the structural evolution was followed by small angle X-ray scattering (SAXS) in
order to highlight the incorporation effect of silica units in the resulting materials. As shown by Scanning Electron
Microscopy (SEM) images, macroporous beads, blackberry-like particles, vesicles or nanoparticles can be
obtained as function of the curvature agent used, which turns out to be a critical morphological parameter. Dynamic
light scattering (DLS) and Fourier transform infra-red (FTIR) measurements reveal a consistency between the
nanoparticle size and the curvature agent content in the material. The compositional study was completed by

Raman spectroscopy and 2°Si solid state nuclear magnetic resonance (NMR) spectroscopy.
2. Experimental section

2.1. Technical details

SAXS experiments were performed on a set-up operating in transmission geometry. A Mo anode associated to a
Fox2D multi-shell mirror (XENOCS) delivers a collimated beam of wavelength 0.710 A. Two sets of scatterless
slits [24] delimitate the beam to a square section of side length 0.8 mm. A MAR345 imaging plate detector allows
simultaneously recording scattering vectors g ranging from 0.25 nm up to 25 nm%. Samples were placed in glass
capillaries of 2 mm diameter. Absolute intensities were obtained by measuring a calibration sample of high density
polyethylene (Goodfellow) for which the absolute scattering was already determined. All SAXS profiles are
plotted in log-log scale in order to highlight the dependency of the intensity versus a power law of the scattering

vector q.

High resolution transmission electron microscopy (HRTEM) was carried out at 200 kV on a JEOL 2200 FS
microscope. Samples obtained after heat treatment were ground into a powder and dispersed in ethanol. Samples
were deposited on 400-mesh carbon-coated copper grids. After ethanol evaporation, the grid was submitted to

analysis.

Scanning electron microscopy (SEM) was performed ona FEl QUANTA 200 ESEM FEG operating at 15 kV and

equipped with a Everhart-Thornley detector or Large Field detector.

Wet scanning transmission electron microscopy (Wet-STEM) was performed on a FEI Quanta 200 ESEM FEG
microscope operated at 30 keV. A Peltier stage and an inverse BSE detector are located below the final lens in the
microscope chamber. A droplet of the diluted sample solution was deposited on a TEM copper grid coated with a
holey carbon film. The grid was then placed on the Peltier stage previously cooled at T = 2 °C. In order to obtain
a pure water vapor atmosphere in the ESEM chamber, an optimized pump down sequence was used to adjust the
water partial pressure at 700 Pa: 12 successive purges between 600 Pa and 1200 Pa lead to 99.5% water vapor in
the ESEM chamber. Afterwards, the pressure is adjusted around 700 Pa to evaporate a very small amount of water
from the droplet to adjust the water film thickness, allowing the observation of the sample through a water film.

DLS measurements were performed on an ALV-CGS3 with a red laser beam (A=638.2nm). The scattering angle
was set to 173°. The temperature of the sample environment was controlled and stabilized at 20 °C. Sample quartz
tubes (square glass cells) were cleaned-up with ethanol and then dried. The solutions were diluted to meet the
requirements of turbidity and viscosity for DLS measurements. For DLS measurements, the error on Dh

(hydrodynamic diameter) was principally due to the viscosity, the turbidity, the anisotropy and dispersity. DLS
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measurements were performed in triplicate. The PDI values (polydispersity indexes) reported in the Table S2 (see

supporting information) illustrate the corresponding standard deviations.

Raman spectra were recorded on a Horiba Jobin Yvon LabRAM Aramis confocal Raman microscope, using an
excitation wavelength of A = 532 nm with a laser spot size of ~1 pum, and with an objective of X50 long working
distance. The incident laser power was kept lower than 0.8 mW in order to avoid any heating or structural sample

damage.

Solid-state FT-IR spectra were obtained using an ATR crystal on a Perkin-Elmer 100 spectrometer at 4 cm™

resolution.

The solid state 2°Si cross-polarization magic angle spinning (CP-MAS) NMR spectra were recorded on a Bruker
400 ultrashield VS spectrometer equipped with a 4 mm MAS probe. The MAS spinning rate was 12 kHz. The

typical contact time was of 2—3 ms, and the typical recycle delay was 530 s.

2.2. Synthesis of amino-undecyl-triethoxysilane

The organic precursor was synthesized in three steps in anhydrous conditions. The synthesis was adapted from the
one described in the literature [25]: Bromoundecene (Alpha Aesar) was first mixed with triethoxysilane and
Karstedt catalyst both purchased from ABCR to obtain bromoundecyltriethoxysilane. After purification, the latter
molecule was then used to form azidoundecyltriethoxysilane with sodium azide (Sigma Aldrich) into acetonitrile.
Finally, the reduction of the azido group with Palladium (10% Pd / C) from Sigma Aldrich into anhydrous ethanol

under hydrogen atmosphere led to aminoundecyltriethoxysilane.

2.3. Materials synthesis

Primary amino groups are known for trapping carbon dioxide of air to lead to a carbamic acid. The pKa of the
amine (pKa=10.6) allows the association of such a carbamic acid and a close amine to provide an ammonium
carbamate dimer [26, 27]. The study of aminoundecyl-triethoxysilane in water has showed that this ability
promotes the lamellar structural organisation of the resulting hybrid silica materials by forming ammonium
carbamate bridges. Moreover, previous studies showed that the amphiphilic properties of dodecylamine with

hydrochloric acid or carboxylic acids are governed by a proton transfer from the acid to the amine [28].

Taking into consideration these results, we choose here to investigate the effect of addition of TEOS in the mixtures
containing different curvature agents: carbon dioxide, which forms a carbamic acid with the amine and leads to an
ammonium carbamate dimer (-NHCO;-*H3N-), hydrochloric acid (HCI) at two different concentrations, acetic
acid (CH3COzH), pivalic acid ((CH3)3CCO,H), and valproic acid ((CH3;CH2CH3),CHCO,H). These experiments
have been performed in water and in THF, leading to 11 series of mixtures noticed Sn-X series. S refers to the
solvent (H for H.O, T for THF), n indexes refer to the molar ratios between TEOS and AUT, and finally X refers
to the kind of agent used (-CO; for carbon dioxide, -Cly, for hydrochloric acid at pH = 1.5, -Cl, for hydrochloric
acid at pH = 0.86, -Ac for acetic acid, -Piv for pivalic acid and -Val for valproic acid). These preparations are

compared to a preparation without curvature agent, noted Sn series. The hydrolysis and the condensation reaction



are performed by the combined action of water and of the respective agent, except for HO-CO,, where the

hydrochloric acid is added for assuring the sol-gel reactions.

2.3.1. Preparation of Hn-X series

In order to prevent the pre-hydrolysis and the pre-organization of organosilane surfactants and TEOS for the
sample prepared in water, our procedure first features the introduction of the AUT, secondly that of the respective
amount of TEOS, and then the introduction of the curvature agent in a flask, except for the Hn-Cl, and Hn-Cl,
series where the hydrochloric acid is added in the same time as the water. Then the samples are mixed for 60s in
a vortex mixer. After the addition of solvent, the mixtures are placed in a thermostatic orbital shaker at 30 °C at
400 rpm for 3 days. Table 1 sums up the compositions of samples of the Hn-X series and Scheme 1 illustrates the

methodology.

The total concentration of AUT plus that of TEOS is fixed according to equation (1).

N0 = 500(Nuyr + Nrgos) 1)
The concentration of the catalyst used for the sol-gel process is remained constant in order to keep equivalent
catalytic activities in all the samples of the same Hn-X series.

Preparation of Hn, Hn-Cl, and Hn-Cl,

AUT and TEOS are placed in a flask and are mixed for 60s in a vortex mixer. Then, 5 mL of water, hydrochloric
aqueous solution of concentration [HCI]=0.138 mol.L* or [HCI]=0.032 mol.L"* are respectively added for Hn, Hn-
Cla and Hn-Clp.

Preparation of Hn-CO;

AUT and TEOS are placed in a flask and are mixed for 60s in a vortex mixer. The resulting oil is placed under
CO; flow during 15 min. The formation of a gel is observed immediately. Then, 5 mL of a hydrochloric aqueous

solution at pH=1.5 are added.

Preparation of Hn-Ac, Hn-Piv and Hn-Val series

AUT and TEOS are placed in a flask and are mixed for 60s in a vortex mixer. Then, the acetic acid, pivalic acid
or valproic acid is respectively added for Hn-Ac, Hn-Piv and Hn-Val. In the three cases, the mixture stays oily and

homogeneous. Then, 5 mL of water are added.

2.3.2.  Preparation of Tn-X series

The use of THF as solvent allows the solubilisation of all the introduced components. The procedure consists in
the solubilisation of the AUT in THF, followed by addition of the respective amount of TEOS, and then that of

the curvature agent and finally of the stoichiometric amount of water required for the hydrolysis and condensation



of the siloxane part of the organosilane surfactant and TEOS. One water molecule is used in order to consider the

hydrolysis and condensation of two siloxane groups (Et-O-Si-). Thereby, the water content is calculated as follows:
Ny,0 = 1.5N4yr + 2N7pos )

The total concentration of AUT plus that of TEOS is fixed aiming at having an equivalent concentration than in
the experiment made in water as solvent. According to the molecular mass and density of the THF compared to
those of water, the THF content in the mixture can be calculated as follows:

Nrpp = 112.5(Muyr + Nrgos) (3)

Table 2 sums up the compositions of samples of the Tn-X series and scheme 2 illustrates the methodology.

Preparation of Tn, Tn-Cl, and Tn-Cly, series

AUT and TEOS are placed in a flask containing the THF. The resulting solutions are mixed for 60s in a vortex
mixer. Then, the catalytic amount of water, hydrochloric aqueous solution at pH=0.86, or hydrochloric aqueous

solution at pH=1.5 is repectivelyadded for Tn, Tn-Cl, and Tn-Clj, series.

Preparation of Tn-CO; series

AUT and TEOS are placed in a flask containing the THF. The resulting solutions are mixed for 60 s in a vortex
mixer prior to be placed under CO; flow during 15 min. Then, the catalytic amount of hydrochloric aqueous

solutions at pH=1.5 is added.

Preparation of Tn-Ac, Tn-Piv and Tn-Val series

AUT and TEOS are placed in a flask containing the THF. The resulting solutions are mixed for 60 s in a vortex
mixer. Then, the acetic acid, pivalic acid, or valproic acid is respectively added for Tn-Ac, Tn-Piv and Tn-Val.

Then, the catalytic amount of water is added to the homogeneous solution.
3. Results and discussion

3.1. Systems evolving in aqueous phase: Hn-X series
3.1.1.  Structure and morphology

The first experiments were performed in water aiming at determining the role of the addition of TEQOS in the
organization process and in the morphology of materials. We observed different behaviors as function of the
catalytic effect or amount of TEOS involved in the sol-gel reaction. Changes from suspension to gel, clear

suspension to powder or no significant evolution were indeed observed (Table S1 see supporting information).

The addition of TEOS in the starting mixtures seems to change the aspect and the characteristics of the samples
for several series but not for all of them. The structural effects due to the contribution of such silica units into the
initial structure were revealed by SAXS experiments. The SAXS profile of the HO material (Fig 1) was previously

discussed in our former study [22]. The positions of the four structure peaks testify to a lamellar structure featuring
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stacked bilayers. The hypothesis according to which TEOS does not affect the organization would imply that the
condensation of TEOS and the siloxane part of the AUT molecules would occur separately. Such hypothesis would
give a SAXS profile which would not present important changes compared to the initial lamellar structure obtained
without TEOS.

Hn series: no curvating agent

In the present instance, the addition of TEOS in the mixture seems to lead to important changes in the organization
(Fig 1). Indeed, the SAXS patterns of H0.5, H1 and H1.5 materials (dash, dots and rings) exhibit wide structure
peaks whose positions are close to those related to the lamellar structure of the HO material. The shift of the second
peak, from 3.65 nm(dots) to 3.3 nm* when n increases, involves a slight swelling of the structure. The lattice
parameter of the lamellar structure was evaluated at 4 A for H1.5 material, which is in agreement with the insertion

of the fragment (Si-O,-); into the silica wall of the bilayers.

By assuming that the TEOS and siloxane part condense jointly, the silica units coming from the condensation of
TEOS are localized in the silica walls of the bilayers. The peak width suggests that the distribution of silica units
along the bilayer is non homogeneous, leading to a swelling but also a distortion of the structure. As the TEOS
ratio increases in the composition, the structure peaks become wider until complete merging between the first and
the second one (H5).

Therefore, the insertion of silica units coming from the condensation of TEOS generates significant structural
modifications. The TEOS addition also affects the morphology, as revealed by SEM images (Fig 2). Starting from
a powder that does not present any particular morphology (Fig 2a), the addition of TEOS seems to bring a macro-
porosity in the final material (Fig 2b, 2c).

The H1 material is composed of different kinds of objects. Indeed, we observed macroporous beads which are
isolated or merged (Fig S1a). The bead size is included between 10 and 100 um. The pores seem to be connected
and their diameters were evaluated at 1 to 2 um according to the SEM images. Other beads are completely empty
forming hollow spheres (Fig S1b), or are macroporous planar objects, which can be due to the vial wall effects
during the sol-gel process (Fig S1c). The hydrophobic character of TEOS does not allow it to be miscible with
water. In basic condition, as the present case, the condensation reaction is favored compared to the hydrolysis
reaction. The formation mechanism of hollow spheres could be due to the hole left by the condensation of TEOS
droplets as already described [29]. The formation of such hollow spheres and also the formation of macroporous
beads could also be the consequence of a double emulsion, where water droplets would be trapped inside TEOS
droplets. Both sorts of droplets would be stabilized by the AUT molecules at the interface between water and
TEOS. By a slow hydrolysis process and a fast condensation process, the silica precursor cannot be solubilized in
the solution and the emulsion is fixed and “fossilized”. The insertion of more TEOS into the mixture leads to large
walls separating the pores (Fig 2¢). However, the low AUT ratio in the mixture does not permit to stabilize many

droplets, leading to a bi-continuous media.

Although a part of the porosity seems to be opened, another part is closed and thus unavailable for gas adsorption.
This was highlighted by N, adsorption/desorption measurements with small amounts of adsorbed nitrogen

measured for the materials, therefore indicating a closed structure.



The amino function can be trapped inside the silica matrix or localized at the surface. In order to check the
mechanism involved, we performed an experiment aiming at locating the amino functions of the AUT molecule
in the H1 material. The use of gold nanoparticles (gold Np) for locating amino groups has been already described
[30]. The difference of affinity between the amino and the silanol function for gold Np allows determining their
respective location. Indeed, gold Np can be trapped at the surface by the amines but not by the silanol groups at

the surface of silica.

The white dapples in the SEM images of the H1 and H5 materials of the Fig S2 (see supporting information)
indicate the location of the gold Np and furthermore the position of the amino functions. The areas connecting the
fossilized droplets and also the walls of droplets are covered of relatively well dispersed gold Np, involving a good
dispersion of the amino functions at the surface of the material. Therefore, this observation favors the second
hypothesis, consisting in a double emulsion where water droplets are trapped in TEOS droplets with regards to the
first hypothesis involving holes left by the condensation of TEOS droplets. A schematic illustration of the first

mechanism is proposed in Fig 3.

It appears that the addition of TEOS acts on the self-assembly of the AUT molecules by swelling the structure. In
addition, its hydrophobic character before hydrolysis highlights the amphiphilic properties of the AUT molecule,
leading to the formation of porous materials.

Hn-CO:series

Aiming at determining the bending effects, we extend the study by exploring the structural and morphological
effects on mixtures containing curvature agents. First, the use of carbon dioxide was studied with different TEOS
ratios in the mixtures leading to H0-CO_, H1-CO, and H5-CO- materials. The structural evolution was similar to
the evolution observed with materials prepared without curvature agent (Fig S3). However, the porosity produced
by the fossilization of the emulsion in the H1 and H5 materials is completely absent in the H1-CO, and H5-CO;

materials (Fig S4). Indeed, the materials are composed of dense fragments of nonspecific morphology.

The bubbling of carbon dioxide generates carbamic acid species by reacting with the amine of the AUT molecule
in the solutions. Then, the attractive interaction between carbamic acid species and free amine of AUT molecule
thereby produces ammonium carbamate dimers [20]. This phenomenon could be the origin of the collapsing and
the destabilization of the water/TEOS emulsion observed in H1 and H5. Moreover, in this case the sol-gel process
is enhanced by an acidic catalyst involving a fast hydrolysis reaction compared to the condensation. The large
amount of ethanol could also destabilize the emulsion.

Hn-Clp series

The hydrochloric acid was then experimented as curvature agent in different conditions. The concentration of
hydrochloric acid remains constant while the ratio AUT/TEOS changes. Therefore, when the ratio HCI/AUT
increases, the pH decreases. The ratio HCI/AUT was smaller than 1 for HO, HO.5, H1, H1.5. The mixtures were
considered to be in basic condition (10 < pH <11) taking into account the respective concentration and pKa of the
AUT. For HCI/AUT ratios higher than 1 (for H5 and H10), the pH was estimated to 2.15 and 1.7, respectively.



The structural study reveals the same evolution than the experiment without curvature agent (Fig S5). The initial
lamellar structure was first swelled and amorphized. Nevertheless, many changes have been observed in the sample
morphology. The surface of blackberry-like particles formed from mixture without TEOS (Fig 4a) seems to be
progressively smoothed by the addition of TEOS. Indeed, Fig 4b highlights particles exhibiting traces of the
blackberry-like morphology. The silica units coming from TEOS condensation swell the structure and fill the
interstices and cavities left by the initial organization, leading to filled spherical particles whose size distribution
is included between 500 nm and 10 um (Fig 4c). Although, despite the pH conditions changes, the morphology of
H5 was almost identical, excepted that the small particles seem to be more abundant (inset Fig 4d). This sample
has an intermediate morphology between the filled beads prepared in basic conditions (Fig 4c) and the collapsed

vesicles observed for H10 (Fig 4e).

Considering that the HO-Cl,, H0.5-Cl, and H1-Cly, were prepared with a default of hydrochloric acid, some amines
are protonated while others remain free. Therefore, by the same phenomena described for H1-CO, and H5-CO;
materials, this morphology is probably due to attractive interactions between ammonium chloride and amine
species, which lead to dense particles. By decreasing the AUT ratio in favor of TEOS, the free amine species
fraction decreases until they are all protonated, annihilating the attractive interactions. The interactions at the

interface between two bilayers then become repulsive and lead to the formation of vesicles.

Raman microspectra of individual microscopic beads were recorded in different regions of the material, allowing
us to check the homogeneity of the TEOS condensation inside the material. As exhibited in Fig S6, the Raman
spectra of HO-Clp, H1-Cly, and H5-Cly, exhibit bands at 1063, 1297 and 1440 cm respectively featuring the C-C
stretching mode, the CH, twisting, and CH bending modes of the organic molecule. These bands are still observed

even when the amount of TEOS is important in regards to the organic part of AUT, as can be seen for H5-Cly,

The most notable discrepancies are the increase of the band at 500 cm™ and of the band at 1030 cm™ as the TEOS
ratio increases, resulting of the larger silica contribution. Similar spectra were obtained in different regions of the

materials, suggesting that the silica units are condensed homogeneously in the material.

Hn-Claand Hn-Ac series

The observation of collapsed vesicles for H10-Cly, - which is prepared in acidic conditions - is in agreement with

the vesicles observed in the HO-Cl, solutions previously studied in a former article [22].
The H1-Cl, and H5-Cl, SAXS profiles were compared to that of HO-Cl, (Fig 5).

The form factor does not change drastically with the TEOS ratio. Planar objects are thus also formed owing to the
g2 power law followed by the intensity. Taking into consideration the observations previously made on HO-Cl,
and H10-Cl,, it also suggests that the objects contained in the H1-Cl, and the H5-Cl, solutions are vesicles. This
hypothesis was confirmed by images performed by Wet-STEM (Fig 6). Nevertheless, the higher intensity in the
SAXS profiles suggests that different possibilities can be considered as function of the condition used: the vesicles

can be larger, more abundant, or the molecular density in the aggregates could be larger.

Therefore, DLS experiments were conducted. The results indicate the presence of objects slightly larger (Table
S2) for H5-Cl, (~170 nm) than those contained in HO-Cl, (~130 nm). The difference in size is not significant,
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indicating that the three possibilities remain reliable. The structure peak at 0.8 nm characterizing the interactions
between the membranes in HO-Cl, suspensions is missing in the SAXS profile of the H1-Cl, and of the H5-Cl,
solutions, involving that these interactions are absent. Therefore, the insertion of TEOS does not seem to contribute
to the organization of Hn-Cl, series in regards to the initial vesicular aggregation. The main effect is the

interconnection of the vesicles and the high viscosity of the suspension.

Comparatively, for the materials prepared by using acetic acid as curvature agent instead of hydrochloric acid, the
SAXS profile evolution of solutions is similar (Fig 5b). The intensity increases and follows a g2 power law as the
TEOS ratio increases, featuring the presence of planar objects. No gel formation was observed for these samples
even after four months. As observed for its analogous prepared with hydrochloric acid, the Wet-STEM images
(Fig 6b) show vesicles. However, micelles of different sizes were observed on the images. DLS measurements
confirm the presence of the two larger object sizes, with a polydispersity index of 0.2 involving a restricted

distribution around the size values (Table S2).

Hn-Piv and Hn-Val series

Contrarily to the solutions prepared with hydrochloric acid and acetic acid, those prepared with pivalic acid do not
lead to a suspension of vesicles when TEOS is added in the mixture. From one equivalent of TEOS by AUT
molecule, the preparation H1-Piv leads to a precipitate. The SAXS pattern of such a material (Fig 7a) shows two
broad lumps whose positions (2nm* and 4 nm™) could feature a distorted lamellar structure. Then, the presence of
more TEOS in the composition in H5-Piv generates structural evolution. The intensity follows a g™ power law,
attesting of sharp interfaces between the aggregates and the surrounding medium. A structure factor was also
observed at around 2 to 3 nm™ featuring interactions at a mesoscopic range; the corresponding typical distances

are comprised between once or twice the fully extended AUT molecule length.

The initial structure and morphology of materials prepared with pivalic acid are very different than those prepared
with valproic acid. Indeed, as described in a precedent article [22], the HO-Piv is a vesicular suspension of
cerasomes, and the HO-Val material is a soft and stretchable solid composed of core-shell organosilica nanofibers
organized in a 2D hexagonal structure. However, the structural evolutions seem to be identical for both Piv and

Val based materials as the TEOS ratio increases (Fig 7).

The SEM images indicate that large spherical particles of size 10-50 um were obtained for the H5-Piv material
(Fig S7a), while smaller objects without particular morphology were obtained for H5-Val (Fig S7Db).

3.1.2.  Chemical composition of the solids

IR spectroscopy has been applied to investigate the composition of materials. Indeed, the analysis of IR spectra
provides an important indication of the influence of the TEOS ratio inside the mixtures. The IR spectrum of HO
(Fig S8) features seven main absorption bands. The two firsts at 2920 and 2850 cm™* are respectively characteristic
of CH, antisymmetric and symmetric stretching motions of the AUT. Then, the weak band at 1590 cm! results of
the stretching vibration mode of the carbamate species due to the ability of the amino function to catch the carbon

dioxide from air and water [31]. The bands located at 1470 cm™ and 1100 cm™ were respectively attributed to the
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C-H bending mode and C-C stretching vibration mode of the alkyl chain. The bands at 1100, 1050 cm* and 930
cmtare assigned to the Si-O(-Si) and Si-OH stretching modes [32].

By comparing the transmission of the bands corresponding to the CH antisymmetric stretching mode and the band
characteristic of the Si-O stretching mode in the different compositions as n increases, it appears possible to
appreciate the ratio between the organic contribution (undecyl chain of AUT) and the silica contributions coming
from the condensation of siloxane part of AUT and TEOS (Fig S8).

As the Si-O contribution is convoluted with the C-C stretching vibration mode of the alkyl chain and the potential
residual ethoxy group (CHsCH0Si) (1100 cm™), the FTIR analysis does not constitute a quantitative
measurement. However, the ratio value 7 described by the equation 4 was proposed in order to evaluate the ratio
of silica units compared to the organic molecule into the final materials.

(To—Tsi-0)
=0 510’ 4
(To—Tc-H) “)

where T,, Ts;_o and T._gyare the transmitted intensity of the baseline, of the bands characteristic of the Si-O
stretching mode and of the C-H antisymmetric stretching mode, respectively. Fig 8 gives the ratios T for the
compositions leading to materials. The results exhibit a clear increase of the Si-O contribution as the TEOS ratio
increases inside the mixture for all the materials.

The calculation of these ratios demonstrates that T seems to follow a linear law for all the materials (from 0 to 5
TEQOS), where the slope qualitatively measures the ability of the system to incorporate TEOS in the material. The
ratios of the different contributions of materials are proportional to the TEOS content of the initial mixture. The
slopes and the R2 of the regressions are reported in Table S3. The slope values of the different systems indicate
that the hydrochloric acid and the valproic acid seem to improve moderately the incorporation of TEOS in the
material (respective slope value of 0.85 and 0.98), in comparison to CO,, which exhibits the smaller slope value
(0.66). However, the slope value of the Hn-Val series has to be handled carefully considering that the intensity of
the C-H antisymmetric vibration mode can be affected by the C-H vibration and the OH vibration of the valproic
acid itself. The FTIR analysis testifies also to the presence of ammonium carboxylate species through the large
band located at 1540 cm™ as revealed for HO-Val, H1-Val and H5-Val in Fig S9.

The conclusions reached by the proposed model based on FTIR spectroscopy were then completed by 2°Si solid
state NMR. The silica matrix composition and the AUT/TEOS ratios were highlighted by 2°Si solid state NMR
measurements (Fig S10). This technique allows discriminating the nature of silicon atoms (those coming from the
siloxane part of the AUT and TEQS), and also their condensation state. The percentage of the different T* and Q*
substructures featuring the R-C-Si(OSi)xOHs.x and the Si(OSi)xOHax units respectively in the materials are
obtained by the deconvolution of the spectra (Fig S11) and are reported in Table S4. The spectrum of HO exhibits
two peaks at -59 and -67 ppm corresponding to T2 and T2 units, reflecting a relatively high condensation rate. The
Si—C bond is retained during the sol—gel reaction since only T* units were resolved. No resonance attributable to
SiO, groups (Q units) was observed for this material. The spectra of H1 and H5 exhibit two supplemental peaks
at -99 and -109 ppm attributed to Q3 and Q* units. These peaks are related to the introduction of TEOS in the
medium, and reveal a satisfying condensation of TEOS. In addition, the calculated ratios Q*/T* confirm a

composition close to the TEOS/AUT ratios introduced in the initial mixtures (Table S4). We can also note that no
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signal is visible at -47 ppm and -82 ppm, involving that no remnant unhydrolyzed monomers are present in the
materials [33]. The 2Si solid state NMR results of the H5-CO,, H5-Clp, H5-Piv, and H5-Val materials exhibit
comparable spectra than H5 (Fig S12) with mainly T3, Q® and Q* units, involving that whatever the catalyst

engaged in the preparation of the materials, the sol-gel process is well conducted and lead to a dense silica matrix.

From the different analyses, it appears that the introduction of TEOS seems to act in the self-assembly by reacting
with the siloxane part of the AUT molecules and this regardless of the amount of TEOS introduced or of the nature
of the curvature agent involved during the sol-gel process. Indeed, the structural study showed that TEOS seems
to act in the self-assembly by incorporating and swelling the structures. Although the curvature agent does not
affect drastically the quantitative introduction of silica units in the material, the interactions at the interface
governed by the ammonium species affect the shape of aggregates, therefore demonstrating that the curvature

agent acts as a critical morphological parameter.

In this system, the formation of an emulsion due to the immiscibility of TEOS in water could be responsible for a
large size distribution of objects in the resulting material. Furthermore the formation of fossilized emulsion

suggested by the morphology of the particles could be a direct consequence of this immiscibility.

In order to support this statement, it appears interesting to check whether, in a system without formation of
emulsion, if the sol-gel process leads to homogeneous materials in morphology and size. For this purpose, and
aiming at getting free from the problem of immiscibility of TEOS and water, a similar study was performed in
tetrahydrofuran (THF).

3.2. Systems evolving in THF: Tn-X series

The same experiment was thus reproduced with other organic solvents aiming at determining their roles in the
organization process and in the morphology of materials. THF was selected for its weak polarity. Oppositely to
the experiments performed in aqueous solution, all the Tn-X samples lead to white powders materials except TO-
Piv and TO-Val, which lead to clear soft materials. The study of the solvent effects on the chemical composition,

the structure and the morphology of the final materials was conducted in the same manner as previously described.

3.2.1.  Structure and morphology

The structural evolution is similar to that observed in aqueous solutions as TEOS content increases. A swelling

and an amorphization of the lamellar structures is observed (Fig S13).

Tn series

Beyond the similarities with the Hn series, Fig 9 illustrates morphological changes in the Tn series. Indeed, the TO
material prepared in THF without TEQOS first appears to be composed of planar nanoparticles stacked on top of
each other (Fig 9a), while the HO analogous material prepared in water does not exhibit any specific morphology.
In addition, instead of generating porosity, the introduction of TEOS in the composition seems to grow and connect
the initial planar objects, making them spherical first (Fig 9b), and then elongated (Fig 9c). The trend of the AUT

molecules to be aligned probably influences the growth along one direction.
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Owing to the polarity of the THF solvent, these morphological differences could be explained by the absence of
the TEOS/THF emulsion. Therefore, the AUT molecule, the TEOS and the catalytic amount of water are totally
solubilized, leading to particle sizes relatively monodisperse. A similar phenomenon leading to connected
aggregates was observed in pentane, which is also able to solubilize the TEOS and the AUT molecule before
hydrolysis. However, the particle morphologies are less defined and the distribution of particle sizes is larger (Fig
S14). The introduction of the catalytic amount of water is significant enough for the formation of an emulsion in
pentane. As the hydrolysis and condensation reactions occur, the water is consumed and the emulsion disappears,

leading to collapsed aggregates.

Insofar THF seems to meet most of the requirements sought for good solvent to prepare homogeneous materials,

we focus our study on the exploration of the curvature agent effects in THF.

Tn-CO2 series

As expected, the bubbling of CO- gas into the solution does not affect the structural evolution as the TEOS ratio
increases as shown in SAXS measurements (Fig S15). However, in an opposite way to the Tn series materials, the
particle size of Tn-CO; series materials decreases with the addition of TEOS. Starting from large merged spherical
particles of size around 30 um for TO-CO, material (Fig 10a), the particles become smaller with only one
equivalent of TEOS in T1-CO; (Fig 10b), until reaching 50-100 nm for T5-CO; (Fig 10c). Such a particular
morphology is probably inherent to the use of carbon dioxide, which reacts with the amine of the AUT molecule.
The carbamic acid therein formed at the interface between the bilayers could give sufficient interactions for a

packing on large distances.

The addition of silica units inside the bilayers involves a swelling of the structure which introduces a bending at
the surface. The main difference between the preparation of Tn and Tn-CO3 series is the kind of catalysis used for
the sol-gel process. Indeed, the preparation of the first one is enhanced by the association of the amine of the AUT
molecule and water, while that of the second series is enhanced by a catalytic amount of hydrochloric acid. We

therefore suggest that the hydrochloric acid was responsible of the reversal growth.

Tn-Clp series

The use of hydrochloric acid without carbon dioxide validates this hypothesis through the Tn-Cly series. The
difference between the preparation of the Tn and Tn-Cl, series is only the sub-stoichiometric amount of
hydrochloric acid. The difference between the preparation of Tn-CO; and Tn-Cly, series is the ammonium species
(carbamate or chloride). These weak changes in the composition seem to bring critical morphological differences
compared to the Tn series but not in regards of the Tn-CO; series. Indeed, while the T5 materials was composed
of elongated objects possessing a section of about 400 nm, the SEM images of the T5-Cl, material exhibit
nanoparticles (Fig 11a) similar to those observed for T5-CO; (50-100nm). The inset in Fig 11a also reveals a very
well organized packing, which can be explained by the interconnection of the nanoparticles as seen from the TEM

analysis (Fig 11b).

Tn-Ac, Tn-Piv and Tn-Val series
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The morphological effect of other curvature agents such as acetic acid, pivalic acid and valproic acid has also been
explored. The T5-Ac, T5-Piv, and T5-Val materials are prepared with 4.1 equivalents of corresponding acid per
AUT molecule in order to maintain a constant acid concentration in all series. Even if the number of curvature
agent equivalents is not comparable between T5-Cly, and the other samples, we note some similarities concerning
the morphology (Fig 12). The SAXS profiles of T5-Cl,, T5-Ac, T5-Piv, and T5-Val are all almost identical (Fig
S16) indicating a similar swelled meso-structure. The SEM images of these materials reveal the formation of
nanoparticles. However, the particle shape of T5-Ac and T5-Val materials looks spherical and non-connected (Fig
12a & 12c¢), while that of T5-Piv is less easy to determine (Fig 12b).

In order to get more information on the size distribution of particles, we performed DLS measurements. The
dispersion of the particles of the different materials was not easy. The resulting DLS correlogramm of the
suspensions did not lead to relevant interpretations due to the strong interactions that seem to stick the particles
together. For that purpose, we performed DLS measurements directly from the supernatants of the fresh
suspensions from the different materials. Ethanol was added to meet the requirements of turbidity and viscosity.
The measurements of T5 and T5-CO; suspensions were unfortunately not interpretable. The results reported in
Table S5 are in agreement with the typical distances observed in the SEM images. Both analysis methods converge
toward the same conclusion: the use of carboxylic acid allows increasing the particles sizes compared to the
hydrochloric acid. Furthermore, we also observed a size difference for T5-Piv and T5-Val compared to T5-Ac,

involving that the particle size does not only depend on the catalytic activity but also on the curvature agent size.

3.2.2. Chemical composition of the solids

Depending on the TEOS content in the initial mixture, FTIR spectroscopy shows that the final material
composition follows a distinct evolution than the one observed for materials prepared in aqueous solution. The
values evolution featuring the ratio between the organic contribution (undecyl chain of AUT and organic catalyst)
and the silica contribution (coming from the condensation of the siloxane part of AUT and TEOS) are showed in
Fig 13a.

Contrarily to the materials prepared in water, the T values of most of the materials prepared in THF do not follow
a linear law as the TEOS increases. The materials series prepared without curvature agent and with CO2 do not
exhibit linear evolutions as the TEOS content increases. The T1-CO, material exhibits a T value of 4.1, signifying
an important silica unit content coming from TEOS in the material. Then this trend seems to be attenuated for T5-
CO..

This observation suggests that the condensation kinetic of TEOS is favored in comparison to that of AUT and the
ratio meets an equilibrium. Owing to the ability of the primary amine function of the AUT molecule to trap CO
from air, it is not surprising to observe the same phenomenon for the Tn series. Nevertheless, the equilibration

does not seem to be reached.

The compositions containing the hydrochloric acid leads to materials whose evolution can be simulated by a
straight line with R2 close to 1 (Table S6). The slope values differ according to the curvature agents. Therein, we

highlight the more important content of silica units coming from TEOS for Tn-Cly series than for the others.
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Otherwise, provided that the slope of the Tn-Cl, series is more important than that of the homologous material
prepared in water Hn-Cly, we can assume that the THF and the corresponding homogeneous media favor the

condensation of TEOS in regards to the AUT molecules with hydrochloric acid.

The acetic acid seems to favor the condensation of AUT molecule compared to the TEOS molecule. As for Tn-
Piv and Tn-Val series, the slopes are close to 1. However the intensity of C-H antisymmetric vibration mode was
affected by the C-H vibration and the OH vibration of the carboxylic acids, specifically for Tn-Piv and Tn-Val
series. The slope values have thus to be handled carefully. Comparatively to the experiment in water, the slope
observed for Tn-Val series was similar than the slope simulated for Hn-Val series, indicating that the THF did not

promote the condensation reaction kinetic of one of the condensable molecules.

The FTIR spectra also reveal the presence of the ammonium carboxylate species in samples prepared with
carboxylic acid as shown from the Tn-Ac series spectra illustrated in Fig S17. The evolution of 7’ values calculated
from the equation 2 allows evaluating the contribution of the vibration mode of carboxylate groups (T¢-o- at 1540
cm) compared to that of C-H bounds (T;_y4- at 2920 cm™).

1 _ To—Tc=0"
7 = fofe=o” 2
To—Tc-H ( )

Fig 13b exhibits the trends of 7’ as the TEOS increases in the mixture for the Tn-Ac, Tn-Piv and Tn-Val series.
The results clearly reveal the decrease of the carboxylate contribution in regards to that of C-H bound as the TEOS
increases in the mixture for the three considered series. Nevertheless, while the 7’ values of the Tn-Ac series are
slightly affected by the TEOS addition, those of Tn-Piv and Tn-Val series are drastically reduced. By extrapolating
these results, the ratios between AUT and carboxylic acid decrease with the addition of TEOS, in particular for

the pivalic and the valproic acid.

The same trend was observed for the Hn-Val series prepared in water (Fig S18), suggesting that the change of

solvent is not involved in this phenomenon.

This phenomenon can be linked to the evolution of the surrounding medium as the sol-gel process occurs. The sol-
gel process can be dissociated in two steps, namely the hydrolysis and the condensation. In regular sol-gel process,
these two steps usually lead to ethanol coming from the ethoxysilane groups. In a sol-gel process where carboxylic
acid performs the catalysis, the mechanism is not very well known. However, it has been demonstrated that the
carboxylic acids react with siloxane groups, generating silyl-ester complexes very reactive in regards to other
siloxane groups [34]. This study has showed that the carboxylic acid is consumed during this mechanism, leading
to ether. Therefore, it is possible that a non-negligible quantity of carboxylic acid stays in solution under silyl-ester
complex form or is consumed. The resulting amount of carboxylic acid which can contribute to the formation of

ammonium complexes is therefore reduced.

Otherwise, the terbutyl and pentylpropyl groups of the pivalic and valproic acid respectively are electron-donors.
The protons of the carboxylic groups are thus less labile compared to that of the acetic acid. The resulting
ammonium carboxylate complexes are probably less stable in media containing a large amount of ethanol provided
by the aforementioned sol-gel process. In addition, these differences in regards to the donor character also act in

the catalytic properties and the stability of the corresponding silyl-ester complex intermediates. Therefore, the

15



evolution of the particle size of T5-Ac, T5-Piv and T5-Val has to be compared to their respective ratio 7’ featuring
the molar ratio between the curvature agent and the AUT molecule into the materials. In addition, the gold Np test
shows the presence of amino functions at the surface of hybrid nanoparticles for Tn-Val (Fig S19). We assume
that the increase of the particle size results of a less intense confinement of self-assembly around the silica
aggregates due to a lower 7’ ratio. A reduced confinement offers more volume for the insertion of the silica

precursor in the aggregates and lead to larger particles.
4. Conclusion

In this study, we attempted to show the morphological versatility offered by this so-called “one pot” synthesis,
resulting of combinatory effects of the addition of TEOS and of the role of curvature agent played by the counter-
ion involved during the sol-gel process. Although the curvature agent does not affect drastically the quantitative
introduction of silica units in the material, the interactions at the interface governed by the ammonium species
affect the shape of aggregates, making of the counter-ion a critical morphological parameter. The morphology of
the particles is also closely linked to the immiscibility of TEOS in water. The Fig 14 illustrates different
morphologies of silica materials tuned by changes of experimental conditions, such as counter ions, addition of
TEQS, and solvents (water or THF), in the sol-gel process using amino-undecyl-triethoxysilane as amphiphilic
organosilane. We have shown that it is possible to obtain macroporous materials, blackberry-like and spherical
particles, vesicles and nanoparticles whose size can be modulated as a function of the counter-ion. As summarized
in Fig. 14, without counter-ion in water we observed macroporous beads when TEOS is added during the sol gel
reaction, where connected planar nanoparticles are obtained in THF. In contrast, the ammonium chloride based
material led to blackberry-like particles in water which seems to be progressively smoothed by the addition of
TEOS. Such a composition in THF exhibits well define nanoparticles. For the materials prepared by using acetic
acid as counter-ion, vesicles were obtained with and without TEOS in water instead of nanoparticles in THF. In
the meantime, the structural effects of the addition of TEOS appear unequivocal. Indeed, the TEOS addition acts
in the self-assembly by incorporating and swelling the structures aside from the counterion of the ammonium
species or the solvent. Among the tested compositions, different kinds of aggregates were prepared, and their
morphologies are compatible with large accessible surface in the final material. Primary amino group is one of the
most attractive surface functionality owing to its use as ligand for various metal ions or as precursor group for
post-functionalization. From this chemical versatility combined to the tunability of the structure and the

morphology, many applications could ensue in the fields of solid phase extraction or biotechnology for instance.
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Scheme 1: Methodology for the preparation of the Hn-X series.
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Scheme 2: Methodology for the preparation of the Tn-X series.
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Table 1: Molar ratios of the Hn-X series AUT/TEOS/Catalyst

AUT/TEOS/ Hn Hn-Clb Hn-CO2 Hn-Cla Hn-Ac Hn-Piv Hn-Val

1/0/ 0 0.3 1 1 1
1/0.5/ 0 0.4 -

11/ 0 0.5 1.6 1.6 1.6
1/1.5/ 0 0.6 -

1/5/ 0 4.1 4.1 4.1

1/10/ 0

Ligh grey : basic condition ; Dark grey : acidic condition

Table 2: Molar ratios of the Tn-X series AUT/TEOS/H,O/Catalyst

Tn-CO;
AUT/TEOS/HO/  Tn Tn-Ac  Tn-Piv  Tn-Val
Tn-Cly
1/0/1.5/ 0 0.001 1 1 1
1/1/3.5/ 0 0.002 1.6 1.6 1.6
1/5/11.5/ 0 0.006 4.1 4.1 4.1

Ligh grey : basic condition

20



1004

F.'A 104

Intensity (cm
T

©
-
I

o

o
OH
N

g (nm)

Fig. 1 SAXS profile of samples HO (grey straight line), H0.5 (dashes), H1 (dots), H1.5 (rings) and H5 (black
straight line).
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Fig. 3 Schematic representation of the formation mechanism of macroporous beads coming from double

emulsion of water droplets trapped in TEOS droplets in water.
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Fig. 4 SEM images of materials a) HO-Cly, b) H0.5-Cly, ¢) H1-Cly, d) H5-Cl,
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Fig. 5 SAXS profiles of a) HO-Cl,, H1- Cl,, and H5- Cly; b) HO-Ac, H1- Ac, and H5- Ac.
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Fig. 6 Wet STEM images of suspensions a) H5-Cl, and b) H5-Ac.
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Fig. 7 SAXS profiles of a) HO-Piv, H1-Piv, and H5-Piv; b) HO-Val, H1-Val, and H5-Val.
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Fig. 8 Evolution of 7 as function of the TEOS number introduced in the initial mixture for the materials of the

Hn, Hn-CO,, Hn-Cl,, and Hn-Val series.
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Fig. 9 SEM images of a) TO, b) T1 and c) T5 materials.

Fig. 10 SEM images of a) T0-CO, b) T1-CO, and c¢) T5-CO, materials.

Fig. 11 a) SEM images of T5-Cly, b) TEM image of T5-Cl.
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Fig. 12 SEM images of a) T5-Ac, b) T5-Piv and ¢) T5-Val materials.
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Fig. 13 a) Evolution of t as a function of the TEOS number introduced in the initial mixtures for the materials of

the Tn-X series; b) Evolution of 1" as function of the added TEOS number in the initial mixtures for the materials
of the Tn-X series (X= Ac, Piv and Val).

TEOS
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Fig. 14 Schematic representation summarizing the morphological effects of TEOS addition depending on the

solvent and the counter-ion associated to the amino function of the AUT molecule.
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