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Abstract

The silica hybrid materials prepared from tailor-made precursors with different headgroups in several
experimental conditions (acid or base catalysis in water or THF) were studied in order to identify the
structure directing mechanisms. By infrared spectroscopy and small-angle X-ray scattering and
thermogravimetric analysis, it was found that the molecular interactions such as Coulomb interactions,
vdW forces, hydrogen bonds and sterical factors that are strongly influenced by the experimental
conditions, orient the main structural features. Secondarily, the chemically directed connectivity of the
growing Si-O-Si network nuances the final structure. Finally, on heating to 130 °C, lamellar structures
remained stable whereas the deformation of hexagonal and cubic stuctures shows metastability. The
results can be regarded as an interaction tool box for “all-in-one” material chemists.

Introduction

Inorganic-organic hybrid materials advantageously combine the properties of modulable organic
moieties and robust inorganic matrices.! To successfully tailor physical and chemical properties of the
material, the efficient incorporation of the required organic moiety and the controlled formation of the
inorganic matrix are crucial. To this end, the sol-gel process of silica materials has become a considerable
tool due to the, often, mild reaction conditions and convenient reaction kinetics. Adapting the nature of
the precursor and the reaction conditions (solvent, temperature, catalyst...) the synthesis of a wide
variety of silica hybrid materials (SHMs) is possible. Classically, it is done in a two- or multi-step
procedure. In most cases, first, the inorganic matrix is created by applying the principles of soft matter
structuring to control porosity and wall properties. In a second step, the structure directing template
molecule is removed by thermal or chemical treatment or washing. Finally, the organic function is
introduced by post-functionalization. Although well-studied and, thus, effective, this approach has
several disadvantages. The synthesis of the inorganic matrix is associated to a large production of waste
like the template surfactant and the washing solutions. This includes the thermic cost of template
removal by combustion. Despite the fact that these disadvantages might be outsourced by buying a
commercially available product, for example, SBA-15, their negative impact persists and the client loses
the access to a tailor-made product. Moreover, during the post-grafting step, several problems can occur
such as the pore clogging due to the limited accessibility of molecules to the pore wall surface?™, the
inhomogeneity of the grafting®® and a wall-facing functional group orientation®. An alternative approach
for the synthesis of tailor-made SHMs is a unimolecular “all-in-one” approach. It consists in combining
the required components — silica precursor, template molecule, organic moiety — into one single
precursor molecule - the organosilane precursor - that forms the desired material under the right
reaction conditions. Ultimately, this approach has the potential to eliminate all of the mentioned
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disadvantages of the classical multistep approach. No sacrificial template molecule is used that needs
subsequent removal. The structuring is piloted by the interactions between the precursors that are
conditioned by the reaction parameters. The porosity of such a material will not be clogged in a post-
functionalization step since the organic moiety is already incorporated. Hence, inhomogeneous grafting
and wall-facing groups are avoided.

In the last decade, this concept was explored to form a variety of original bridged silsesquioxanes”’ by
playing with several parameters of which the interactions such as mn-stacking, hydrophobic interactions
or hydrogen bonding. Following the same unimolecular all-in-one approach, the aim of this study is to
work towards the generalization of the effects of different reaction parameters on the resulting material
structure. To this end, several home-made organosilane precursors® (see Figure 1) with amine or alkyl
groups and functional groups effective at rare earth extraction!®?° were polymerized under different
reaction conditions and, then, thermally treated (see Figure 2).

The reactions to form the silsesquioxanes were carried out in aqueous solution or in tetrahydrofuran
(THF) under acidic or basic catalysis. More information is provided in the ESI or in literature.?®

Using thermogravimetric analysis (TGA), infrared spectroscopy (FT-IR) and small angle X-ray scattering
(SAXS), three different factors driving the properties of the sol and the final materials were considered:
(i) the silica condensation mechanism of the inorganic part of the precursors as a function of pH and the
solvent; (ii) the organic functional group of the precursors and their steric and electronic properties and
(iii) the interactions between the organosilanes driven by the functional group, the pH and the solvent.
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Figure 1. Organosilane precursor molecules used in the present work.
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Figure 2. Overview of the silsesquioxane precursors, the experimental conditions used to prepare the SHMs with their references where X is
1, 2, 3, 4 or 5 depending on the precursor.



Results and Discussion

This section is separated into three parts that thoroughly investigate the material structure in a
hierarchical manner. Beginning with the composition and the molecular structure, going to the
supramolecular organization, this section ends with the morphology at the mesoscale. Afterwards, the
results are discussed along the lines of the three mentioned factors in order to propose the material
formation mechanisms.

Composition and molecular structure

The material composition was investigated using FT-IR and TGA. Figure shows the FT-IR spectra of
the resulting materials before (black) and after thermal treatment (coloured). Some data was already
published in another context.?! In all spectra, characteristic peaks of the present SHMs are found (vi-ve).
They are common to all materials such as the C-H stretching mode of the triazole moiety (~3130 cm?,
vi), the asymmetric (~¥2920 cm™, v2) and symmetric (~2850 cm™, v3) CH: stretching modes, the C=C
stretching mode of the triazole moiety (~1460 cm™, va) that is split for P3 due to conjugation with C=0
(vaa, vab), the Si-CH»- stretching mode (~1210 cm?, vs), and the various Si-OH stretching modes (~1020-
930 cm™?, v6).2272* These peaks confirm the retention of the Si-C bond and the triazole moiety. For P3-
TB/-A, the broad peaks between 3400 and 2400 cm™ around the C=0 mode, and at 1400 cm™ reveal the
formation NH4Cl due to an unintended addition HCI to the sol that was not properly removed. In the
following, the results data for this material are, nonetheless, presented but not discussed. After the
thermal treatment, an expected attenuation (sometimes even disappearance) of the Si-OH peaks is

observed.
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Figure 3. FT-IR spectra of the obtained materials before (PX-YY) and after thermal treatment (PX-YY-A). The left-hand side (a) and c)) show the materials prepared from aqueous
solution while the right-hand side (b) and d)) shows the materials prepared in THF.
Catalysis was acidic for the materials shown in a) and b) and basic for the materials shown in c) and d). The grey insets highlight the regions were the characteristic signals for ladder

or cage-like supramolecular structures are found. Some of the data was already published in a different context.



This process indicates the advancing condensation of the Si-O-Si network. Consistently, the intensity of
the peaks in the region between 1200 and 1000 cm™ that are assighed to the Si-O-Si stretching modes
increases. Furthermore, some precursor specific peaks are observed corresponding to the N-H bending
mode of the primary amine of P1 (~1660 cm™, 81) and the C=0 stretching modes for P3, P4 and P5 in the
region comprised between 1800 and 1600 cm™. For the latter, the different carbonyl functions are
identified. P3 materials show a single peak that is assigned to the methyl ester and for P4 the large peak
is composed of the 3° and 2° amide. No change is observed after thermal treatment. For P5 the situation
is more complex. A zoom on the region (see Figure S1 ESI) reveals three different peaks. The ester peak
at ~1740 cm® shows an intensity decrease after the thermal treatment. The other two peaks are both
attributed to the 2° amide. The reason for this splitting may be the formation of hydrogen bonds that
typically lead to a red-shift. For the fresh material, this leads to a shifted peak at 1650 cm™It is probably
overlapped by the bending mode of residual water. After thermal treatment, this peaks intensity strongly
decreases for the benefit of the free 2° amide peak (1690 cm™).

The region between 3600 and 2800 cm™ contains the merged peaks of several X-H (X = H-O, N, Si-O)
bonds. For all materials, the intensity of this region decreases after the thermal treatment due to the
evaporation of residual water and the condensation of free Si-OH bonds. In this region, a peak of low
intensity residual intensity is observed in the cases of P1, P4 and P5 due to the N-H bonds. It should be
noted that for the acid catalysed fresh materials from P1 (P1-HA, P1-TA) a particular peak between 3000
and 2800 cm™ is observed. This peak disappears after the washing with a basic solution. The
simultaneous absence of 61 indicates the formation of a primary ammonium group. Another particular
feature is the sharpness of the broad peak for the fresh P5 materials at 3280 cm™ that indicates water

2527 This supports the presence of hydrogen bonding in the fresh materials P5-HB and

hydrogen bonding.
P5-TB between residual water and the 2° amide.

TGA results in Figure were used to assess the Si-O-Si network condensation and to calculate the
molecular weight of the final material. For all materials, the weight loss occurs in consecutive but
indistinguishable steps beginning around 200 to 300 °C which is characteristic for the decomposition of
the triazole group.?® The absence of weight loss at lower temperatures which would be typical for water
evaporation or Si-OH condensation, confirms the effective network consolidation. After 600 °C, the
residual mass remains constant indicating the complete decomposition of the organic part. FT-IR
investigations after the measurement (see Figure S2 ESI) show that the material heated to 1000 °C is
ssentially Si02.%

Exploiting the molar equivalence of silicon in the residual and the thermally treated material using (1)

Msio,

Mpcs = 100 * =316+ 20 g mol™! (1)

W700°c
where Mraa is the molecular weight of the material as determined by TGA, Msio2 the molecular weight
of silica (60.09 g mol) and wrooc the residual mass percentage at 700 °C, the molecular weight was
calculated. The results are shown in Table 1.
For all materials, the calculated molecular weights are in good agreement with the theoretical data. A
small tendency towards overestimation is noticed which might be due to incomplete condensation of
the Si-OH groups.
Concluding the first part, the molecular structure of the synthesized silsesquioxanes was confirmed for
all obtained materials by the identification of all relevant peaks in the FT-IR spectra. Concerning the
composition, an incomplete condensation is observed for the fresh materials by the presence of the Si-
OH peak. After thermal treatment, the attenuation of this peak indicates the Si-O-Si network
condensation. Moreover, the molecular weights obtained by TGA confirm this observation. Finally, some
particularities are observed in the FT-IR spectra that are discussed in a later context.
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Figure 4. TGA weight loss curves for the obtained materials after thermal treatment sorted by precursor. The dashed line highlights the final residual mass.

Table 1. Residual masses and the corresponding molecular weights of the obtained materials after thermal treatment as determined by TGA. The last column shows the calculated
theoretical molecular weight of the completelv condensed precursor.

Material w700°C (w%) Mrca (g mol?) Material w700°C (w%) Mrca (g mol-1) Mtheo (g mol?)
P1-HA-A 19+1 31620 P1-TA-A 19+1 31620

P1-HB-A 20+1 300+20 P1-HB-A 18+1 333+20 308
P2-HA-A 17.5+1 343120 P2-TA-A 18+1 334120

P2-HB-A 17.5+1 343120 P2-TB-A 19+1 317+17 W
P3-HA-A 16+1 37625 P3-TA-A 17.5%1 342425

P3-HB-A 16+1 37625 P3-TB-A 376
P4-HB-A 12.5+1 481+30 475
P5-HB-A 15+1 401+30 P5-TB-A 15+1 401+30 432

Supramolecular organization

FT-IR data (see Figure ) were used to determine the arrangement of the monomers inside the
silsesquioxanes as described in literature.?°-32

First, the position of the asymmetric CH2 stretching mode (v2) and the intensity ratio of the asymmetric
to the symmetric mode Ry, = I(v;)/I(v3) gives information on the alkyl chain conformation. Second,
the two broad peaks between 1200 and 1000 cm™ give information on the geometry of the Si-O-Si
bridges that relates to the overall structure of the inorganic phase. In silsesquioxanes, they are typically
assigned to cage-like motifs (Pc, ~1110 cm™) and open chain or ladder-like motifs (P., ~1020 cm™1) 31,33
Their ratio Rg;0s;i = I(P;)/I(P,) indicates the predominant motif. The values for the materials prepared
from P3 need to be taken with care and those for P4 and P5 were not calculated because of the overlay
with carbonyl related peaks. The obtained values are shown in Table 2.



Table 2. Data of the FT-IR analyses concerning the supramolecular organisation. The columns list the position of the asymmetric CH; stretching mode, the ratio Ry and the ratio

Rsiosi-

Material Pos vz (cm?) Ralkyl Rsiosi Material Pos vz (cm?) Raikyl Rsiosi
P1-HA-A 2921 1.27 0.77 P1-TA-A 2921 1.25 0.9
P1-HB-A 2921 1.3 0.81 P1-TB-A 2921 1.26 1.18
P2-HA-A 2920 1.34 0.74 P2-TA-A 2919 1.37 0.44
P2-HB-A 2920 1.4 0.98 P2-TB-A 2919 1.35 0.43
P3-HA-A 2920 1.34 0.75 P3-TA-A 2921 1.35 0.79
P3-HB-A 2920 1.36 0.71 P3-TB-A 2920 1.31 0.94
P4-HB-A 2921 1.5

P5-HB-A 2918 1.34 P5-TB-A 2919 1.34

All materials show an extended all-trans configuration of the alkyl chains (Pos(vz2) = 2920 cmY,
1.2<Raiyi<1.4) except one. For P4-HB-A the ratio is superior indicating a (partially) collapsed alkyl chain.
Concerning the Si-O-Si geometry, the tendencies vary between the precursors. For the materials
synthesized from P1, the synthesis in THF yields higher shares of cage-like motifs than synthesis in
aqueous conditions. In both cases base catalysis yields the highest share of cage-like motifs. For P2,
synthesis in THF leads to overall higher shares of ladder-like motifs without a clear distinction of acid or
base catalysis. Under aqueous conditions, the share of cage-like motifs is higher, especially with base
catalysis. For P3-HA-A, P3-HB-A and P3-TA-A, a dominance of ladder-like structures is observed. The
share of cage-like motifs is slightly higher for P3-TB-A.

Major influences on the ratio of cage- to ladder-like motifs are the precursor and the water concentration and
the pH during the sol-gel process.343% Under basic conditions, coherent with the known strong ramification, a
tendency to cage-like motifs is observed. The degree depends on the solvent and the precursor. For P2, the
influence of precursor solubility and water concentration are coherent with literature. The higher solubility of
the hydrophobic precursor in THF than in water and the lower water concentration in THF lead to a higher
share of ladder-like motifs. For the precursors P3 and P1 the difference is less obvious because of the more
complicated molecular structure. Precursor-specific effects arise from the interactions between the functional
groups and the solvent. This is complicated further by the protonation and the bola-amphiphilic character in
some cases. A more thorough discussion is given ulteriorly.

Mesoscale structuring

Lastly, the morphology at the mesoscale is characterized. To this end, SAXS as performed. The results
are shown in Figure .

For all materials, at g <1 nm™, a slope proportional to q* where a is comprised between 3 and 4 is
observed. This indicates solid materials varying between smooth (a = 4) and rough (a = 3) surfaces. At
higher g, several Bragg peaks can be observed, that allow the assignment of different mesophases. For
the materials synthesized from P1, the assignment is possible for the materials P1-HB/-A and P1-TA/-A.
The equidistant positions of the Bragg peaks (gxoo) indicate a lamellar structure. After the thermal
treatment, the Bragg peaks shift to higher g and a repeat unit length of 3.6 nm is found that corresponds
to two extended precursor molecules.!® The shift indicates a material contraction and is more distinct
for the materials synthesized under basic conditions. A possible explanation is the release of CO> due to
the thermal decomposition of carbamates that are formed in situ, as reported in an earlier study.!® For
P1-TA-A the repeat unit length is confirmed by TEM (see Figure S3 a and b) ESI). For the other materials,
a structure assignment is ambiguous. For P1-TB/-A the presence of two peak no structure can be
identified which is confirmed by TEM (see Figure S3 c) ESI). For P1-HA/-A, a lamellar structure is
suspected but the peak width and the absence of higher order peaks impedes a conclusion.
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Figure 5. SAXS patterns of the obtained materials before (PX-YY) and after thermal treatment (PX-YY-A). The left-hand side (a) and c)) show the materials prepared from aqueous
solution while the right-hand side (b) and d)) shows the materials prepared in THF. Catalysis was acidic for the materials shown in a) and b) and basic for the materials shown in c)
and d). The highlighted g values show Bragg-peaks that indicate the mesostructure as discussed in the text. The colour of these highlights indicates their assignment to the
untreated (black) or the thermally treated samples (coloured).

For all P2-materials, the Bragg peaks allow the assignment of a lamellar structure. The increasing peak
sharpness and the visibility of higher order peaks indicate increasing lamellar characteristics in the order
P2-TA = P2-TB < P2-HB << P2-HA. For these materials, a peak attenuation for even-order peaks is
observed that is due to a particularity in the scattering length density (SLD) distribution.3”:3® After thermal
treatment, some peak smoothing is observed and a loss of long-range can be concluded. An exception is
the material P1-HB where the intensity of peak qioo increases. This is explained by the high share of cage-
like motifs. Indeed, these motifs act as defects in the lamellar structure. Upon further condensation
during the thermal treatment, their SLD increases and thus the peak intensity. In the other materials,
less cage-like motifs are observed by FT-IR rendering the effect invisible. For the materials synthesized
from P3, the larger repertory of structures is found. Thanks to the presence of high-order Bragg peaks a
lamellar structure for P3-HA, a D-bicontinous mesophase in a cubic lattice for P3-HB3°, and a 2D
hexagonal structuring are concluded. After thermal treatment, P3-HA-A shows a contraction to a repeat
unit length of 4 nm that corresponds to two extended precursor molecules. At the same time, some peak
smoothing is observed that indicates the loss of long-range order. For the other materials, a significant
loss of order is observed that is categorized as amorphization.



For P4-HB/-A, a single large peak at ~4 nm™ is observed. The absence of further peaks indicates an
amorphous structure. For the materials prepared from P5, the interpretation of the scattering patterns
is not straightforward due to the complexity of the SLD profile. For P5-HB/-A, the Bragg peaks noted gx:
to gus are at positions that are characteristic of a 2D hexagonal structure. The first peak at g = 1 nm™ (6-
7 nm real space) is hard to distinguish due to its position on the slope. After the thermal treatment, the
broadening peaks indicate increasing disorder. Finally, for P5-TB/-A, a qualitative fit was done in order
to interpret the patterns (see Figure 6). This simple fit simulates a lamellar structure of condensed
precursor double layers. It does not claim a remodelling of the exact structure but serves as a guide to
identify at least the second order peak (gz00) and its position using reasonable SLDs and SLD changes.
The peak shift indicates a dilation of the lamellar structure from 6 to 6.7 nm after the thermal treatment.
Knowing from FT-IR that the alkyl chains are in an extended configuration, this corresponds to a change
from intercalated to end-to-end arrangement of the lamellae. On a final note, it is mentioned that, both,
P5-HB and P5-TB show several Bragg peaks in the WAXS region (q > 10 nm™) of the pattern (see Figure
S4 ESI). They are more pronounced for P5-TB but disappear for both materials after the thermal
treatment.
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Figure 6. Scheme of the modelled evolution of material P5-TB upon thermal treatment.
The centre figure is calculated using the fit parameters that produced the fits in Figure
c).

Discussion

Regarding the obtained results, several SHM formation mechanisms are proposed taking the factors
introduced earlier into account. They are (i) the silica condensation mechanism depending on pH and
solvent, (ii) the organic functional group and its steric and electronic properties, and (iii) the interactions
between the precursors driven by their molecular structure, the pH and the solvent. An overview of the
results is shown in Figure 7.

In the case of P1, the share of ladder- or cage-like motifs is mostly directed by the silica condensation
mechanism. Whatever the solvent, base catalysis leads to a higher share of cage-like motifs than acid
catalysis. Intermolecular coulomb interactions could come into play in a mesoscale structure-
determining mechanism: The lamellar character of the materials is most pronounced for P1-TA/-A and
P1-HB where the latter and the subsequent amorphization is largely explained by a mechanism described
in literature.'® For P1-TA/-A, the proposed mechanism is organised by the charge-forming protonation
of the amine group. Indeed, the acid induced protonation creates a charged ammonium headgroup that,
in THF, tends to form counter-ion pairs. A hydrated, hydrophilic pseudophase is thus created with several
of the precursor molecules.
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Figure 7. An overview of the discussed material morphologies and the required conditions to synthesize them.

The, thereby, induced local proximity of the silanol groups gives place to lamellae after condensation
as displayed in Figure 8. This effect is less structuring in aqueous solution where a less organized
structure is observed.
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O NN
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Figure 8. Schematic representation of the structural organization determined for the
material P1-TA/-A.

For P2, the silica condensation mechanism leads to more ladder-like structures under acidic
conditions compared to basic conditions. Otherwise, the only potentially strong interactions are vdW
forces between the precursors in solution. They have stronger effects in water than in THF. A
combination of both factors allows the explanation of the lamellar characteristics in the order P2-TA =
P2-TB < P2-HB << P2-HA. The solvent nature divides the less structured (THF) from the more structured
(water) lamellar morphologies by the effect of vdW forces.

The silica condensation mechanism, then, separates depending on the catalysis conditions.

In THF this effect is insignificant. In water, however, this leads to different shares of of ladder- and
cage like motifs. Under acidic conditions, P2 assembles in an extended ladder-like fashion, which finally
favours the formation of lamellae. This is illustrated in Figure 9.
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Figure 9. Schematic representation of the structural organization determined for the
material P2-HA/-A.



The materials prepared from P3 show less impact of the catalysis conditions on the share of ladder-
or cage-like motifs. The effects of vdW forces between and the steric hindrance of the precursors show
a stronger impact. Like observed for P2, in aqueous solution, the vdW forces of the rather hydrophobic
P3 lead to highly structured morphologies. In the SAXS patterns, this is highlighted by the sharp peaks of
the materials before thermal treatment.

The observed D-cubic bicontinous and hexagonal phases (see Figure 10) are induced by the branched
methyl ester head group that is rigid due to its conjugation with the triazole group. During self-assembly,
this steric hindrance, in analogy to surfactant-based soft matter structures, leads to structures with a
mean curvature k < 0. This is energetically favourable.?® It is important to note that, for bicontinous
phases, the average curvature remains close to zero. This explains the possibility a lamellar phase with
the same precursor under different conditions. After the thermal treatment, only the lamellar structure,
however contracted, remains observable. The curved structures are severely deformed due to the
condensation of the free silanol groups.

B SiO;

B CO,Me
B Triazole

Figure 10. Schematic representation of the structural organization determined for the
materials a) P3-HB and b) P3-TA.

Lastly, for the diglycolic acid derivatives (P5), hydrogen bonding is suspected to be responsible for the
observed mesophases. As discussed for the scattering patterns (see Figure 5), a headgroup intercalation
occurs that disappears together with the residual water after the thermal treatment. A clear link can be
established using the peak shift and the hydrogen bonding evidence in the FT-IR spectra. Indeed, it can
be supposed that the formation of hydrogen bonds involving residual water and the carbonyl functions
is the driving force for the intercalation.

The Bragg peaks observed in the WAXS patterns support the existence of such an ordered phase.

Mechanistically, the different mesophases may be caused by the persistence of hydrogen bonds in
organic solvents up to high dilution in the form of agglomerates. In THF, these agglomerates would be
formed by the intercalating headgroups and the limited quantity of water (r = 40) that probably would
be energetically favoured in that configuration.
Due to the geometric constraints, the silanols, then, polymerizes to form a lamellar structure (see Figure
11). In water, a large excess of hydrogen bond donors is present and, thus, the headgroup hydration is
assured. This can lead to an apparent increase of the packing parameter® and, consequently, a 2D
hexagonal phase. After freeze drying, the hydrogen bonds persist thanks to residual water. Once this
required residue is evaporated, the intercalation disappears as well. For P4, this mechanism, a priori,
would be possible but is not observed. This might be due to the steric demand of the diethyl amide
group.
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Figure 11. Schematic representation of the structural organization determined for the
material P5-TB.



Conclusion

The present work gives, for the first time, a comprehensive overview of the complex interplay between
the factors that come into play during the all-in-one synthesis of SHMs. This includes strong interactions
such as Coulomb interactions, vdW forces and hydrogen bonds, and steric hinderance direct the
structuring that can be inherent, like the steric demand (P3), or caused by the reaction conditions,
protonation of P1 or the H-bonding for P5. Secondarily, the chemically directed connectivity of the
growing Si-O-Si network nuances the obtained structure. Observations are e.g. the varying lamellar
character for P2 or the structure change for P3. The factors act simultaneously and are responsible for
the resulting morphology. Generally, non-lamellar structures (hexagonal, cubic) are possible in a
metastable state. After the thermal treatment, the advancing condensation leads to their deformation.
For further studies, a generalisation of the identified interactions can be envisaged by exploring the
effects of precursor chain length or branched headgroups. Another level of complexity is possible by
introducing a second silane group.
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Material synthesis

The silica hybrid material (SHM) synthesis was adapted from literature.?

In a typical synthesis, 1.5 mmoles of organosilane precursor PX were added to 50 mL of water and
the pH was adjusted to basic (NH4OH, pH 9) or acidic (HCI, pH 1.5) conditions. After stirring for two
weeks in a sealed flask, the obtained precipitate was dried by freeze drying and washed with 60 mL
(3x20 mL) EtOH/water (1/1) followed by 60 mL (3x20 mL) of EtOH and analysed. Afterwards, the
materials were heated to 130 °C for 24 h to promote the condensation and washed in the same order
to remove possible degradation products.

1 Winkler, R.; Pellet-Rostaing, S.; Arrachart, G. Selective Extraction of REEs Thanks to One-Pot Silica Hybrid Materials. App!.
Sci. 2020, 10 (21), 7558.
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Figure S1. FT-IR spectra of the sample P5, ¥=1800-1600 cm™.
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Figure S2. Typical FT-IR spectrum of the residual material after the TGA analysis.

The peaks indicate crystalline silica structures like e.g. B-cristobalite.



Figure S3. TEM images of samples: a) and b) P1-TA-A and c) P1-TB-A.

The scale is represented on the lower right.
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Figure S4. WAXS patterns of materials P5-HB and P5-TB.

Table S1. Fit parameters for the qualitative fit P5-TB/-A.
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