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Highlight
•

Mesostructured “hybrids” containing silica and P123 triblock copolymers obtained by precipitation
(in acidic HCl solution) and spray drying are compared

•

A copolymer acidic hydrolysis is observed for all samples having been heated during synthesis
(that is, hydrothermal treatment for synthesis by precipitation, or drying temperature for spray
drying experiments).

•

1,2-ethanediol and peroxide traces associated with the copolymer oxidative decomposition are
identified by NMR.

•

The temperature of the heat treatment applied for HT is directly correlated with the remaining EO/
(EO + PO) weight %.

•

The NMR study of polymer chains mobility confirms the dehydration and retraction of hydrated
PEO chains from silica walls upon temperature increase.

•

We proved for the first time that this effect, now well known for precipitated SBA-15 materials,
also occur for spray-dried samples.

GRAPHCAL ABSTRACT

ABSTRACT: Organic-inorganic hybrid mesostructured silicas are prepared, without stirring (at pH 0.0) and with stirring (at
pH 0.6) to obtain isolated and gyroidal-like attached silica grains with incorporated triblock P 123 poly (ethylene oxide)-poly
(propylene oxide)–poly (ethylene oxide) copolymers. Selected hybrids are submitted to various thermal and aging treatments
for studying hydrolysis and oxidation of PEO and PPO chains. Two complementary spectroscopic techniques are used. NearInfrared (NIR) with measurements performed in diffuse reflectance as well as 1H and 13C liquid- and solid-state Nuclear Magnetic Resonance (NMR) to study mobility and stability of PEO and PPO chains. With precipitated fresh hybrids, the ratio of
PEO over (PEO + PPO) units is lower (%30 ± 5 %) than in theory. This ratio also decreases depending on temperature when
a hydrothermal treatment is applied. An acidic hydrolysis involving both PEO and PPO chains, with generated fragments
eliminated by washing with water and/or synthesis liquor, is then demonstrated. For comparison, another hybrid obtained by
spray drying via Evaporation Induced Self Assembly mechanism, is also studied. Its NMR signals are much more stable than
those of the samples prepared by precipitation. Depending on aging time, thermal history and materials processing, the textural
properties and template decomposition inside mesostructured silica are found significantly different. The influence of the hydrolysis and oxidation of the template onto final materials texture is likely to be as important as processing conditions.

I. Introduction
Applications of pharmaceutical molecules, anti-inflammatory drugs for instance that are generally large organic molecules of
poor hydrophilic character and are poorly soluble in natural fluids containing a lot of water, is an important and very actual
challenge [1]. Ordered mesoporous silicas (OMS) which are synthesized with organic templates, are chemically inert, biocompatible, easy to functionalize, and are perfect carriers for these molecules. The OMS are synthetized by auto-organization
between organic templates and silica precursors [2-3]. As made hybrids can be formed by precipitation at acidic pH with
triblock copolymers as templates, in particular the ones that are formed by two poly (ethylene oxide) chains, PEO, surrounding
a central hydrophobic poly (propylene oxide) PPO chain. PEO20PPO70PEO20, also called P123 is popular and commercialized
by BASF, ICI and Aldrich. With this peculiar copolymer, in situ observations, starting from the very beginning of the hybrid
preparation when an organic/inorganic mixture is prepared in an acidic aqueous solution, are now available. Results from
Transmission Electron Microscopy recorded at cryogenic temperature (cryo-TEM) [4] on hybrid powders dispersed in water
and iced and of time-resolved Small Angle X-ray Scattering studies (SAXS) [5] allowed to discriminate several steps in the
OMS formation : i) first, the formation of spherical organic micelles, ii) secondly, aqueous silicate anions are adsorbed and
condense on organic micelles. The spherical micelles are elongating, iii) a bi-dimensional hexagonal structure forming a floc
but remaining “soft”, forming a silicate-surfactant “liquid crystal”, similar to that observed when cationic surfactants and silicates anions are mixed to form MCM-type silica at pH = 6 [6] is formed, iv) a condensation-polymerization of silicate anions
to form silica walls, v) organics removal and pores liberation. Several methods to remove the template have been tested such
as a stepwise washing with H2SO4 then calcination [7] or washings with ethanol [8] and a complete calcination [9]. Recent
detailed SAXS, and Small Angle Neutron Scattering studies (SANS) have been devoted to kinetical aspects of the auto-organization between water, organics, and inorganic precursors [10-11]. Specific information about the formation of isolated silica
grains has also been reported [12]. Despite all available information, the reported techniques of synthesis remain complex to
use in terms of scalability and reproducibility in the final texture of silica grains, and this nicely explains why in addition to
classical precipitation methods, other methods of preparation, such as evaporation Induced Self Assembly by spray drying
have been developed by several groups [13-15]. On materials prepared by EISA, the order of mesopores inside silica has been

studied by SAXS and a study about the aggregation of mesostructured titanium oxide nanoparticles has also been reported
[14]. This approach was enlarged to many other organized mesoporous metal oxides [15, 16].
The goal of the present work is to compare the conformation and mobility of the organic template within various silica-based
mesostructured obtained by precipitation in different conditions to a similar hybrid obtained by EISA. For the two modes of
synthesis, we have used the triblock copolymer P 123 because it is nowadays one of the most popular copolymer used as a
template, a molecular Tetraethyl Orthosilicate, TEOS, and HCl aqueous solutions. Experimental conditions, in particular P 123
and Si precursors molar ratios, are close to those initially described [12]. Differences are associated with experimental details,
such as stirring rates and time, pH from 0.3-0.6 to 1.8-2 and post-synthesis treatment conditions (drying, calcination, and
storage time in air). Experimental data described to obtain a few grams of hybrid powder are extrapolated for the preparation
of more than 50 g of hybrid. Despite precautions and the use of strong washing conditions (with at least the equivalent of 3 L
of water to wash 50 g of silica), a chloride contamination is difficult to avoid. Spectroscopic information concerning water and
its interaction with organic groups is described first by Near-Infrared (NIR) spectroscopy and then by 1H and 13C liquid- and
solid-state Nuclear Magnetic Resonance (NMR) spectroscopy. The copolymers, their chemical composition and their conformation are first described in diluted solutions and then within hydrated hybrids. Described results concern uncalcined samples.
Although organic compounds trapped within silica are often described are more stable than their unconfined counterpart, a
polymer acidic hydrolysis is detected and quantified. It was important to establish if this hydrolysis was related with practical
modifications of porosity of the final material, observed after the removal of the copolymer by calcination in air. Surprisingly,
we observed that dry hybrid powders mesostructure was affected by long term storage, highlighting that if any mass production
of such material is envisioned, a serious stability issue of the product is to expect.

II. Materials and methods
II.1. Reagents
Tetraethoxysilane (reagent grade, 98 %), the surfactant P123 of molecular weight 5800 g.mol-1and formula CH3-(CH2-CH2O)20-(CH3-CH-CH2-O)70 -(CH2-CH2-O)20-H and an NMR standard adamantane (solid) were provided by Sigma Aldrich and
were used as received. Another solvent, dimethylformamide (DMF) of chromatographic grade was also obtained from Sigma
Aldrich. HCl was an ACS grade Carlo Erba, at 37 or 35 % in volume. The LiCl salt was provided by Molecular Biology, Sigma
and the solvent C6D6 by Eurisotop.
In academic research, it is common to work with copolymers as received from the manufacturer. However, the chemistry of
commercial triblock copolymers can be complex in water and it has been demonstrated in 1997 that PEO 102PPO39PEO102,
labelled F88, and commercialized by ICI, was containing defects of polymerization, i.e., free PEO chains [16]. We have checked
if similar chains can be detected with the standard P123 commercialized by Sigma Aldrich and stored in air a long time (13
months) by gel chromatography. This technique requires a polar organic solvent and we have used N, N-dimethylformamide
(DMF) containing diluted lithium chloride (1 g.L-1). We have also checked in parallel if the same information can be obtained
in a less polar C6D6 solvent and by 13C NMR with a simple 300 MHz spectrometer.
The Center of Microanalysis, Laboratory of Solaize (France) has made the chlorine quantifications for some selected solids.

II.2. Preparation of fresh hybrids
Several precipitated hybrids, symbolized by A to E symbols, have been prepared in HCl aqueous solutions, then dried in air
and further investigated without calcination.

A to D hybrids correspond to a TEOS over P 123 molar ratio of 60.0 - 62.5, to a volume of 167.5 ± 2.5 mL of TEOS and to a
weight of 72 ± 0.5 g of P 123. Only the A sample, obtained in HCl 1.9 mol. L-1, was kept unwashed and has been directly dried
in air. All the other samples have been prepared B: HCl 1.6 or C, D: 0.3 mol.L-1, washed, with 1, 2, 3 or 6 L of distilled water
for 50g of solid.
Two other samples, called E_HT90_U and E_HT100_U were synthesized in HCl 0.6mol.L-1 with a first aging at 28°C for 48 h
followed by a hydrothermal treatment at 90°C of 24 h or 100°C for 48h, in a 500 mL Nalgene flask. The powder was recovered by filtration then washed with distilled water and dried at 70°C in air. A constant stirring was kept during the aging step,
to obtain specifically attached silica grains forming a double gyroidal structure. A last F sample was obtained by EISA. A
solution made prepared with P123/TEOS/Water (pH=2) of molar ratio 0.01/1/53 was spray-dried after 30 min of prehydrolysis
using a Buchi B290 (liquid feeding rate 5mL.min-1) and submitted to air drying at temperature of 220°C for 2.5 s. All the
experimental conditions are summarized in Table 1 and additional information is given in Supplementary Information.

Table 1. Experimental conditions of synthesis for uncalcined (U) and calcined silicas (C, at 500°C at a rate of 2°C by min,
then maintained 6h, in air)
Label

P123

TEOS
(g)
158.1

HCl
(37 wt%)
(g)
318.2

Distilled
water
(g)
1832.00

[HCl] in
synthesis
(mol.L-1)
1.9

Aging
Temperature (°C)
time (h)
35°C 24 h

A_U

(g)
72.7

A_HT95_U
A_HT130_U
B_U

71.6

155.6

287.0

1863.0

1.6

35°C, 24 h

71.6

155.6

54.0

2096.0

0.3

35°C, 24 h

71.6

155.6

33.9

1321.0

0.3

35°C, 24 h

13.9

26.7

23.6

130.0

B_dried_70°C
B_HT130_U
C_U
C_HT130_U
D_U
D_HT130_U
E_HT90_U

Applied
treatments before calcination
No HT
Filtration, drying in air
HT 95°C 24h
HT130°C 24h
No HT
Filtration,
Washing, Drying in air
No HT, dried at
70°C in air 26h
HT 130°C 24h
No HT
HT130°C 24h
No HT
HT 130°C 24h
HT 90°C, 24 h
dried 70°C

E_HT100_U

HT* 100°C, 48
h
dried 70°C

F_U

12.4

41.5

0.3

193.0

10-2

220°C, 2.5 s

Used fresh or
after calcination at 130,
350 and at
550°C in air
(2°C by min)
All solids recovered by filtration on paper and washed with the equivalent of 3L distilled water for 50 g of solid
hybrid then let dry in air
HT: hydrothermal treatment applied in autoclaves, with Teflon jackets, overall volumes of 0.05 and 0.5 L or HT*
in Nalgene flask, 0.5L. The absence of leak has been confirmed by measuring the weight of the filled jacket before and after the applied HT treatment

II.3. Stabilization and calcination conditions
Fraction of the B_U sample (washed, lower chlorine contamination) was submitted to a heat treatment at 70°C in air for 26 h
in a muffle oven, to obtain the B_dried70_U. This treatment aimed at simplifying the comparison with the sample called
E_HT90_dried70_U.
Calcination was performed in air at 500°C (rate of 2°C.min -1) for 6 h. Calcined samples were labelled by replacing the U
symbol with the symbol C for calcined. E_HT90_dried70_U was filtered and its heat treatment was performed in air at 550°C
for 6 h with a heating rate of 1.5°C.min-1. The F_U sample, prepared by EISA at 220°C for 2.5 s, was used fresh and/or further
treated in air, at three distinct temperatures, 130, 350 and 550°C. A given sample A_U, in which some decomposition of P 123
chains was suggested by preliminary NMR experiments, was submitted after one year of storage to washing (with ethanol and
D2O) to recover organic fragments. The powder was suspended in ethanol (200 mg in 100 mL) and extracted at 60°C for 5 h
in a 100 mL round bottom flask. The solution was then cooled down and the solid recovered by centrifugation. Ethanol was
reintroduced inside the flask and allowed for complete dryness preferablyby means of a rotary evaporator and under primary
vacuum. The non-evaporated fraction remaining on the flask walls was then recovered with 10 mL of C6D6 (less polar) or D2O
(polar).

II.4. Methods
Size exclusion chromatography used to discriminate polymers fragments and spectroscopic methods (NIR, liquid- and solidstate NMR) are described here. The other techniques, necessary to investigate the texture of calcined grains, are summarized
in Supplementary Information.

II.4.1. Chromatographic measurements
A dilution of copolymer in DMF containing dissolved Lithium Bromide LiBr (2 wt %) has been characterized by size exclusion
chromatography at 60°C, with a flow rate of 0.8 mL.min-1 and for a concentration of 6 mg. L-1, after filtration through a
cellulose membrane (0.2 µm pore size). The steric exclusion was carried out by chromatography with one PSS GRAM 30 Å
column (300 mm long; separation limits: 0.1 to 10 kg.mol -1) coupled with a differential refractive index (RI) fluorescence
detector (SPECTRO, Ametek), a viscosimeter detector (Viscotek, Dual 250) and a light scattering (LS) detector (MiniDawn
from Wyatt Technology, laser λ = 690 nm). The average molar masses, M, were derived from a universal calibration curve,
obtained with  viscosity and representing Log (η*M), as a function of the elution volume based on polystyrene standards
from Polymer Standards Service (limits: 100 – 2*106 g.mol-1), using the OmniSEC 4.6 software.

II.4.2. NIR spectroscopy
NIR spectra collected on calcined samples and used to quantify water, as well as silanols groups are described in Supplementary
Information, part S. I. 4. The NIR spectra described in the main text were recorded on selected uncalcined U hybrids. A Varian
5000 spectrometer was used. Spectra in the NIR (2500 - 800 nm), visible (800 - 400 nm), and UV (400 - 200 nm) spectral
ranges were directly acquired with an internal sphere accessory, covered with Teflon and then in the Diffuse Reflectance mode
(DR). To enhance the resolution of spectra, the second derivative spectra were calculated with the software available on the
spectrometer as recommended for water containing silica samples. Spectra were collected with a resolution of 2 nm and with
a rate of 600 or 200 nm.min-1. The bands analyzed in the NIR spectra are caused by the combination modes and overtones of
the fundamental vibrations of stretching and elongation that can be detected in the IR-range. The positions of the peaks and
the proposed attributions are consistent with current literature [17-25]. The identifications are consistent for instance, with

those proposed for liquid oleic acids diluted in water, as recently acquired with a 2D-correlation spectroscopic method [19], in
which the peaks observed in the IR and NIR-ranges were correlated. As references, we have also collected the NIR spectra of
several copolymers corresponding to molar PEO wt. % of 16 and 12 % (F 127, PEO127PPO70PEO127 and F88,
PEO102PPO39PEO102) and to a polyethylene glycol polymer (PEG 1500, polyethylene oxide groups only). References 22 to 26
specifically concern NIR of water spectra collected on acidic aqueous solutions [21] and in mineral solids (chalcedony [22,
23], silica [24] and opals [25]).

II.4.3. Liquid-state NMR
1

H and 13C spectra were measured at room temperature on a Bruker spectrometer operating at 300 MHz for 1H and 75 MHz

for 13C atoms, with a BBFO-5 mm probe equipped with z-gradients.
Heteronuclear Single Quantum Coherence, H. S. Q. C. { 13C}-1H short range correlation and Heteronuclear Multiple Bond
Correlation, H. M. B. C. 13C-1H long range correlation was obtained with 1 and 2 scans, respectively, a relaxation delay of 1 s
and 256 slices. Spectra were calibrated to C6D6 solvent peaks, set at 7.16 and 128.06 ppm for 1H and 13C, respectively, and
relative to tetramethylsilane (1% TMS in CDCl3, set at zero [26]).

II.4.4. Solid-state NMR
First experiments were conducted on a Bruker Advance III 7T spectrometer operating at 300 MHz for 1H and 75 MHz for 13C
and equipped with a 7 mm Magic Angle Spinning (MAS) double resonance broad band probe (MAS rate 5 kHz). Following
experiments were conducted on a Bruker Advance III spectrometer operating at 700 MHz for 1H and 175 MHz for 13C. A 3.2
mm MAS tri-gamma broadband probe (MAS rate 20 kHz) and a 1.3 mm MAS double-resonance broadband probe (MAS rate
40 kHz) were used. All experiments were done with ZrO2 rotors. Chemical shifts of 1H and 13C nuclei were calibrated using
solid adamantane (C10H16) signals at 1.85 and 37.77 ppm, respectively relative to tetramethylsilane [27]. To correct the observed frequency shifts and increase the precision on chemical shifts, calibration was applied before each series of spectral
acquisitions.
13

C and 1H solid-state NMR spectra were obtained by several sequences, including high power decoupling, HPDEC, to remove

efficiently 13C - 1H heteronuclear dipolar interactions, Insensitive Nuclei Enhanced by Polarization Transfer, INEPT, and Cross
Polarization, CP. The INEPT sequence is recognized as particularly efficient to discriminate

13

C atoms in mobile organic

species. Negative signals are associated with –CH2– (secondary) groups whereas positive signals are recorded for methyl –
CH3 (primary) and –CH– (ternary) groups [28-29]. Quaternary carbons are not detected. Spectra obtained with cross-polarization (CP) sequence help to detect the poorly mobile species. Additionally, a 2D heteronuclear {1H}-13C INEPT spectrum has
also been acquired to evidence the hydrolysis of P123 fragments and to demonstrate that they do not interact with remaining
P123 molecules. The used parameters are displayed in each figure captions: magnetic field strength (B 0), Recycle Delay (RD),
Number of Scans (NS), Line Broadening (LB), MAS rate (ν r), and CP contact time (tcp).

III. Results and discussion
III.1. Commercial P123
Three independent signals with number average molecular weights of M = 16760, 4833, and 1638 Da (Dalton) and very low
polydispersity (PDI index of 1.041, 1.047, and 1.097respectively) are observed (analysis under gel permeation relative to polystyrene). The observed “molecular weights” only give qualitative information. They are introduced here to demonstrate that

three distinct polymers are present in a diluted solution of commercial P123 (stored at air temperature) and also because they
indicate that the three fractions are homogeneous. The most represented fraction, with a measured molecular weight of 4833
Da, corresponds to monomeric P123 molecules, unimers (the mean commercial molecular weight is equal to 5830 g.mol -1), 5
wt. % corresponds to heavier polymers, blocks of three molecules, at least for a molecular weight of 16760 Da, and then
possibly heavier fragments corresponding to intertwined polymers or micelles. A very light polymer with a molecular weight
of 1638 Da (1700 g.mol-1) rather corresponds to small defects of polymerization. For comparison, a chain of 20 ethylene oxide
moieties corresponds to a molecular weight of 1760 g. mol -1.
To confirm if these defects of polymerization observed by chromatography in a polar solvent are also visible when a less polar
solvent is used, we have applied 1H and 13C liquid-state NMR to the commercial P123 sample diluted in C6D6 (1 wt. %).Although
1

H NMR is generally preferred because of its sensitivity, the 13C NMR is a well-known tool to obtain information about the

conformation of polymers. Spectra obtained by 1H DOSY NMR (not shown) confirms the predominant presence of P 123
unimers (no aggregation, at the used temperature and concentration). Four 1H peaks are observed at 1.20, 3.41, 3.50 and 3.60
ppm. The first 13C signal at 17.80-17.88 ppm is composed of two peaks and attributed to CH3-PPO groups while one narrow
peak at 71.01 ppm, three peaks at 73.54, 73.62 (small and equal intensities) and 73.86 (larger intensity) ppm, with an averaged
position at 73.70 ppm, and three close peaks at 75.59, 75.73 and 75.84 ppm, with an averaged position at 75.72 ppm, are
observed. While this multiplicity of peaks might look like couplings with several 1H neighbors, obviously it is not the case
here since the spectrum has been 1H decoupled. Associated peaks (multiplets) are therefore rather due to the superposition of
different signals due to CH-PPO, CH2-PPO and CH2-PEO, with chemical shifts induced by different conformational environments, as reported for PEO [30], PPO [31] and PLURONIC triblock polymers [32]. {1H}-13C INEPT spectrum (fig 4a) displayed positive peaks at 17.84 and 75.72 ppm, attributed to CH3-PPO and CH-PPO, respectively. The peaks centered at 71.01
and 73.67 ppm are negative and correspond either to CH2-PEO or to CH2-PPO groups. A 2D {13C}-1H HSQC short range 1JHC

correlation was undergone to discriminate the two groups. The obtained spectrum, shown in Figure 1a, is similar to one

previously published [32]. However, 1H-13C associations were different in our work, probably due to the different solvent used
(polar D2O for Ma et al. in [32], less polar C6D6 for our experiments). One can notice that at 73.67 ppm, the 13C peak correspond
to two distinct 1H peaks, located at 3.41 and 3.61 ppm. These two peaks agree with an attribution to CH2-PPO groups. These
groups indeed contain an asymmetric carbon and a possible coupling between the ester O atoms and a proton of vicinal CH 3
groups can block the conformation and induce two magnetically non-equivalent 1H nuclei in the nearby CH2 group. The single
peak near 71.01 ppm corresponds to CH2-PEO. Interestingly, small peaks are observed near this latter peak, and are symbolized
by diamonds in Figure 1a. They can be attributed to PEO free fragments.
To confirm this attribution and that these fragments do not interact with the remaining intact polymers, a 2D 13C-1H HMBC
long-range

2-3

JH-C experiment is necessary (Figure 1b) [33]. In that figure, the carbon at 73.67 ppm is in contact with the

hydrogen at 3.59 ppm. Reciprocally, the carbon at 75.72 ppm is in contact with the hydrogen atoms at 3.61 and 3.41 ppm. Both
correlations are characteristic of PPO groups. On the other hand, the 13C signal at 71.01 ppm is correlated with the 1H at 3.50
ppm. Two additional surrounding signals, marked with clubs are due to residual HMQC 1JH, C peaks [33]. Quantitative information about the weight percentage of PEO units was directly obtained by the integration of the surface areas of 13C resonance
at 71.01 ppm (two carbons per EO unit) and 17.84 ppm (single carbon per PO unit), as summarized in Table 2. While P123
formulae gives a calculated EO / (EO + PO) ratio of 30 wt. %, a value of 34 wt. % was measured for the sample investigated
herein. A similar value of 34 wt. % was obtained by 1H resonances integration, as described by A. Mathias and N. Mellor in
1966 [34]. The commercial product is thus provided with a small enrichment in EO or PEO units as compared with chemical
formula of P123. This observation confirms the presence of a very small amount of uncondensed units even in a non-polar C6D6
solvent.

Fig. 1. Attribution of NMR peaks corresponding to diluted P123 in C6D6 in 13C liquid-state NMR spectra. a) {13C}-1H HSQC short range
correlation. ♦: EO fragments. b) 13C-1H HMBC long-range correlation. ♣: residual 1JH-C HMQC correlation. Top and right : positive projections. Parameters: a) B0 = 7.0 T, RD = 1 s, NS = 1, 256 slices, b) B0 = 7.0 T, RD = 1 s, NS = 2, 256 slices.

Table 2. Summary of NMR results: 13C signals positions of CH3-PPO, CH2-PEO, CH2-PPO and CH-PPO groups and observed
PEO / (PEO + PPO) molar ratios. By comparison, in theory, the molar PEO/ (PEO + PPO) ratio is equal to 30.2
13

C signal position (ppm)
CH2CH2CHPEO
PPO
PPO

PEO / (PEO + PPO)
Molar ratio (wt. %)

Sample

CH3PPO

P123 in C6D6 (1 wt.
%)

17.80
17.88

71.01

73.54
73.62
73.86

75.59
75.73
75.84

34

A_U, stored 13
months in air*

17.41

70.53

73.30
73.52

75.59
75.70
75.81

21

A_HT90_dried70_
U
A_HT130_dried70
_U

73.15
75.30
20
73.33
73.16
17.37
70.36
75.30
16
73.34
72.91
B_U
17.24
69.76
75.18
30
73.09
73.09
C_U
17.31
70.09
75.22
30
73.27
73.03
E_HT90_U
17.27
70.40
75.18
26
73.21
73.05
F_U (EISA)
17.33
70.36
75.25
27
73.24
*All samples washed with the equivalent of 2, 3, 5 or 6 L of distilled water for 50 g
of powder except the A_U sample, submitted to filtration and used without washing.
17.34

70.32

III.2. NIR study
NIR is a rapid analytical tool and gives direct information about the composition of organic polymers and PEO/PPO ratio in
Pluronic block copolymers. To simplify attributions, spectra were empirically divided into six spectral ranges that are identical

to those defined to describe the NIR spectra of oils and fatty acids [20] (Figure 2). Thus, the six ranges are: i) range X: below
1100 nm; ii) range A: 1100 - 1300 nm; iii) range B: 1300 - 1600 nm; iv) range C: 1600 - 1850 nm; v) range D: 1850 - 2050
nm; vi) range E: 2050 - 2230 nm; vii) range F: 2230 - 2500 nm.

Fig.2. NIR spectra measured with a diffuse reflectance cell (internal, 7 cm diameter) and using Teflon PTFE as a reference. (A) – Precipitated hybrids: (1) B_HT130_U, (2) D_HT130_U, (3) B_U. (B) –Two other fresh hybrids: (1) E_HT100_U and (2) F_U

Water molecules are identified in D range while the silanols terminal groups are in B range; range A has been particularly
studied for the detection of organic acids, such as citric, tartaric or malic acids in water solutions [21]. Recent detailed studies
on polymers, R alkyl chains with ending carboxylic groups and their interactions with water can be particularly interesting
since R-COOH groups are transformed into R-COO- groups as a function of applied pH: a simple pH adjustment then change
the hydrophilic character of the polymers and its possible affinity for proteins interactions [35]. In range C, three peaks are
observed in hydrated samples: 1702, 1745 and 1810 nm and can be attributed to CH3, CH2 and CH2-O groups, respectively,
involved in H-bounds in which water molecules are participating. In dehydrated samples, two major vibrations are observed
at 1929 and 1802 nm with a small additional shoulder at 1730 nm for the spectra of F_U and B_dried70_U. Ranges D and E
give only limited information, because of a main contribution attributed to water. Range F contains small contributions in
hydrated samples, at ca. 2275 and 2308 nm.
In dehydrated samples, stronger vibrations within the range 2240 to 2360 nm and within the range 2290 to 2470 nm can be
associated with stretching and bending combinations of CH bounds in CH3 and in CH2 groups. An additional peak at 2167 nm
is observed in the spectrum of the A_U (pH = 0, unwashed, not shown) after evolution 13 months in air and at room temperature. This NIR peak can be associated with a stretching experienced by C=O bonds, in organics like formaldehyde and in
carboxylic ending groups. Recent detailed studies about polymers containing R-COOH ending carboxylic groups and their
interactions with water are extremely interesting since these groups can be transformed in R-COO- groups under adapted conditions of acidity, a simple adjustment can then change the hydrophilic character of the polymer and its possible affinity for
interactions with proteins or other biological molecules [35].

III.3. Organics in fresh samples
In the present paragraph, we will describe more than 10 samples and give details about their 1H and

13

C NMR spectra, as

recorded in several conditions. To ensure the readability of this paragraph, Table 2 displays the positions of 13C peaks and also
the molar ratios EO / (EO + PO) in weight, wt. % that we have used to describe the acidic hydrolysis at which copolymers
have been submitted in our solids.
Six distinct paragraphs are introduced, dealing with the influence of (i) the applied magnetic field strength, (ii) the synthesis
conditions, concerning fresh samples without hydrothermal treatment, HT, (iii) the applied hydrothermal treatment, (iv) a

dehydration treatment, (v) MAS sample spinning on the NMR signals observed on precipitated samples, compared to stable
signals obtained with hybrids prepared by EISA, (vi) aging time.

III.3.1. Influence of magnetic field strength
TEM images and SAXS measurements described in Supplementary Information show that in the hybrids investigated in this
work, the ordered and parallel cylindrical mesopores are present in almost all samples. Lamellar silica is observed after strong
washing treatments with water. In order to analyze the organic surfactant molecules trapped inside the walls of the ordered 2D
hexagonal SBA-15 silica grains, we have first compared the resolution obtained in

13

C solid-state NMR with two magnetic

field strengths of 7.0 and 16.4 T (Figure 3). One can notice that the spinning rate was νr = 5 kHz at 7.0 T and νr = 22 kHz at
16.4 T. However, this should not influence the peak widths as both spectra were 1H decoupled. Additionally, νr = 5 kHz at 7.0
T is enough to remove the spinning side bands of sp 3 hybridized carbon atoms due to their Chemical Shift Anisotropy (CSA).
The increase of magnetic field narrowed the peaks, especially that at ca. 73 ppm. Consequently, it is possible to discriminate
two signals at 73.2 and 73.0 ppm due to CH 2-PPO groups when a magnetic field of 16.4 T is applied. The upper peak is
narrower than the lower one. By similarity with liquid-state NMR and reported data, the peak at 73.0 ppm is associated with
g+ and g– conformations while the peak at 73.2 ppm corresponds to trans conformation around C-C bonds in O-C-C-O sequence. Hence, it is evident that a good quality sample and also a high magnetic field are necessary to observe this improved
spectral resolution.

Fig. 3. Influence of magnetic field strength. 13C HPDEC solid-state NMR spectra of a) A_U at B0 = 7.0 T, b) Same sample at B0 = 16.4 T.
Dashed line: 13C signals positions for a diluted solution of P 123in C6D6; Parameters: LB = 10 Hz, a) RD = 10 s, NS = 9216, νr = 5 kHz, b)
RD = 3 s, NS = 4016 and νr = 22 kHz.

III.3.2. Influence of synthesis conditions
A liquid spectrum is collected on P123 (1 wt %) diluted in C6D6. This spectrum is compared with solid spectra recorded on
precipitated (b) A_U, (c) B_U and (e) E_HT100_U hybrids and (f) on F_U (Figure 4). Negative and positive peaks, corresponding to CH2 and CH, CH3 groups, respectively, are useful for the identification of CH-PPO and CH3-PPO (both positive)

and CH2-PEO and CH2-PPO both negative, except in the spectrum displayed in Figure 4d which has been recorded with a
different re-focalization time. Spectra of P123 molecules in C6D6 solution (Figure 4a) can be compared to that of P 123 trapped
into 2D hexagonal SBA-15 silica solid grains, with no applied HT and obtained in HCl 2 mol.L-1 (Figure 4b). Peak positions
are summarized in Table 2. Trapped surfactant molecules in silica had lower position values and larger width than in C 6D6
solution [26]. Indeed, C6D6 is a poorly polar solvent whereas polar H2O molecules are surrounding and protecting the organic
units inside the grains of hybrids. In particular, the CH-PPO peak was shifted upfield by 0.5 ppm, which suggested that in C6D6
and at the used concentration and temperature, P 123 molecules are forming aggregates or micelles. A main difference is observed for the peaks attributed to CH2-PPO groups. The intensity of the trans conformation around the C-C bond in the solid
is less important than in solution. The splitting between the two gauche conformations around this bond is also less important.
Two narrow peaks at 73.5 and 75.0 ppm seen in solution and in the spectrum in Figure 4b, are due to extreme EO moieties at
the end of the PEO chains [32]. Figures 4d-e correspond to hybrids prepared in different conditions, namely using constant
stirring upon aging and spray drying, respectively. They both exhibit a similar downfield shift of 0.6 and 0.2 ppm for CH 2PEO and CH2-PPO groups, respectively, as compared to sample B_U. The signal due to the CH-PPO is also downfield, like in
washed B_U, denoting an association between the dehydrated PEO chains and the hydrophobic core of the micelles as well as
the formation of a non-polar microenvironment around PPO groups.

Fig. 4: Influence of sample synthesis. 13C INEPT NMR spectra of a) solution 1 wt. % of P 123 diluted in C6D6, b) A_U, c) B_U, d)
E_HT90_dried70_U, e) F_U. Parameters: a, b) NMR at B0 = 7.0 T, c, d, e) solid-state NMR at B0 = 16.4 T, νr = 20-22 kHz, a, b, c, e) CH
and CH3 upside, CH2 downside, d) CH, CH2, CH3 upside.

III.3.3. Influence of applied hydrothermal treatment
We have prepared a single hybrid that was splitted into three fractions for which hydrothermal treatments (HT) at different
temperatures and times have been applied. Afterwards, quantitative 13C solid-state NMR measurements were undergone (Figure 5). Interestingly, a chemical shift from 0.14 to 0.18 ppm was observed for CH 3-PPO, CH2-PEO and CH2-PPO after HT.
The observed shift was even stronger at 130°C than at 90°C (24 h). No shift was detected for the signal due to CH-PPO, which
is consistent with the idea that these peculiar groups are protected inside hydrophobic pockets and therefore not altered or

modified by the HT. Additionally, peaks corresponding to CH and CH 2 are broader, as evidenced by the decreased resolution
between the peaks due to several conformations of CH2-PPO groups. This shift and broadening are similar to the ones observed
in Figures 4c, 4d and 4e and indicate a decreased mobility. Results displayed in Figure 5 are coherent with a progressive growth
of the micellar core, i.e., a partial retraction of the dehydrated PEO moieties from inside silica walls to inside central organic
micelles. The addition of PEO units to the hydrophobic part of the micelles is consistent with a decreased intensity (less mobile). It corresponds to an increase in size of mesopores as detected by N2 sorption (after organic removal by calcination, see
next paragraph) for A_C and A_HT130_C samples, for instance. In conclusion, when a HT treatment at 130°C is applied for
24h, some of the PEO units, initially hydrated, are dehydrated and extracted from silica walls. It was not the case if a simple
dehydration treatment at 70°C for 26 h was applied, but in that case the architecture is decomposed and PEO chains remain
blocked inside amorphous silica walls.
All the peaks lose some intensity, gaining in line width but there is a particular decrease of the intensity and an increase of the
line-width of the peak due to CH2-PEO, significantly losing in mobility. As made for solutions, we have measured the PEO/
(PEO + PPO) ratio using 13C CH2-PEO and CH3-PPO peaks. We obtained 29.2, 20.8, and 16.8 wt. % for three washed samples
without HT, with HT at 90and 130°C, respectively. These values can be compared with the calculated one, 30.1 %. The lower
values are denoting that P123 polymer has been at least partially decomposed. The liberated PEO and organic fragments present
in solution have been removed during the sample washing. The aqueous washing solutions are mainly enriched in 1,2-ethanediol. The washing solutions isolated with ethanol are much more complex and their analysis is out of the present work.
An acidic hydrolysis of both PEO and PPO chains induces a decrease of micelles core polarity and retracts residual PEO chains.
Moreover, a clear decrease of porosity is observed and depends on the temperature of the applied HT (Table 3). A progressive
decrease of porosity occurring when sample was washed with water is indicated by N 2 sorption data summarized in Supplementary Information. The incidence of washing conditions is less important for the evaporated F_U sample, whose porosity is
only poorly affected by washing with more than 6 L of water.

Fig. 5. Influence of hydrothermal treatment. 13C HPDEC solid-state NMR spectra a) no HT (A_U), b) HT 90°C (A_HT90_U), c) HT
130°C (A_HT130_U). Dashed line: diluted solution of P 123 in C6D6. Arrows to indicate very small peaks shifts. Parameters: B0 = 16.4 T,
RD = 3 s, NS = 1024, LB = 10 Hz, νr = 22 kHz

Table 3. Textural properties evaluated by N2 sorption and SAXS measurements. Chlorine contamination indicated in
two model samples (in wt. % or ppm)
Sample

Calcination

A_U (HCl 1.9 mol.L)_stored 13 months in
air then calcined
A_U_ stored 1 month in
air then calcined

RT to 500 °C
(in 4 h), then 6
h at 500°C
RT to 500 °C
(in 4 h), then 6
h at 500°C

1

B_U
B_HT130_U
B_dried 70°C/26h

B_C (no HT)
B_HT130_C

C_C
C_HT130_C
D_HT130_C
E_HT90_C

E_HT100°C_C’

SBETa
(m2.g-1)

Vpb
(cm3.g-1)

Vµc
(cm3.g-1)

Dd
(nm)

ae
(nm)

Cl
(wt%)

476

0.45

0.03

3.7

12.5

0.33

599

0.71

0.03

3.8-5.0

9.8
12.5
12.0

Uncalcined
RT to 500 °C
(in 4 h), then 6
h at 500°C
RT to 500 °C
(in 4 h), then 6
h at 500°C
Washed with
2L of water
RT to 500 °C
(in 4 h), then 6
h at 500°C
RT to 500 °C
(in 4 h), then 6
h at 500°C
RT to 500 °C
(in 4 h), then 6
h at 500°C
RT to 500 °C
(in 4 h), then 6
h at 500°C
Drying at
70°C, 12 h before calcination
500°C, rate
1.33°C/min, 4h
Dried at 70°C,
12 h before
calcination
550°C, rate 1.5
°C/min, 6h

30 <

0.00(3)

3.0
(barely
visible)

738

0.64

0.16

3.7

1332

2.88

0.04(2)

7.6

589

0.46

0.12

3.5

904

1.92

0.03

7.9

500

1.17

0.03

8.4

1001

1.54

0.06

7.0

807

0.80

0.35

4.8

9.8

347 ppm

9.7

F__U
169
0.37
0.01
7.6
Specific surface area, determined within the range 0.05-0.30, as recommended for mesoporous samples
b
Total porous volume, single point determined at P/P0 = 0.95
c
Microporous volume, as determined by t-plot (thickness of N2 calculated by Harkins Jura formula)
d
Mesopore diameter, Barret Joyner and Halenda applied to the desorption branch of the isotherm
e
a, unit-cell parameter, calculated for mesopores ordered and forming a hexagonal unit-cell in the space group p6mm
using the position of the most intense diffraction peak, indexed 100 and the geometrical relation: a = 2*d 100/3. Selected SAXS measurements are presented in Supplementary Information.F_U
a

III.3.4. Influence of dehydration
Depending on storage conditions, samples hydration level can strongly vary and it was important to check its influence on P 123
mobility inside uncalcined SBA-15 grains stored in air. To answer this question, we have compared the same sample in wet

and dry conditions. While for the wet state, the sample was stored in a controlled humidity atmosphere, to obtain the dry state,
the sample was placed at 70°C under a 4 mBar vacuum for 17 h.
1

H solid-state NMR spectra are presented in Figure 6. In wet state, Figure 6a, an intense peak was present at 4.49 ppm and can

be attributed to H2O. Additionally, narrow peaks were observed at 1.19, 3.45, 3.60, and 3.79 ppm, denoting the high mobility
of the P123 polymer. When zooming into 5 to 10 ppm region (insert), only a new small peak at 7.0 ppm was visible but it could
be a shimming artefact of the water peak. No other peak that could be associated with OH groups strongly H-linked that exist
on the silica surface with distributed bond lengths and angles, like the ones indicated and quantified by the IR measurements
that are given in Supplementary Information 4 is detected. Severe line-broadening effect due to 1H-1H dipolar interactions
giving broad NMR peaks have been reported for 1H NMR peaks for the surface defects of Cabo-Sil amorphous silica [36] for
instance. Its absence denoted that all Si-OH groups were accessible to water molecules and were in fast exchange with them.
On the contrary, in dry state, Figure 6b, no water peak was evidenced and 1H peaks for P123 were broader, especially the one
observed at 3.79 ppm while a broad OH peak was observed at 5.7 ppm (insert). Observed spectral differences indicate that the
dehydration was strong enough to remove free water, but not to remove surface silanol OH groups, which were still strongly
H-linked with each other (or with remaining water traces). This had a major impact on P 123 molecules which became less
mobile, as shown by the 1H signal increased line-width, yielding to the disappearance of the signal associated with the CHPPO group.

Fig. 6. Influence of dehydration. 1H solid-state NMR spectra of B_U a) stored under controlled humidity (wet), b) after 17 h at 70°C under
a 4 mBar vacuum (dry), * shimming artefact of peak at 4.49 ppm. Parameters: B0 = 16.4 T, RD = 10 s, NS = 8, LB = 2 Hz, νr = 20 kHz.

13

C solid-state NMR (Figure 7) confirmed the differences between the mobility of P123 in wet and dry samples. Three different

experiments were undergone for each state, on the same sample, namely HPDEC (a and d), INEPT (b and e), and CP (c and
f). These experiments are complementary: while HPDEC technique is quantitative and display peaks corresponding to the
amount of carbon, INEPT and CP are qualitative techniques showing peaks highlighting mobile and rigid molecular parts of
the polymer, respectively. In wet state Figure 7a, 7b, and 7c, narrow lines were observed, the INEPT signal was strong while
the CP signal was inexistent. This clearly evidenced a high mobility of both PEO and PPO parts of the polymer. In dry state
Figure 7d, 7e, and 7f, broad lines were presented, especially for CH2-PEO at 70.10 ppm. This peak was absent in INEPT and
enhanced in CP, which evidenced a rigid part. By comparing the broadening between 1H and 13C spectra, the 1H peak at 3.79
ppm can be attributed to CH2-PEO. CH2-PPO at 73.13 ppm and CH-PPO at 75.22 ppm were weakly visible on both INEPT
and CP spectra, which correspond to an intermediate mobility. Additionally, it was noticed that the drying induced peak shifts

to higher values, of 0.07, 0.33, 0.18, and 0.04 ppm for CH3-PPO, CH2-PEO, CH2-PPO, and CH-PPO. Both PEO and PPO
chains were initially hydrated (even in a sample let for drying in air for more than 24 h) and the observed chemical shift changes
reflected a modification of their magnetic environment, their associated H-bonds and hence, of their conformation. H-bonds
could be either intramolecular (involving ether oxygen and protons of CH 3 groups in PPO), with surrounding water, or with
Si-OH defects from silica. The conformational change could be induced during the PEO retraction. It is not possible to discriminate which effect is predominant here.

Fig. 7. Influence of dehydration. 13C solid-state NMR spectra of washed B_U sample a) b) c) stored under controlled humidity (wet), d) e)
f) after 17 h at 70°C under a 4 mBar vacuum (dry); a) d) HPDEC, b) e) INEPT, c) f) CP. Dashed line: diluted solution of P 123 in C6D6.
Arrows: peak shifts. Parameters: B0 = 16.4 T, RD = 3 s, NS = 128, LB = 10 Hz, νr = 20 kHz, c), f) tcp= 1 ms, f) NS = 1536.

III.3.5. Unexpected influence of MAS sample spinning
1

H MAS NMR spectra of hybrids obtained by precipitation are very sensitive to drying and evolved spontaneously as a function

of spinning time inside the NMR rotor. This is illustrated by the two spectra shown in Figure 8, where (a) is the spectrum
collected just after introduction inside the NMR apparatus and (b) is the spectrum collected after 56 h of spinning. The intensity
of the large water peak at circa 5.0 ppm was significantly decreased as highlighted by the black arrow. This evidenced that an
unexpected dehydration occurred inside the NMR rotor. This can be explained by the fact that the rotor cap was not perfectly
sealed and small water molecules could diffuse outside of the rotor and be trapped into the surrounding highly dried air used
for spinning, with a dew point of -100°C. As shown in the precedent section, this dehydration induced a broadening of the
peaks corresponding to P123, especially that for the CH2-PEO at 3.87 ppm. Similarly, 13C resonances of CH2-PEO and CH2PPO were shifted to higher values by 0.20 and 0.06 ppm, respectively (not shown). However, such behavior was neither
observed for the E_HT90_dried70_U nor for F_U samples. Indeed, even just after introduction inside the NMR apparatus, no
water peak was observed on 1H spectrum and P123 peaks were broad (Figure 8c E_HT90_dried70_U and Figure 8d F_U). We
assume that the reproducible spectra recorded with these two samples are due to their partial dehydration, during the EISA
treatment itself (220°C, 2.5 s). The peak at 5 ppm observed in the spectra of the two first samples is associated with water
interacting with organic molecules when they are trapped inside silica grains. Its absence in the spectra presented Figure 8c
and 8dindicates that the PEO chains are dehydrated and have been extracted from the silica walls.

Fig. 8. Hydration of samples. 1H solid-state NMR spectra of (a) B_U at t = 0, (b) B_U after 56 h of sample spinning, (c) E_HT100_U at t =
0, d) F_U at t = 0. Arrow: peak decrease. Parameters: B0 = 16.4 T, RD = 10 s, LB = 2 Hz, a), b) NS = 128, νr = 40 kHz, c), d) NS = 8, νr =
20 kHz.

III.3.6. Influence of sample aging time

Fig. 9. Sample aging. 13C HPDEC solid-state NMR spectra of A_U: a) after 24 h aging, b) after 9 months aging, c) after 13 months aging.
Parameters: RD = 3 s, LB = 10 Hz, a) NS = 512, νr = 22 kHz, b) NS = 640, νr = 16 kHz, c) NS = 4096, νr = 16 kHz.*probe signal.

Since the hybrids contain traces of chlorine, we have checked the stability of P 123 molecules after long time storage of the
powder. We have selected to work with the A_U unwashed silica to maximize chlorine contamination and acidic hydrolysis.
The HPDEC 13C NMR spectrum obtained just after synthesis, Figure 9a was compared to the spectra acquired after 9 months,
Figure 9b and 13 months of storage in air at room temperature, Figure 9c, respectively. New signals were detected at 25, 65,

and 170 ppm, as indicated with black arrows. The last signals are due to carbonate groups (as a result of CO 2 contamination of
basic samples when they are stored in an ambient atmosphere). Other additional signals were complex but they could be
attributed to PPO and/or PEO hydrolyzed fragments. For instance, glycol was expected at 63.7 ppm where multiple peaks were
visible. The relative proportions of the fragments increase with time.
An enhanced resolution was obtained using a {1H}-13C INEPT 2D experiment after 24 months of aging (Figure 10). While the
peaks for P123 were easily identified (in red), confirming the partial integrity of the polymer inside the saved powder, numerous
fragments were visible near each peaks (in green and blue). This highlighted a degradation of P 123 in the presence of remaining
chlorine traces. Both PPO and PEO chains were damaged and submitted to an acidic hydrolysis. The multiplicity of signals
demonstrated that fragments could have different sizes and the degradation reactions can occur at various positions inside the
polymer molecule, even if some polymer molecules are preserved. In red, the basic attributions described before are confirmed,
in particular the association between1H and 13C nuclei. The presence of 1,2-ethanediol is demonstrated by the presence of 13C
-1H peaks at 63.71-3.71 and 63.71. 3.17 ppm. There is an interesting new group of 1H at 2 ppm, which corresponds to the 13C
signal at 21 ppm and associated with degradation products. We assume that these new peaks areattributed to 3-hydroxypropionic acid, HO-CH2-CH2-COOH due to a possible carbonylation of PEG or monomeric 1,2-ethanediol with atmospheric CO2
(or neighboring carbonates dispersed on the silica surface) as can be expected in a very strongly acidic environment (this
sample is the only one in which decomposition products have been analyzed). This sample has the highest amount of chlorine
(0.154%) and it has been stored for a very long time in ambient air. It is important to underline this point since the observed
reaction occurred spontaneously and in ambient conditions. Some old references have been devoted to this reaction and this
kind of reaction is of fundamental importance for other molecules, e.g., glycerol [38]. This {1H}-13C INEPT 2D solid-state
NMR spectrum of A_U after 24 months aging is necessary to demonstrate that native P123 molecules (signals in red), and
several organic fragments (shorter chains, in blue and green), can be present if an hybrid powder is stored in air for a long time
without precautions, in particular if O2 and CO2 molecules are present in the gas phase and can be dissolved in remaining
water.

Fig. 10. {1H}-13C INEPT 2D solid-state NMR spectrum of A_U after 24 months aging. Top and right) 13C and 1H projections. Parameters:
B0 = 16.4 T, RD = 1 s, NS = 512, 96 slices, νr = 10 kHz.

III.4. Additional information about calcined samples
Additional characterizations were made to check if the materials were well ordered and details are summarized in Supplementary Information. Only a summary table allowing a direct comparison of textural properties is inserted here (Table 3) and
summarizes N2 sorption results (specific surface area, porous volume and main diameter of mesopores) and SAXS measurements (unit-cell parameter) and an evaluation of Cl- content in selected samples. As expected, a HT yields to an increase of
mesopores diameter and a decrease of Cl- content corresponding well to a situation in which the PEO chains are expulsed from
silica walls and participate to the core of the cylindrical micelles and the P123 molecules are eroded. It is interesting to notice
that the evolution of the detected microporous volume nicely agrees with the information provided by NMR and a progressive
decrease wasalso observed with HT. The sample obtained by flash drying is peculiar since its NMR spectrum indicates a main
location of the PEO chains outside the silica walls and the detected micropores are then textural (within silica grains) more
than structural. It is not the case when hybrid was prepared by precipitation using TEOS, P 123 and concentrated HCl aqueous
solution (2M). In that case, a corona in which PEO chains, water and silica precursors are interacting was evidenced by SAXS
[38] and carefully studied by N2 sorption [39]. Micropores have been shown to connect adjacent mesopores, consistent with
replicationwith carbon [40]. The obtained metallic or oxides nanowires formed inside mesopores stay connected and attached.
The optimal porous volume is obtained with the B_HT130_C sample synthesized with HCl 1.6 mol.L-1. In this sample, that
has been washed with 2L of water, only 347 ppm of chlorine remains. Surprisingly, no pores remain if the same hybrid is first
submitted to a drying step at 70°C for 26h before calcination. The specific surface area of a sample precipited in HCl 1.9 mol.L-1
was strongly affected by storage time in air and it decreased by more than 100 m2.g-1for calcinations performed after1 and 13
months of storage.
Information concerning IR measurements performed to study and quantify silanols groups and water molecules adsorbed in
calcined samples stored in air are also summarized in Supplementary Information. A larger microporous volume is systematically associated with a larger fraction of isolated and/or gemini silanol groups. A special attention to the location of isolated/gemini groups inside the disordered micropores in silica walls and not inside mesopores or outside silica grains is justified. With three samples prepared by precipitation in HCl 1.9 mol. L-1, two types of water molecules are associated with
vibrations at 1936-1926 and 1897-1888 nm. These two vibrations are shifting regularly toward lower values between a A1_C
sample without HT, a A2_C with applied HT at 90°C for 24h and a A3_C sample with HT at 130°C for 24h. Their relative
integrated intensities are changing from 55.9/44.1 to 83.5/16.5 %. The second signal is then decreasing as a function of the
microporous volume (Table 3) and this allowed us to associate them to water molecules located in micropores.

IV. Conclusions and perspectives
Hybrid silicas have been obtained by both precipitation and by evaporation using the same P 123 triblock copolymers as template. A detailed NMR characterization of the organic template inside mesostructured phases was conducted in order to investigate their mobility, conformations and stability. Two major effects of synthetic procedure and post treatments (or storage
time) were evidenced. Firstly, minor aspects:


Some copolymer acidic hydrolysis was observed for all samples having been heated during synthesis (that is, hydrothermal
treatment for precipitation experiments, or drying temperature for spray drying experiments).



Some PEO fragments are eliminated with the washing treatment of precipitated powders.



1,2-ethanediol and peroxide traces associated with the copolymer decomposition are identified by NMR.



The temperature of the heat treatment applied during hydrothermal synthesis is directly correlated with the remaining
EO/(EO+PO) wt%.
The strongest decomposition was observed with a precipitated sample prepared in HCl 1.8-2M and submitted to a hydrothermal
treatment of 130°C for 24hours (the EO/(EO+PO) ratio decreased by 50% as compared to fresh sample). Nevertheless, this
sample presents an order between mesopores of very good quality (See Supplementary Information 4-5). As a consequence,
the degradation observed does not affect the structuration mechanism itself and/or takes place after the cooperative self-assembly between organic and inorganic precursors.
A non-calcined hybrid stored for 13 months in air before calcination has lost a significant part of its surface area (-21%) and
pore volume (-36%). Such a silica porous texture evolution is clearly a potential problem for applications requiring long term
storage and stability of products.
Secondly, a major observation, the NMR study of polymer chains mobility confirms the dehydration and retraction of PEO
chains upon temperature increase. We proved for the first time that this effect, now well known for precipitated SBA-15
materials, also occur for spray-dried samples.
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SI1. Hybrids preparation
The three first hybrids have been prepared for a highly acidic pH = 0 aqueous solution and in the experimental conditions recommended in the publication of Zhao et al.8, with a constant P123/TEOS molar ratio
of 60-62.5. Overall proportions of reagents were multiplied by 18 to obtain more than 50 g of hybrid silica
with reasonably homogeneous grain sizes and shapes. Details about the used experimental parameters
have been summarized in Table 1 in main text. The first hybrid was prepared by diluting 72.7 g of P123 in
an acidic solution at pH 0 made by mixing 318.2 g HCl (commercial, 37% in weight) and 1832.0 g of
distilled H2O at 35°C. After complete dilution, 170 ml of TEOS were added as regularly as possible
(turbo-pump, 2 mL. min-1). Stirring was stopped at the end of the TEOS addition and the temperature of the
synthesis step, called “aging”, was maintained at 35°C for 24h. After aging, silica grains and synthesis
liquor were separated into two fractions, one being directly filtrated (no washing, no drying, labeled A_U,
U symbol for uncalcined). An identical hybrid was prepared in similar conditions, the powder being recovered by filtration on Buchner and washed with 3L of water. This washed hybrid is called B_U. The
unwashed fraction was submitted to a condensation hydrothermal treatment at 90 or 130°C for 24h (380
ml, Teflon-lined stainless steel autoclave, no stirring, powder and mother liquor transferred into autoclaves, 50 to 200 ml) before filtration on Buchner and washing. We have found necessary to wash 50g of
hybrid silica with 3L of water. One of these samples is labelled B_HT130_U. In this expression, 130 corresponds to the temperature of the applied hydrothermal treatment, HT, for 24h. To test reproducibility
and sensitivity to small changes in experimental conditions, dilution and potential leak of the used autoclaves, similar synthesis have been reproduced 2 times.
Four samples have been prepared with other acidic solutions at pH 0.4, two with 2096 ml of water acidified by 54 ml of HCl (37%), C_U, no HT, and C_HT130_U, HT and two corresponding to a half dilution
using the same amount of P123 and TEOS diluted in 1321 ml of water acidified by 34 ml of HCl (12M,
37%), D_U, no HT and D_HT130_U, washed and HT. The four powders have been recovered by filtration
and washed with water, 3L. Two other samples, called E_HT90_dried70_U and E_HT90_dried70_C were
synthesized in HCl 0.3M with a first aging at 28°C for 48h followed by a hydrothermal treatment at 90°C
of 24h, washing with distilled water and drying at 70°C in air. A constant stirring was kept

during the aging step, to obtain specifically attached silica grains forming a double gyroidal structure.
Another organic-inorganic hybrid was prepared by evaporation induced self-assembly (EISA). In that
case, the condensation of inorganic species occured in suspended aqueous droplets. Compared to precipitation, as all non-volatile components are maintained into the powder, no excess of P123 copolymer is
necessary. Secondly, as the solution must be stable a time long enough for performing the spray production (at least one hour), the pH of the mother solution is increased up to 2, to allow the hydrolysis of TEOS
but avoiding the extensive and very fast condensation of the silica network that is observed at low pH. In
this case, both the condensation of silicate oligomers and the formation of P123 micelles are promoted by
the rapid increase of concentration of the chemical components inside water droplets due to an evaporation
in hot air (220°C). This last step is performed in a couple of seconds with a Buchi B290 Mini Spray Drier.

SI2. Grains shapes of selected samples as studied by Scanning Electron Microscopy (SEM)
Size and shape of hybrid silica grains were evaluated by SEM. The used apparatus, a SU-70 HITACHI
SEM, is equipped with an SDD detector of 50 mm2 and a Field Emission Gun accessory (FEG) recorded
with a Field Emission Gun (FEG). This accessory is necessary to avoid the usual deposition of an electron
conducting material by carbonation or metallisation on the studied samples. Micrographs were measured
with an accelerating voltage of 1 kV. Chemical homogeneity level was characterized using X-ray Energydispersive Spectroscopy, EDS with an Oxford X-MAX apparatus.

Fig. 11. SEM micrograph enlargement of a grain of B_C (calcined at 500°C, rate of 2°C by min and kept
6 h). The presented grain is a short one, a defect in a synthesis performed with HCl 2 mol.L-1. The main
axis of mesopores is running parallel to its shorter axis. Several layers of silica, grown concentrically are
observed, indicating non-homogeneities in the rate of addition of TEOS during the synthesis. Structural
defects are also apparent (missing silica wall, darker aspect). Some disorder is detected on flat surfaces.

Differences in calcined silica grains sizes and shapes were observed on SEM micrographs (Figure 12).
The grains can be either isolated or attached and forming a double gyroid structure, depending mainly
upon the pH in solution and also on stirring conditions upon aging. In the used experimental conditions, at
35°C, isolated grains, Figure 12 (a) and (b) are formed if stirring conditions are stopped during the aging
step, as indicated first by Sayari et al. [1]. With more HCl, sample B_HT130_U (pH 0.0, HCl concentration 2 mol. L-1), the silica grains are more elongated, with a main elongation axis parallel to their mesopores. These shapes differences, associated with pH, are consistent with literature data [2].
A micrograph relative to fragments of gyroidal-chains of attached grains generated by keeping agitation
during the maturation step, sample E-dried70_U (aging at 28°C for 24 h, HT at 90°C for 24 h, dried at
70°C for 24 h after recovering by Büchner (paper filtration) is presented for comparison in Figure 12(c).
Finally, the sample F_U presented in Figure 12(d) has been obtained by flash drying, is composed of
spherical silica particles with a broad size distribution range (100 nm to several microns, closed or not).
This morphology and a large size distribution are direct consequences of the spray drying process in itself
by which the distribution in size of spherical droplets of solvent is, in general, large.

Fig. 12. Representative SEM micrographs of precipitated silica hybrids: isolated silica grains obtained at
high acidity (a) and low acidity (b), both uncalcined, double gyroidal structure associated with uncalcined
E-HT90_dried70_U (c) and a sample F_U obtained by Evaporation Induced Self Assembly (d).

To describe the homogeneity of the hybrid samples, four micrographs have been recorded with a FEGSEM and are presented in Figure 13. Figure 13 (a) and (b) have been obtained with the same silica
prepared at pH 0 (B_U uncalcined type) with a hydrothermal treatment performed at 130°C for 24 h into
two distinct autoclaves of 75 ml. The sizes and shapes of the hybrid grains in the two micrographs are
similar, indicating that the preparation is reasonably reproducible. The micrographs in Figures 13 (c) and
(d) are relative to the B_C (fraction without HT) and B_HT130_C (fraction submitted to the HT at 130°C
24 h), both calcined at 500°C (2°C by min, 6 h).

Fig. 13. Reproducibility tests, comparison between FEG-SEM micrographs of: (a), (b) hybrid B_U, same
synthesis HT at 130°C 24 h, separated into two distinct autoclaves of 75 ml, (c) B_C, (d) B_HT130_C
calcined samples.

SI3. Order in hybrids and in calcined silica grains by Small Angle X-ray Scattering
Order in hybrids and in calcined silica grains by Small Angle X-ray Scattering Order between parallel
mesopores was checked by SAXS (within the range 0.5-5°) on a Rigaku S-MAX 3000 diffractometer
using a Cu Kα excitation source, working at  = 0.15406 nm. Measurements in
Figures 14 were made in transmission, the hybrid powder being manually packed in borosilicate glass
capillaries of 1 mm in diameter (to keep a reasonable transmitted X-ray flux after the powder and keep a
limited absorption). Because of the used capillaries and manual packing, it was difficult to estimate precisely peaks relative intensities. After calcination, there is a strong difference between the electronic density contrast existing inside the pores and inside the silica walls. In Figure 14, the X-ray diffraction measurements are presented in linear (q = 2*π/d) versus log10 (intensity). The performed mathematical treatment is aimed at increasing the intensity of the smallest diffractions.

Fig. 14. SAXS measurements

SAXS measurements have been performed on one D sample (synthesis made with 71.61 g P123, 34 mL of
HCl 37%, 1863 mL of water and 167.28 mL of TEOS) and three B (synthesis made with 71.61 g P123,
287 mL of HCl 37%, 1863 mL water and 167.28 mL of TEOS) obtained after three distinct treatments:


B_HT130_U 2L, submitted to a HT at 130°C, 24h, recovered by filtration on paper and washed
with 2L of distilled water



B_HT130_U 3L, submitted to a HT at 130°C, 24h, recovered by filtration on paper and washed
with 3L of distilled water



B_C HT130_C calcined at 500°C in air (rate of 2°C by min) then 6 h

Three clear diffraction peaks indexed by h, k, l: (100), (110) and (200) are observed for B_HT130_C
calcined sample, prepared at pH 0. These three peaks correspond to a unit-cell in the p6mm space-group
and to the well-ordered 2D hexagonal structure formed by the pores, as reported for calcined SBA-15 in
initial publications [2]. Only very weak (110) and (200) diffraction peaks are observed for the hybrid D_U
synthesized in less acidic conditions, here a HCl of concentration 0.6 to 0.3 mol. L-1. A clear sensitivity
to washing with water is detected by comparing the two diffractions recorded B_HT130_U washed with
2L of water and B_HT130_U washed with 3L of water: with the second sample, only two diffraction peaks
are detected at q = 0.57 and 1.18 nm-1 and can be associated to a lamellar phase.
Unit-cell parameter, a, as obtained by FullProf program of simulation of the first diffraction peak, indexed
(100) and associated with the reticular distance d100 are given in Table 2.

SI4. Surface of calcined silicas, as studied by NIR and quantification of several kinds of silanol
groups
Concerning the NIR-bands attributed to water and surface silanol Si-OH groups in calcined samples, recent references on crystalline hydrated silica (natural chalcedony silica) [3, 4], on hydrated opal amorphous silica [5, 6] and on NIR spectra of silica gels [7] are used as references. Three types of silanol
groups and two types of water molecules are considered. For their quantification, we used the protocol
detailed elsewhere [8].
Calcined hybrids of the SBA-15 family can have very different surface states and then significantly different hydrophilic properties and affinity for water adsorption. We have integrated two NIR peaks, one
near 2000 nm (water) and a second at 1450 nm (silanols). A narrow first component with a Lorentzian
symmetrical profile corresponds to poorly bound water molecules whereas a much broader peak with a
strong Gaussian profile is associated with water molecules experiencing strong H-bonds. The prepared
calcined samples, stored in closed vials and at room temperature, contain then spontaneously two types of
water molecules. The existence of two types of water molecules, one strongly H-bound and the second
only weakly H-bound is observed in all samples and has also been reported for NIR measurements performed on pure water. In our spectra, the two observed spectral components are centered at 1894 and
1935 nm. The first component of the Si-OH band near 1894 nm corresponds to isolated and/or gemini
silanols (two OH on the same Si-atom) that do not interact with others silanol groups and/or with water
molecules. Other Si-OH groups experiencing multiple Hbonds (neighbors or linked to water molecules)
give rise to the much broader 1935 nm component of Gaussian shape that is shifted to longer wavelengths.
The proposed spectroscopic quantifications are summarized in Table SI1.

Even with now established preparation methods, calcined hybrids of the SBA-15 family can have very
different surface states and significantly different hydrophilic properties, affinity for water adsorption. To
obtain information on that point, we have looked at two NIR signals located respectively near 2000 nm
(water, elongation mode) and 1500 nm (silanols, bending of Si-O-H groups). Quantifications were made
by their integration using the technique described by one of us [8] and are summarized in Table SI1. The
water band can be decomposed into a narrow first component with a symmetrical Lorentzian profile that
corresponds to poorly bound water molecules W1 and a much broader component with a Gaussian profile
associated with water molecules experiencing stronger H-bonds, W2. Two types of water molecules are
present in hybrids stored in closed vials and at room temperature. Concerning silanols groups, isolated
and gemini (two OH on the same Si atom) are not differentiated and give rise to a single component with
a Lorentzian shape.
Other Si-OH groups, all experiencing H-bonds, either mutual or with water molecules, give much broader

components with a Gaussian shape and a shift toward larger wavelengths values. The proposed quantifications were compared with the fraction in microporous volume as measured by N2 sorption and given in
Table 3 in the main text. A larger microporous volume is systematically associated with a larger fraction
of isolated and/or gemini silanol groups. A special attention to the location of isolated/gemini groups
inside the disordered micropores in silica walls and not inside mesopores or outside silica grains is now
thus justified.

Table SI1:Positions, Full-Width at Half Maximum( FWHM) and integrated Relative Intensities of near
Infrared signals attributed to water molecules W1 and W2, and to silanol groups : S1) second overtone of
silanol bending, poorly bound by H bonds, S2) second overtone of silanol bending linked by strong H
bonds, S3) second overtone of silanol bending isolated or gemini groups.

Supplementary Information SI5 – N2 sorption main results.
Results obtained by N2 sorption on calcined silicas have been summarized in Table 3 in main text. The
isotherms recorded on silicas submitted to HT are of type IV, as defined in IUPAC. For given precipitation
conditions, an applied hydrothermal treatment is associated with a significant change of the hysteresis
loop, changing from H4 to H2 or H1 in IUPAC classification. For a H4 hysteresis, parallel absorption and
desorption branches, corresponds to uniform mesopores, are observed. A H1 hysteresis is rather expected
with lamellar materials, porous graphite for instance. H2 hysteresis corresponds to more complex porous
structures and are generally observed with pore blockings. They are common in cubic silicas containing
partially connected mesopores of similar dimension for instance.
The contribution of micropores, as determined qualitatively by the position of the first flat stage of the
isotherm (or by the origin of the first straight line that can be obtained on a usual t-plot curve) is particularly high for silica A_C but this silica is not well ordered (as detected by SAXS). Textural properties are
modified, as a function of the applied synthesis conditions as illustrated by Figure 15 A) HCl, 2 mol. L-1
B_HT130_C (washing with 3 L of water for 50 g) and HCl 0.3 mol. L-1 in C_HT130_C (normal washing
3 L for 50 g) for instance. Textural properties are also altered by washing treatments, see the two other
curves on the same A part of Figure 15 they have been obtained with the same powders but after washing
with 5 L of water. The washing in itself is responsible of a strong decrease of porosity.
It is interesting to compare the curves in Figure 15, corresponding to precipitated hybrids to the curves
obtained on the evaporated F_U sample washed with 6 L of water and then calcined in air at 130 (a), 350
(b) and 550°C (c) – Figure 16. With this peculiar sample, the influence of the washing treatment is less
important and manifested by an independent wave that is observed before the capillary condensation inside the mesopores. This wave intensity is decreased by thermal treatments (compare the curves after
calcination at 150 and 550°C).

Fig. 15: N2 sorption measurements on two precipitated silica, obtained at the same acidic pH (pH = 0)
uncalcined or submitted to washing treatment with water before calcination, calcination applied then
(500°C, 6h rate of 5°C by min): B_HT130_C sample and C_HT130_C washed with 2 L of distilled water.

Fig. 16. N2 sorption recorded on the F_U sample after washing with 6 L of water and calcination at several
temperatures, a) 130, b) 350 and c) 550°C.
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