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Abstract

Polyacid-functionalized inorganic mesoporous materials have attracted considerable interest
as catalysts, permselective molecular sieves or drug carriers. Despite their great interest, their
synthesis into ordered mesostructures incorporating polyacids densely and homogeneously
distributed in the mesopores, is a challenge. Moreover, their properties as conductors for
energy applications remain completely unexplored. Here we report an efficient, one-shot
environmentally friendly synthesis route to prepare ordered mesoporous silica functionalized
with strong polyacids, which exhibits excellent proton conductivity. We used polyion
electrostatic complex micelles as structure-directing, functionalizing and pore-generating
agents to obtain a material of remarkable textural and functional quality. It presents large and
ordered mesopores hosting monodisperse polyacid chains corresponding to a dense and
homogeneous functionalization of 1.2 mmolso,1.gsio,* and a function density of 1 SOsH per
nm3 of mesopore volume. Overcoming the performance-limiting inhomogeneities, we
designed a superprotonic conductor, while the high value of the conductivity, 0.024 S cm™ at

363 K/95% relative humidity, was maintained at least 7 days.

Introduction

Ordered mesoporous silica (OMS) functionalized by polymers is an emerging class of hybrid

materials that combines the singular textural characteristics of inorganic networks with the
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specific physico-chemical properties of polymers. This gives the materials unique properties
that can be attractively triggered by environmental stimuli' Among OMS, those
functionalized with polyacids have proven to be particularly attractive for their acidic
properties, complexation ability and pH-responsiveness, showing excellent performances in
many applications such as heterogeneous catalysts,*® permselective mesoporous thin
films®>1% and drug carriers,'*™'* to name a few. Surprisingly, the proton conduction
performance of OMS functionalized with strong polyacids has never been reported, despite
the discovery of promising porous materials as proton conductors, e.g. porous sulfonated
organic polymers** and monosulfonated OMS.>1° Obviously, the substitution of a
monosulfonic acid function with a polysulfonic acid in the porous framework of a stable
inorganic backbone is expected to increase the number of labile protons, resulting in a higher
density of acid functions for a similar mesopore size. Therefore, the already promising proton
conductivity (7.2 x 103 S.cm™) observed by Mikhailenko et al.'> for monosulfonic acid-

functionalized OMS particles should be improved.

The lack of studies on materials functionalized with polysulfonic acids is due to the difficulty
in achieving dense and homogeneous functionalization of the mesoporous silica as well as
controlled polymer characteristics, including dispersity and block molecular weights. Most
current polymer functionalization strategies rely on post-functionalization of mesopores using
the “grafting to”!! or “grafting from”#> approaches. In these respective approaches, a polymer
is either grafted onto the pore surface or grown by in situ polymerization from the activated
surface. While the “grafting to” method results in inhomogeneous functionalization with
presynthesized polymers of controlled molecular weight, the “grafting from” method
produces polymers of polydisperse molecular weight, which can ultimately be densely
integrated, but at the expense of the pore volume required for most of applications.?°
Furthermore, regardless of the post-functionalization strategy, an ordered porous material
must first be synthesized. This requires numerous steps involving the use of many solvents
and reagents, high energy consumption to remove the pore-forming sacrificial agent directing
the silica structure, which subsequently limits the large-scale development of such polymer-
functionalized OMS. Alternatively, one-pot synthesis strategies for functionalizing OMS with
polyacids should be suitable methods to overcome those limitations, using a pre-synthesized
polyacid directly introduced into the synthesis medium. In this context,
perfluorobutylsulfonylimide-based alkoxysilanes were co-condensed with tetraethoxysilane
(TEOS) under sol—gel conditions.?! However, non-uniform agglomerated mesoporous particles
with irregular porosity were obtained. Even the presence of a structure-directing agent in the
synthesis medium did not improve the formation of an ordered silica mesophase. As reported,

22 silica nanoparticle agglomerates without structure or with missing porosity were obtained
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by mixing quaternary ammonium surfactants with perfluorosulfonic acid ionomers and TEOS.
These examples highlight the difficulty of precisely controlling the interactions between all the
reactants in a one-pot synthesis, which is crucial for obtaining polyacid functionalized OMS
with controlled structure and specific functionalities. Given these limitations, it is imperative
to design new routes for direct functionalization of OMS with polyacids to improve the quality
and efficiency of functionalization. This includes controlling the length, dispersity and spatial
distribution of polymers, combined with reducing the environmental impact of the synthesis

method.

In this work, we present a method for the direct and environmentally friendly functionalization
of ordered mesoporous silica with strong polyacids of perfectly defined length, which are
densely and homogeneously distributed in the mesopores. The strategy relies on the use of a
novel structure-directing agent, namely polyion complex (PIC) assemblies, which incorporate
desired functionalities that are masked during the sol—gel process, preventing disruption of
the mesostructuring process. As reported,?372¢ PIC micelles formed with a weak polyacid-
based double-hydrophilic block copolymer (DHBC) and an oppositely charged polyelectrolyte
direct the structure of PIC-silica materials with tunable textural and structural properties (2D
hexagonal, lamellar, cubic), called MesoPIC materials. In most subsequent studies, the PIC
assembly has been completely removed from the organic-inorganic hybrid material. In the
present study, we seek to preserve the DHBC of the PIC assembly in the material to give acidic
properties to the pores, using a strong polyacid-based DHBC containing a poly(styrene sulfonic
acid) (PSS) block. The new PSS-functionalized OMS is hereafter referred to as MesoPIC-PSS.
The process operates under purely agueous conditions and at room temperature, making it
an environmentally friendly and energy-efficient synthesis procedure. The resulting MesoPIC-
PSS material obtained has a very high volume density of 1 SO3H function per nm?3 of mesopore
volume; it also exhibits a superprotonic conductivity, i.e. 6 =2.4 x 102 S.cm™ at 363 K/ 95 %
Relative Humidity (RH), as well as constant performances maintained for 7 days, proving its
excellent hydrolytic and chemical stability. These results demonstrate for the first time the

interest of mesoporous silica functionalized with polyacids as proton conductors.
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Experimental Section

Chemicals

Oligochitosan with a molar mass of 2500 g.mol! was purchased from Creative PegWorks® and
used as received. A deacetylation degree of 97% was measured by 'H NMR. The following
global molar composition was determined by a combination of H NMR analysis, TGA,
elemental analysis, aqueous acid-base titration, conductivity and chloride concentration
measurements: DeacetylatedUnit(0,97), AcetylatedUnit(0,03), CsHs03(0,52), CI(0,48),
H.0(0,85), where C3Hs0s is lactate counter-ion. A small amount of inorganic cations may be
present but was not detected. Tetraethoxysilane (TEOS), 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DDMAT, 98%), sodium 4-vinylbenzenesulfonate (SSNa, > 90% technical
grade), 4,4'-Azobiscyanopentanoic acid (ACPA, Aldrich, 98%) were purchased from Sigma-
Aldrich and used as received. Poly(ethylene glycol) methyl ether acrylate (APEO, M, =480
g.mol?, 8.5 EO units on average) was purchased from Sigma-Aldrich; prior to use, APEO was
stirred for 30 minutes with basic alumina and filtered to remove the inhibitor. The chemical
formula of DDMAT, APEO, and SSNa are represented in Figure S1.

Synthesis of PAPEO-b-PSS

Synthesis of Poly(poly(ethylene glycol)-methyl ether acrylate) by aqueous RAFT
Polymerization of APEO

Synthesis of P(APEO),s-DDMAT was adapted from a previous work?” and performed as
follows: DDMAT (0.55 g, 1.5 mmol, 1 eq), APEO (15 g, 31.3 mmol, 20.9 eq), ACPA (0.08 g, 0.3
mmol, 0.2 eq) and distilled water (12.79 g) were introduced in a round-bottom flask and
stirred (solids content= 55 %). The mixture was degassed with nitrogen bubbling for 30 min
under magnetic stirring. The mixture was then heated in an oil bath at 353 K for 4 h under
nitrogen atmosphere. At the end of the polymerization, water was evaporated under reduced
pressure. Degree of polymerization (DP) and conversion were determined by *H NMR
(DPp(ape0) = 25.4, monomer conversion > 99.2%). NMR sample preparation: 0.5 mL of D,0 was
added to 0.1 mL of crude polymerization medium and quenched in liquid nitrogen.
Determination of My, Mw and dispersity B was performed by size exclusion chromatography
in THF (SEC-THF) with PMMA calibration (Mn= 8040 g.mol, My, = 9610 g.mol* and B = My/M

= 1.19). The full characterization is given in Figures S2 and S3.
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Synthesis of Poly(poly(ethylene glycol)-methyl ether acrylate)-b-poly(sodium 4-
vinylbenzenesulfonate) by aqueous reversible addition-fragmentation chain transfer (RAFT)

polymerization

The synthesis of the DHBC was adapted from previous works?®-3? and performed as
follows: P(APEOQ)25-DDMAT (15.02 g, 1.22 mmol, 1 eq), sodium 4-vinylbenzenesulfonate (SSNa,
6.92 g, 30.3 mmol, 24.3 eq), ACPA (0.0702 g, 0.25 mmol, 0.2 eq) and distilled water (9.15 g)
were introduced in a round bottom flask and stirred (solids content= 70 %). The mixture was
degassed with nitrogen bubbling for 30 min under magnetic stirring. The reaction medium was
then heated in an oil bath at 353 K for 4 hours under nitrogen atmosphere. The resulting
double hydrophilic block copolymer (DHBC) was then lyophilized. Degree of polymerization
(DP) and conversion were determined by 'H NMR (DPp(ssna) = 21.4, monomer conversion >
99.9 %, M, p(are0)-b-p(ssNa) = 16 954 g.mol?, Figure S4). Due to the polyionic structure, no SEC
analysis was realized on this DHBC but a capillary-electrophoresis (CE) experiment was
performed (Figure S5), according to conditions previously reported,® to check the presence
of the covalent link between the two blocks in synthesized P(APEQO)2s-b-P(SSNa)21-DDMAT.

Synthesis of the polyacid-functionalized silica material MesoPIC-PSS

MesoPIC-PSS particles were prepared following a one-pot synthesis approach. The
concentrations of oligochitosan and TEOS were fixed with respect to the number of styrene
sulfonate (SS) and ethylene oxide (EO) units of the PAPEO-b-P(SSNa) copolymer: molar ratios
were set at 1 nitrogen per SS (N/SS = 1) and 1 silicon per EO (Si/EO = 1). The final concentration
of the reaction medium was set at 2.0 wt% of DHBC polymer.

100 mg of PAPEO-b-P(SSNa) was dissolved in a mixture of 4.04 g of deionized water and 27.2
mg of oligochitosan. The pH of the solution was then adjusted to 2 using H,SO4 (1 M). Into the
obtained clear solution, 244 mg of TEOS was added and the solution was stirred at 303 K for
1h. After that, the pH was rapidly increased to 4.5 with an agueous NaOH solution (2 M). The
mixture was stirred slowly for 5 hours at 303 K. The precipitate formed was then recovered by
centrifugation, and dispersed in 12 ml of aqueous solution at pH=4.5 for 20 min to remove
excess polymer. The product was centrifuged, the supernatant was eliminated, and the solid
was dispersed and stirred for 16h in 12 ml of an aqueous solution with 0.05M H;S04 and 1M
NaCl. The dispersion was centrifuged and the process was repeated a first time for 3h with
12ml of an aqueous solution with 0.5M H,SO4 and 1M NaCl, and a second time for 1h with
12ml of an aqueous solution with 0.5M H;S04 but without NaCl. Finally, the solid was
recovered by centrifugation and air-dried at 353 K for 16 hours; typically, 100 mg of dry

powder was obtained.
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Characterization
Structural characterizations

TEM images were acquired on microtome cut samples using a JEOL 1200 EX |l operating at
120 kV. Samples SEM images were obtained using a Hitachi S4800 FEG-HR operating at 5 kV.
SAXS experiments were run using a homemade instrument with a copper X-ray tube (A=1.54
R). Nitrogen sorption analyses were performed at 77K using a Micromeritics Tristar 3000 after
degassing samples one night at 353 K under secondary vacuum. The specific surface area was
calculated using the BET equation in the range 0.15 < p/p° < 0.35, volumes of micro- and
mesopores were calculated using the alpha-S method, distributions of pore diameters were
calculated on the adsorption branch of the sorption isotherm using Broekhoff and Boer

equations.
Chemical characterization

TGA were performed using a PerkinElmer STA 6000 under air flow from 300 K to 1173 K with
a 10 K.min'! rate. The silica content SiO, wt.% was determined as the residual final mass at
1173 K. Elemental analyses were performed on a Elementar Vario Micro Cube to determine
Cwt. %, Swt.% and N wt.%, respectively the mass content of carbon, sulfur and nitrogen. TGA-
MS measurements were done with a Setaram STA-MS operating under air, from 303 Kto 1173
K with a heating rate of 5 K.min’. 2°Si MAS NMR experiments were run on a Varian VNMRS
400 MHz at 293K with a speed rotor rotation of 5 kHz. Pulses of /6 were repeated every 60 s.
Octa(dimethylsiloxy)-octasilsesquioxane (Q8M8) was used as the chemical shift reference (6
=-12,6 ppm). The proton exchange capacity was determined by titration of the H* in solution
after ionic exchange with Na*. Typically, 50 mg of MesoPIC material was added to 10 ml of an
aqueous solution of sodium chloride (NaCl, 1M) and stirred for 24h at room temperature. The
suspension was then filtered and the obtained solution was titrated with a sodium hydroxide

aqueous solution (NaOH, 0.01M) using a pH-meter.

DLS analyses of PIC micelles were performed using a Malvern 4800 spectrogoniometer device
with a laser source of 50 mW operating at 582 nm. Hydrodynamic diameters were obtained
from autocorrelation functions fitted with CONTIN algorithm. Suspensions were prepared in
deionized water with a concentration of PAPEO-b-P(SSNa) of 2wt.% and with a molar ratio
between oligochitosan units and SSNa units of 1. The pH was adjusted at 4.5 with NaOH 2M

solution. Analyses were performed without filtration.

Water adsorption. Water adsorption was performed at 298 K using a home-made

apparatus.3132 In brief, this sorption device is based on manometric measurements of the
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equilibrium water pressure before and after each sorption step. The pressure is recorded using
two capacitive pressure gauges (10 and 1000 Torr). The whole device is placed in a climatic
chamber allowing for a thermal stability better than 0.1 K at constant temperature (here, 298
K). The sample cell can be disconnected from the sorption line, allowing for an activation of
the sample before the sorption measurements. The sorption thermodynamic equilibrium is
ensured for each sorption step by setting a time criterion at 300s, which means that the
pressure must remain constant for 300 s before recording the equilibrium pressure.
Depending on the sorption process (monolayer sorption, capillary condensation, ...),

equilibrium times are different and they can reach up to 600 min for a single step.33

Conductivity. The impedance measurements were carried out using a Solartron analytical
Modulab XM MTS over a frequency range from 1Hz to 10° Hz with an ac applied voltage of
0.020 V. The powder sample was placed between two gold electrodes in a parallel plate
capacitor configuration with an annular Teflon spacer to provide insulation, allowing the use
of the “two-probe” method for the electrical measurements. The Relative Humidity (RH) and
Temperature (T) were monitored by a ‘Bench-Top type climatic chamber’ from ESPEC
Corporation. It is composed of a small liquid water “bath” located in the mixing plenum; as
the chamber air is drawn into the plenum, it passes the bath, picking up vapor submitted to
the sample. Impedance was recorded with varying RH from 35 to 95 %, while T was fixed in
the [298 K — 363 K] range. The sample was equilibrated for at least 12 hours, before changing
the RH/T conditions.

The resistance R of the solid was determined from the analysis of the Nyquist plots (-2” =f(Z')),
i.e. from the real-axis intercept of the signal and/or the fitting procedure with equivalent
circuits using the ZView Software. In the latter case, the best fit was obtained considering the

following equivalent circuit model:

CPE1
It CPE2
o— R —|(—o
1

where R represents the bulk resistance, CPE1 and CPE2 refer to the constant phase elements
for the non-ideal capacitance behaviors of the bulk solid and the electrodes, respectively. The
conductivity values were obtained using 0=1/Rx|/S, where | and S are the sample thickness
and surface, respectively. As shown in the impedance measurements section of Sl, both
approaches converge towards comparable values of G, supporting that both methods can be

equally considered. The conductivity values are given with an uncertainty of Ac/c = 0.01.
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The activation energy associated with the proton transport process was deduced from the
linear fitting of In (oT) versus 1/T, according to the Arrhenius equation o(T) = ao/T exp(-AE/KT),

where k is the Boltzmann constant.

Results and discussion

Scheme 1 describes the general concept of the functional material synthesis. First, a
mesostructured PIC-silica hybrid phase is synthesized by macroscopic precipitation at room
temperature in water at pH = 4.5 due to a cooperative organization between a P(APEQ)2s-b-
P(SSNa),1 DHBC of well-defined block molecular weights synthesized by controlled radical
polymerization (see Characterization of the DHBC section and Materials and Methods section
in Sl), a hydrosoluble renewable biomass oligochitosan and silicic species obtained by pre-
hydrolysing TEOS used as a silica source. Formation of the hybrid phase results from
electrostatic complexation between the SOs functions of the DHBC and the NH3* functions of
oligochitosan, together with hydrogen bonding between the ethylene oxide units of the DHBC
neutral blocks and the silanol groups of the silicic species. Upon dispersion of the hybrid
material in an aqueous solution of hydrochloric acid (pH = 1) and sodium chloride (1 mol.L?),
the electrostatic interactions between the polyions are disrupted, which ensures the
dissociation of PIC micelles. The objective is threefold: (i) elute the oligochitosan for potential
reuse (recycling of the micellization auxiliary),? (ii) generate mesoporosity in the material, (iii)
decorate the mesopore walls with accessible sulfonic acid-rich polyions. The PAPEQO chains of
the copolymer remain anchored to the silica walls via hydrogen bonds, allowing dense and

homogeneous functionalization of the mesopores with the PSS polyacid chains.
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Scheme 1: lllustration of the eco-designed pathway to form large-pore ordered silica
functionalized with polyacid chains, called MesoPIC-PSS

The PSS-functionalized silica material (MesoPIC-PSS) exhibits a long-range ordered 2D
hexagonal structure. TEM images of the particles sectioned by ultra-microtome cutting reveal
the ordered hexagonal network of the cylindrical mesopores (Figure 1a, supplementary
images on Figure S6). The SAXS pattern shows four well-defined peaks, indicating the long-
range order of the P6mm mesostructure with a dO spacing of 14.9 nm (Figure 1b). SEM images
reveal the long-range ordered internal structure in micrometer-sized particles (Figures 1c and
S7).

The chemical composition of MesoPIC-PSS was determined by combining thermogravimetric
analysis (TGA) and elemental analysis (EA). According to TGA, the residual mass recorded at T
= 1173 K corresponds to 47 wt.% of silica. 2°Si MAS NMR analysis (Figure 1d) reveals that 51
%, 46 % and 3 % of Q4, Qz and Qz species respectively, constitute the silica framework, resulting
in an overall formula of SiO1.74(OH)o.52. It should be noted that a silanol-rich MesoPIC-PSS was
successfully synthesized in this way in conjunction with the absence of any calcination step
during the elaboration process. Most importantly, the nitrogen content measured from the
EA (< 0.1 wt. %N, Table S1) highlights a complete removal of oligochitosan from the elution

process, ensuring the complete decomplexation of sulfonic acid functions.
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Figure 1: a) TEM image, b) SAXS pattern, c) SEM image, and d) 2°Si one-pulse MAS NMR
spectrum of MesoPIC-PSS. Qz, Qs and Qs refer to Si(OH)2(0Si)2, Si(OH)(0Si);s and Si(OSi)a
species respectively.

According to EA, the MesoPIC-PSS material contains a large amount of PAPEO-b-PSS in the
mesopores (886 mg.g lsioz, Table 1), which corresponds to 99% of the DHBC polymers initially
present in the hybrid MesoPIC material. This key feature ensures an intrinsically dense and
homogeneous spatial distribution of the polyacid chains in the mesopores considering that: (i)
the PAPEQ-b-PSS polymers associated with oligochitosan are the pore structuring agents, and

(ii) they remain in the silica-based material during the PIC disassembly process. The density of

-1

material’ which is

sulfonic acid functions was calculated to be 1.16 mmol.g;}o2 or 0.54 mmol.g
within the range of those reported in the literature for mesoporous silica particles
functionalized with mono- or polysulfonic acid. Table S2 lists the relevant sulfonic acid-
functionalized OMS in particle or thin film form, including their density of sulfonic acid
functions as well as their textural properties. Among them, sulfonic acid-functionalized
mesoporous silica thin films synthesized by Fujita et al. exhibit the highest density of sulfonic
acid functions.'® The chemical composition of the copolymer in the material was preserved,
as indicated by the similar value of the C/S mass ratio in the final material (9.8) compared to

that of the raw PAPEO-b-PSS copolymer (10.5). Most importantly, the volume density of SOsH

10



functions in the mesopores reaches 1 function per nm3 of mesopore volume, which is the
highest value reported to date for mesoporous particles (calculations are provided in ESI
together with comparisons to values for other materials in the literature, Table S2). In
addition, the acidic protons in MesoPIC-PSS are highly accessible: 80% of them were

This

exchanged in aqueous solution, giving an exchange capacity of 0.44 mmoIH+.g‘nfateria|.
result contrasts with a previous report of a PSS-functionalized SBA-15, in which only 14% of
the acidic functions were accessible to ion exchange due to the hydrophobicity of the

material.> In our case, the excellent accessibility may be the consequence of (i) the high
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hydrophilicity of MesoPIC-PSS due to the numerous silanol and SOsH functions, and (ii) the
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homogeneous distribution of the polymer chains within the pores. Therefore, the present

=
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strategy provides mesoporous materials with large pores, high pore volume and very high

=
N

volume density of accessible and strong acid functions in the mesopores.
13

14  Table 1: Textural properties and chemical composition of MesoPIC-PSS.

MgpeHc .sio2 mmol_sozn
e

Viicro/ Vineso / Cma-g1
Cm3.g—1 a

dmeso/NM®  do/NM®  twan/nmM ¢  Sger/ mig?

‘le
.8sio2

0.00 0.24 10.0 14.9 7.2 105 886 1.16

15 2Total pore volume at p/p° = 0.975 °mean mesopore diameter at adsorption € lattice parameter ¢ thickness

16 of silica walls ¢ Determined by elemental analysis and TGA.

17

18 The dynamic thermal stability of MesoPIC-PSS was evaluated under air by TGA coupled with
19  mass spectrometry (TGA-MS, Figure S8). The PAPEO-b-PSS copolymer decomposes from 475
20 Kto 950K inthe material, generating CO,, H.0 and SO,. The thermal decomposition of PAPEO-
21  b-PSS occurs in the same temperature range (Figure S9), indicating that the thermal stability
22 of the copolymer is not affected by the mesoporous structure, probably due to the highly

23 porous structure and large diameter of the mesopores.

24  The accessibility to these large pores from the outer surface of the particles is clearly evident
25 in the SEM images in Figure 1c. The sharp symmetric hysteresis loop of the type IV nitrogen
26  sorption isotherm (Figure 2a) further validates the accessibility and homogeneity of the
27  mesoporosity in the particles. Capillary condensation of nitrogen occurs in MesoPIC-PSS in the
28 same manner as in the case of polymer-free OMS (calcined material), suggesting that nitrogen
29  sorption is not affected by the presence of polymers in the mesopores (Table 1). The pore size
30 distribution indicates monodisperse mesopores of 10.0 nm in diameter. A consistent diameter
31 (10.5 nm) was estimated by analyzing the TEM images (Figure S10), from which the pores are

32  distinctly delineated from the silica walls, confirming the fact that nitrogen sorption analysis

11
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allows access to the mesopore diameter as if no polymers were present. Given the presence

of many functional polymers in the mesopores and the large thickness of the silica walls (7

-1

nm, Table 1), the mesopore volume (Vmeso) of 0.24 cm3, 8 ateria

| can be described as really high.
No microporosity could be detected by t-plot in contrast to SBA-15-type materials, in which
micropores are generated by removal of the micelle PEO corona by calcination.3* In the
present approach, the stable anchoring of the comb-type PAPEO blocks in the silica walls and

the absence of any calcination step avoid microporosity formation.

In summary, the MesoPIC process can produce porous silica-based solids with both high
porosity and a high degree of functionalization. On one hand, the pore volume, which results
from the elution of the oligochitosan, is related to the amount of oligochitosan initially
incorporated into the material. On the other hand, the degree of functionalization of the
MesoPIC-PSS material is related to the amount of block copolymer incorporated in the
material. Knowing that the core of the PIC assembly results from the charge compensation
between the PSS and the oligochitosan, this suggests that the pore volume and the degree of
PSS functionalization should both concomitantly increase when the length of the PSS block is
increased. This represents a major advantage over the former grafting post-functionalization
approaches, in which an increase in polymer block length or degree of grafting inherently leads

to a decrease in pore volume.
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Figure 2: MesoPIC-PSS sorption isotherms of a) nitrogen measured at 77K and related pore
size distribution, and b) water measured at 298 K.

Water sorption analyses were performed to evaluate the water sorption capacity and affinity
of the functional surfaces for water, which can then be related to proton conductivity
properties. The water vapor sorption isotherm recorded at 298 K is shown in Figure 2b. The

maximum water uptake at RH = 97% reaches 308 mg20.8 The linear shape at low

-1
material®
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relative pressure is characteristic of a mixture of type IV and V sorption isotherms,3 as
previously reported for bare and sulfonic functionalized mesoporous silica.?®3” Maaz et al.
proposed using the water pore filling volume ratio at p/p° = 0.1 as an indicator of the
hydrophilicity of the material, which has been shown to increase with silanol density and
microporosity.3® For MesoPIC-PSS, the water pore filling volume ratio at p/p° = 0.1 was
calculated to be 0.06, which is one of the highest values of all materials reported by Maaz et
al.3 Since no microporosity was found for MesoPIC-PSS, the strong hydrophilicity is due either
to the presence of the many silanols revealed by 2°Si MAS NMR (see above), the large number
of sulfonic acid functions or most likely a combination of both. A comparison of the water and
nitrogen sorption isotherms provides useful insights. A clear difference in the isotherms
appears at intermediate RH levels. The high uptake in this region can been attributed to a
capillary condensation process in the case of nitrogen adsorption; however, in the case of
water adsorption, the curve is not as steep in the region of intermediate RH levels. In addition,
water uptake increases gradually up to saturation. This could be related to the adsorption of
water molecules onto the many sulfonic acid groups of the polymeric chains, as usually
observed for Proton Exchange Membranes (PEM).38 For example, perfluorosulfonic acid
membranes with hydrophobic and hydrophilic domains show no capillary condensation of
water, which first condenses on the sulfonic acid groups before percolation.?®4° In contrast,
nitrogen, which has no specific affinity for the polymer, condenses as it does in the pores of
bare mesoporous silica. This would explain the larger volume of water adsorbed (0.31 cm3.g?)
compared to nitrogen (0.24 cm3.g). Since MesoPIC-PSS has both a hydrophilic silica surface
and hydrophilic PSS blocks, one would expect water molecules to adsorb onto both types of
sites and condense via a combination of the mechanisms reported for bare mesoporous silica
and PEM. The structuration of the polymer chains in the mesopores could also play a role in
the differences between nitrogen and water adsorption isotherms. While at 77K these chains
are rigid and cover the surface of the mesopore walls, at 298 K, the polymer chains are flexible
and can adopt a brush-like conformation. In the first case, the mesoporosity is fully accessible
to nitrogen and capillary condensation can therefore occur according to the Kelvin’s law. In
the second case, the presence of polymer chains in the mesopores prevents the formation of
a homogeneous meniscus of water in the mesopores, which is a prerequisite for
homogeneous capillary condensation. Therefore, the mesopores can be progressively filled
with water as the relative pressure increases. Because of the inflection of the water adsorption
isotherm noticeable at 60% RH, capillary condensation probably occurs between 60% RH and

95% RH. Still, further experiments or simulations are needed to confirm these interpretations.

Given the thermal stability of the inorganic framework, the well-defined mesoporous

structure, the dense functionalization and the numerous silanol functions, MesoPIC-PSS
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appears to be a promising candidate for proton conductivity applications.*>*? AC impedance
spectroscopy was used to explore its proton conductivity at 95% Relative Humidity for
temperatures ranging from 298 K to 363 K. The Nyquist plots are shown in Figure 3a. They
correspond to very low impedances and are dominated by the capacitive tail due to the ionic-
blocking electrodes. The total impedance was extrapolated from the linear region to the real
axis. The corresponding conductivity values increase from 2.5 x 103 S.cm™*to0 2.4 x 102 S.cm™
upon heating from 298 K to 363 K, illustrating the superprotonic conductivity behavior of
MesoPIC-PSS (o > 10 S.cm™).#3 Interestingly, the performances of MesoPIC-PSS exceed that
of the best sulfonic acid based OMS particles (6%sk 100ru = 1-1072 S.cm™1), while exhibiting a
larger pore diameter (Table S3). Furthermore, the outstanding performance recorded at 363
K and 95% RH is maintained over at least one week (Figure 3b), highlighting the long-term
hydrothermal stability of the silica at the T/RH operating conductivity conditions. This is
further highlighted by the comparable TEM images of the material collected before and after
the impedance measurements (Figure S11). These results confirm the robustness and high
hydrothermal stability of MesoPIC-PSS, which can be attributed to the thick walls of the

material and the absence of any microporosity.

The activation energy for proton transfer in MesoPIC-PSS was deduced from an Arrhenius plot
(Figure 3c). It reaches 0.28 eV, which is consistent with a Grotthuss transfer mechanism (AE <
0.40 eV).* It is assumed that protons are transferred from -SOsH groups to water molecules
interacting through hydrogen-bonds, creating a pathway for proton migration into the silica
porosity. To verify that water assists the proton transfer, the humidity dependence of the
conductivity for MesoPIC-PSS was studied at 298 K and 363 K (see Figures S12-S14 and Table
S4). The significant increase in conductivity with increasing humidity, from 40 % to 95 % of RH,
confirms that H,O molecules are involved in the proton migration mechanism, and this trend
is valid regardless of the temperature. Propitiously, the dependence of conductivity with
relative humidity perfectly follows the water uptake profile obtained from the manometric
adsorption isotherm (Figure 3d). This excellent correlation confirms that the water-mediated
proton conductivity of MesoPIC-PSS is proportional to the concentration of adsorbed water
molecules inside the porosity, which are assumed to act as charge carriers through the path
they create via the H-bond network.*> Noteworthy, conductivity measurements recorded at
303 K as a function of RH perfectly illustrates the acid character of the protogenic groups of
the MesoPIC-PSS. This also provides evidence that the proton conduction process occurs
through the intrinsic bulk solid, i.e. through the water-filled pores of the silica particles, and

not through the grain boundaries or interparticle domains.*¢4°
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Figure 3: a) Nyquist plots of the impedance for MesoPIC-PSS recorded under 95% RH for
temperature varying from 298 K to 363 K. b) Long term stability of the conductivity of
MesoPIC-PSS at 363 K/95% RH. The dashed curve is a guide for the eye. c) Arrhenius type
plot of the conductivity for MesoPIC-PSS under 95 % RH. The dashed line corresponds to the
linear least-square fit. d) Evolution of the water mass uptake (black circle) and the
conductivity (red squares) for MesoPIC-PSS versus the water relative pressure at 298 K upon
adsorption.

Conclusions

An environmentally friendly integrated strategy has been developed to prepare ordered
mesoporous silica functionalized with strong polyacid chains that are densely and
homogeneously distributed in the mesopores, allowing the preparation of superprotonic
conductors. The synthesis process takes place in an aqueous solvent at room temperature and
relies on the use of complex micelles of oppositely charged hydrophilic polymers. A functional
polyacid DHBC complexed with an oligoamine (oligochitosan) was used to direct the structure
of silicainto an ordered 2D hexagonal mesostructure with large mesopores of 10 nm diameter.
The oligoamine was then released into water by changing the pH and ionic strength,
generating mesoporosity and revealing the acidic functions. More than 99% of poly(styrene

sulfonic acid) chains remained anchored in the material during the PIC dissociation step,
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demonstrating the high efficiency of the process resulting in an inherently dense and
homogeneous distribution of functional polymers along the mesopores. The PSS chains have
a known and well-defined degree of polymerization of 21, which leads to a large amount of
acid functions in mesopores: 1.16 mmol per gram of silica, which corresponds to the highest
volume density reported so far of 1 SOsH function per nm?3 of mesopore volume. The success
of this direct and integrated strategy can be attributed to (i) the use of PIC micelles as
structuring, pore-forming and functionalizing agents, and (ii) the selectivity of the elution
process that allows the removal of the oligoamine while keeping the totality of the functional
copolymers in the mesopores. Moreover, overcoming performance-limiting inhomogeneities,
we designed a superprotonic conductor: the sulfonic acid functionalized MesoPIC-PSS
material exhibits superprotonic conductivity, up to 0.024 S cm™ at 95% RH and 363 K, with a
Grotthus-like mechanism. This performance was extremely stable for at least seven days, due
to the high hydrothermal stability of the mesoporous hybrid material characterized by thick

silica walls, large pores and no microporosity.

These results demonstrate for the first time the major interest of stable large pore
mesoporous materials functionalized by dense and homogeneous brushes of strong polyacids
as solid-state proton electrolytes. Moreover, this strategy could be adapted to design Li- or
Na-ion conducting materials. Furthermore, the versatility of the process can be easily
exploited to control the ordered silica structure and to tune the pore properties of
functionalized hybrid materials through the reactivity of PIC micelles to pH, concentration or
ionic strength.2>24 Overall, our synthesis strategy paves the way for the large-scale sustainable

development of well-defined polymer-functionalized mesoporous materials.
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Supporting Information description

Supporting information includes: characterization of the DHBC by 'H NMR, SEC-THF and
capillary-electrophoresis, supplementary images of MesoPIC-PSS particles, chemical
composition of MesoPIC-PSS, comparison of the density of acid functions in MesoPIC-PSS with
those of representative functional porous silica particles, calculations of the density of
functions in mesopores, evaluation of dynamic thermal stability of MesoPIC-PSS by TG-MS,
determination of pore size on TEM image, comparison of MesoPIC-PSS protonic conductivity
with those of representative functional porous silica, evaluation of the stability of MesoPIC-

PSS at high temperature and relative humidity, impedance measurements.
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