N

N

Proton conductivity versus acidic strength of one-pot
synthesized acidic functionalized SBA-15 Mesoporous
silica
Nicolas Bibent, Ahmad Mehdi, Gilles Silly, Francois Henn, Sabine

Devautour-Vinot

» To cite this version:

Nicolas Bibent, Ahmad Mehdi, Gilles Silly, Francois Henn, Sabine Devautour-Vinot. Proton con-
ductivity versus acidic strength of one-pot synthesized acidic functionalized SBA-15 Mesoporous sil-
ica. European Journal of Inorganic Chemistry, 2011, pp.3214-3225. 10.1002/ejic.201100186 . hal-
00607972

HAL Id: hal-00607972
https://hal.science/hal-00607972

Submitted on 11 Jul 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00607972
https://hal.archives-ouvertes.fr

Proton conductivity versus acidic strength of one-pot synthesized

acidic functionalized SBA-15 M esoporous silica.
Nicolas Bibenf®®! Ahmad Mehdi®® Gilles Silly,'® Francois Henff!
and Sabine Devautour-Vind?,

[ |nstitut Charles Gerhardt Montpellier, UMR 5253.itrsité Montpellier 1, Place E.

Bataillon, 34095 Montpellier Cedex 5, France.

*Corresponding author, Fax: 33 4 6714 42 90; Tal4¥714 33 00. E-mail :

devaut@Ilpmc.univ-montp?2.fr

[T Institut de Chimie Séparative de Marcoule (ICSMYIR)

5257(UM2/CNRS/CEA/ENSCM)- 30207 Bagnols sur CezanEe.

Abstract:

This paper reports the one-pot synthesis and ctesization of functionalized mesoporous
SBA-15 silica, containing two loadings of differeatid groups (-C@H, -PO(OH) and -
SO;H). The thermodynamic features of the water couwfine these porous silicas is
investigated by Differential Scanning CalorimetBSC). The results show that the melting
behaviour of the confined water is mainly governag the pore diameter and, as a
consequence, indicate that the chemical “decoratibthe porous surface does not play any
key role on water thermodynamics in that case. l@ncontrary, the proton conductivity of
the hydrated mesoporous materials, examined irda vange of temperatures (-100 to 70°C),
turns out to be strongly dependent on both the ipalystate of the confined water and the
acidity of the functions located at the porous acef The proton conductivity is shown to be

directly related to the pKand the density of the functional groups attadoethe mesopore



surface. The high conductivity values obtainedat femperature when the confined water is
frozen, let us think that the -3 functionalized SBA-15 investigated here could be

promising candidates for electrolyte solids appices in fuel cells.

Keywords: Self assembly, hybrid material, functionalizedAsB5, proton conductor.



I ntroduction

Organic-inorganic hybrid materials based on sibral obtained by sol-gel process have
attracted considerable attention during the lastades, as they constitute a unique class of
materials combining the properties of organic niegeand inorganic matrix? Since the
discovery of ordered mesoporous sili8%, many investigations have focused on their
functionalization to render them suitable for apg@lions such as catalysis, separation,
chemical sensors eftwo mainapproaches have been used to anchor organic gootpshe
inner pore surface of mesoporous silicas: graftmgthod (post-synthesis) and co-
condensation method (direct or one-pot synthesRdst-synthesis grafting of an
organotrialkoxysilane RSi(OR)onto the inner pore surface of the mesoporousasilias the
first method established for functionalizatiéi? This method is generic and allows the
incorporation of many R groups including bulky oneswever, neither the loading nor the
surface distribution of the functional groups, whitepend on several parameters such as the
number of the residual silanol (SiOH) groups aslves their accessibility, are easily
controllable by this synthesis rodté!? Furthermore, post-synthesis grafting makes also
possible the functionalization of the outer surfafethe materials. A one step alternative
approach, overcoming the main restrictions of thestysynthesis method, has been
developed!*3* It consists in the copolymerisation of tetraetitjiosilicate (TEOS) and an
organotrialkoxysilane RSi(OR)in the presence of a structure-directing agenis Tiethod
requires the R group to be sufficiently hydrophdbienter the core of the micelle and not too
bulky to disturb the self-assembly imposed by theicture-directing agent. The main
advantage of this method is that the functionalugsoare necessarily located at the inner
material surface, their density is very well cotitd and they are homogeneously distributed

along the pore?l. The drawback is that the size of the micelle andsequently its pore



diameter are affected by the functional groupshéugh the porous structure is maintained,
the textural properties may then slightly vary frome sample to another.

Among the numerous mesoporous organic-inorganicidhgmlids, efforts have been done
to prepare acid functionalized mesostructured pomalica materials which could be used as
solid electrolyte$:>?? Indeed, acid functionalized mesoporous materiaysgtrafting or co-
condensation) could constitute a promising classsalfd state intermediate-temperature
proton conductors, dedicated to Proton Exchange ifane Fuel Cells (PEMFCs), due to
their high charge carrier concentration, adjustadel group density, oxidation resistance,
thermal stability and high water adsorption projgsrin relation with both their high surface
area and porous volume. By analogy with the renowWa&fion proton conducting membrane,
many studies were focalized on sulfonic acid fulization®*°?*  Alternatively,
mesoporous silica proton conductors based on plospbr phosphonic acids have also
attracted attentioli®?? Owing to the amphoteric features of the phosphghizsphonic acid,
such solids can behave both like a proton donadi@cand like a proton acceptor (basic) to
form dynamic hydrogen bond networks, so that pretoan be readily transported by fast
hydrogen bond breaking and formiig?>?* even under low humidity and at intermediate
temperatures (i.e. 100-150°C). If the proton cotidacproperties of each type of these
materials have been clearly demonstrated, it resndiificult to highlight the most promising
candidate for PEMFCs applications, since the corsparof their conductivity performances
is not straightforward. Indeed, these materialsamdy differ by the nature of the acid group,
but also by other parameters, such as the synthesile, the acid group density, the pore
diameter etc...

In this study, we report the synthesis and the gotidty properties of mesoporous
SBA-15 silica functionalized by different acid gpsu(-CQH, -PO(OH) and -SQ@H), for two

densities of functionalization. All materials wagueepared by direct synthesis using P123 as



structure directing agent. The porous structure wlzaracterized by nitrogen adsorption-
desorption isotherms, small angle X-Ray DiffractigdkRD) and Transmission Electron
Microscopy (TEM). The local structure of functiorzald SBA-15 was checked by means of a
Solid-State NMR study**Si nucleus was used to probe the silica networkswhic and®'P
allowed us to examine the local structure of thecfional groups. Before addressing the
conductivity properties of the hydrated sampleg thermodynamic properties of water
molecules that are confined into the material mesmgpty were investigated using
Differential Scanning Calorimetry (DSC). Then, theton conductivity was measured by
mean of Complex Impedance Spectroscopy and thadtatassed according to the nature and
the concentration of the protogenic group of thecfionalized mesoporous silica. In this
paper we chose to investigate functionalized SBAsBbnples prepared by the one-pot
synthesis route, since it offers a much betterrobmif the inner surface chemistry, i.e. the
functionalization rate and the function accessip@ind distribution, despite the lower quality
of their textural properties compared with theiofiologous” materials prepared by post-
synthesis grafting. Moreover, dc conductivity ofifthydrated porous solid state materials is
not necessarily related to the textural charadiesiso their surface chemistry, i.e. the nature
and the density of the functional groups. For thessesons, the one-pot synthesis route is
more appropriate for a systematic investigationthef hydrated sample conductivity as a

function of the nature and the loading of the agimlps.

Results and Discussion
Preparation and characterization of the acid functionalized SBA-15 silica materials
Unfunctionalized SBA-15: The unfunctionalized SBB-lvas prepared as previously

described?® by hydrolysis and polycondensation of tetraethdage (TEOS) in presence of



Pluronic 123 as structure directing ageifter aging and removing the surfactant, the solid
product was dried and denotedSEA-15.

Acid functionalized SBA-15: The propylphosphoniappylsulfonic or propylcarboxylic
acid functionalized SBA-15 were obtained by hyds@yfefluxing in acid aqueous solution)
of functionalized mesoporous materials containiegpectively-PO(OEt), -SH or -CN
groups, which were previously prepared by oneepetondensation of theluronic 123 with
a mixture of [(EtOJSi(CH,)s-X] and TEOS, where -X = -PO(OEt)}SH or -CN, respectively
(see scheme 1). The [(E#S)(CH,)s-X]/nTEOS (with n=9, 19) molar ratio was fixed té©1
or 1/19, in order to finally get materials with twiifferent loadings of acid functiof®:?"%%
Samples were labeleéeBA-PO(OH), (1/9), SBA-PO(OH), (1/19), SBA-SO3H (1/9), SBA-
SOzH (1/19) andSBA-CO2H (1/9). The functionnalization of these materials wasckbd by

NMR.

X-Ray Diffraction

The small angle powder X-ray pattern of the unfiomalizedSBA-15 is depicted in Figure
1. It exhibits one intense peak accompanied byweak peaks, indexed to the (100), (110),
and (200) diffractions plans in tiEmmspace group, respectively. This X-Ray pattern is
typically observed for materials characterized by l@exagonal ordered array of one
dimensional channel structufé. For the functionalized SBA-15 samples (cf Figujethe
main (100) peak remains, whilst the others are noodess pronounced, dependently on the
nature and on the concentration of the functionalig. However, it was shown that materials
with a similar single reflection can still exhibitcal hexagonal symmetf In addition,
Transmission Electron Microscopy images (TEM) enimks the highly ordered hexagonal

structure of the porous network (cf Figures 2 amife SI.1)



Thedigo Spacing ane unit cell parameter(= 2d,0/\3) values are summarized in Table 1.
When one compares the dataSHA-15 to those of the acid functionalized SBA-15, th# ce
parameter decreases, except for 88A-CO,H (1/9). Noteworthy this decrease is more
pronounced when the functionalization degree irsgeaThis implies that the precursors
[(EtO)sSi(CH,)s-PO(OE] and [EtO}Si(CH,)s-SH] slightly disturb the stability of the
micelles during the one-pot synthesis of the fuoralized silica, and that this perturbation

follows the precursor concentration.

N, adsor ption-desor ption measur ements

The N adsorption-desorption isotherms of the dry unfiomatlized and functionalized
SBA-15 samples are illustrated in Figure 3. Accogdito the IUPAC classification, all
samples (exce@BA-SO3H (1/9) (cf Figure S1.2)) exhibit a type IV isotherm. Tleetypical
isotherms are characterised by a hysteresis looH;dfype and by sharp adsorption and
desorption branches in relation with a narrow psiee distribution. The position of the
capillary condensation step is directly relatedtlte pore diameter, which varies with the
nature (size, polarity and lipophylic character) tbke functional group, because of its
influence on the micelle size during the one-paitisgsis.In the case 0BBA-SOzH (1/9)
sample, the hysteresis loop is a composite paktl H types (cf Figure SI.2), suggesting
some constrictions along the nanopore. As a corsegy the capillary condensation occurs
in a broader domain of relative pressure and tlserg¢ion branch exhibits a step, due to the
“pore-blocking” effect®*3 Such a complex porous structure is likely to re$wm the
influence of the organosilicon precursor in termhéydrophilicity and compatibility with the
micellar structure.
Anyway, it can be concluded that the mesoporousctire is maintained whatever the

functionalization. Compared td&SBA-15, the nitrogen capillary condensation of the



functionalized samples is shifted towards loweatreé pressure, meaning that the textural
properties of the silica depend on the concenmmatks well as on the nature of the
functionalization. The textural data, i.e. surfazea and pore volume, obtained for all the
studied samples are listed in Table 1. Externdlasarareas and pore wall thicknesses are
given in supporting information Il (cf Table SI.3)hose ofSBA-15 are in good agreement
with the ones already reported for silica exhilgjtsimilar pore diametef&>* In all cases,
the microporosity (<0.05 cig’) is negligible compared to the pore volume. Theepo
diameter Dpy1) of the functionalized samples decreases withrtbeease of the concentration
of the organic groups. By contrast, the evolutidntlee textural properties (specific area
“Sget’, Porous volume “Yye’) with the nature of the functional group is rétaty complex
and no clear trend was observed. The differentitekproperties of the obtained materials are
due to the different types of interactions betwéss molecular precusors and the micelles
during the synthesis. Then, the comparison of éx¢utal properties based on the nature of
the functionalization cannot be straightforward. r®taver, the arrangement and the steric
environment of the organic chains at the nanoporiace may also play a key role. This last
point is clearly emphasized when one compares the giameter obtained from the BJH
method D,1) with the one, labelled dynamic diametBg4), which is extracted from the ratio
of the pore volumeMyore) and the specific are&dg), i.€e. Dps=4Vord Sser. From Table 1, one
notes a fairly good agreement between both diametieres, forSBA-15 and SBA-CO,H
(1/9), whereas a discrepancy occurs for the two othailitss of sample$SBA-PO(OH), and
SBA-SO3zH, the discrepancy being more marked as the orgduain concentration increases.
For these two last samples, the cylindrical porel@hds probably no more acceptable. This
outcome is probably due to the chains orientatiotV@ assembly at the pore surface, via
hydrogen bonds between either the functional groopghe functional groups and the

surfacé®® However, for the hydrated samples, inter-functians surface-functions bonds



are inhibited®¥ so that this point is not relevant in this stutdg, when one analyzes the

conductivity properties of hydrated functionaliZzeBA-15.

Solid-state NMR characterization

The ?°Si single pulse NMR spectra of the dry sam®B#-15 and functionalizeBA-15
are presented in Figure 4. Silicon atoms are ldcaikethe centre of oxygen tetrahedra
connected by corners and the silica network can dbscribed using the common
nomenclature in terms of 'Gi(OSi{(OH)sn; N =0, 1, 2, 3 or 4 and"TRSi(OSi)(OH)z.m, M
=0, 1, 2 or 3 sites which differ in the numberoofanic radical and OH groups connected to
the tetrahedron. Our samples evidence two lineggoorganosiloxane™lines and siloxane
Q" lines that are spread in the -50 to -80 ppm &0de -120 ppm ranges, respectively. The
positions, relative intensities and assignmenheflines are reported in Table 2" lines can
be observed only for functionalized samples. Théne is always present and corresponds to
silicon atoms connected to the propyl spacer ofudhetional groups.

Three distinct resonances for siloxanes are obdeawe are associated t&,@° and
sites. The relative integrated intensities of tined indicate that the majority of the silicon
atoms belong to Qsubstructures (Table 2), which correspond toailiatoms located in the
walls. & and @ sites indicate that silanol groups are mainly fedaat the surface of the
porous samples. Qsites are rarely present with a concentration déwa percent only.
According t0?°Si NMR results, the presence of peaks with T sites predominant over’T
confirms that the organosilane precursors are g condensed as a part of silica
matrix®*® For all the functionalized samples and from tHatiee integrated intensities of'Q
and T" signals, the T/Q" ratio was estimated to be 0.11 and 0.05 for tieabd 1/19

loadings of acid functions (Table 2), respectivdlfiese results are in very good agreement



with the molar composition of the initial mixtur¢s(EtO):Si(CH,)s-X]/nNTEOS (n=1, 19),
where -X = -PO(OE}) -SH or —CN.

NMR spectra of hydrated samples (not shown) wes® akcorded and do not exhibit
significant differences, so that it can be conctutieat the silica wall is not reactive to water

in that case.

13C CP/MAS NMR spectra of the dry samples presemeigure 5 and NMR parameters
reported in Table 3 allow us to check that the poae{functionnalization as well as the
hydrolysis of the so-obtained solids have been essfally achieved, for all the samples.
Further, it is clearly demonstrated that there asumreacted functional group left in the
studied samples, as shown by the disappearante diainds assigned to the carbon response
of the -CN, -O-CH-CH3; and -CH-SH functions for theSBA-CO,H (1/9), SBA-PO(OH),
(1/9) and SBA-SO3H (1/9) samples, repectively. Moreover, the spectrésSBA-CN (1/9),
SBA-PO(OEt), (1/9), and SBA-SH (1/9) show a line at 59 ppm which is attributed to
residual ethoxy groups of TEOS or precursor. Time lis removed after the chemical
modification (hydrolysis) of -CN, -PO(OEZ)and -SH groups. The data obtained for the
solids characterized by the lower function denpitgsent the same trends (not shown here).
13C CP-MAS experiments were not acquired for hydratathple, because the presence of
water, cross polarization is much less efficieatliag to noisy spectra.

3P NMR spectra 08BA-PO(OEt), andSBA-PO(OH), are shown in Figure 6. On the one
hand, for the dnBBA-PO(OEt),, the>'P spectrum exhibits only one line, located at 3¢ pp
indicating a homogeneous environment of the phasateogroup§® On the opposite, the
spectrum oBBA-PO(OH), shows two lines. According to Aliev etlat, the line at 33 ppm is
attributed to free phosphonic acid groups and thais23 ppm to phosphonic acid groups
engaged in hydrogen bonds. For the hydraB&A-PO(OH), sample, we observe an

important line narrowing and a slight shift towdadver chemical shift values of the lines



positions compared to those reported for theSBp-PO(OH), . The line width narrowing

emphasizes that the mobility of the functional gr®uncreases upon water adsorption.
Moreover, for the hydrate®BA-PO(OH), we observe that the line corresponding to
phosphonic groups engaged in hydrogen is greatllycexd This indicates that these hydrogen

bonds are unstable when water molecules are adksorlee nanopores.

The data obtained for the solids with the lowercfion density presents the same trends
(not shown here). These results and those obtaired *C NMR highlight that the

hydrolysis ofSBA-PO(OEt), was successfully achieved.

Properties of the confined water

The first step of our experimental investigatiomsisted in characterizing thermodynamics
of the water molecules confined in the nanoporeowf samples, since the conductivity
properties of the functionalized samples are stsodgpendant on the water physical state, as
we will see later. Thermodynamics was charactenmedg Differential Scanning Calorimetry
(DSC) measurements. DSC signals obtained uponnigeate shown in Figure 7 for all the
samples. As expectéti:* they exhibit two endothermic peaks. The ficste, occurring
below 0°C corresponds to the melting of the soliates water confined in the SBA-15
nanopores. The second one, located between 70003¢ lis related to the water desorption.
In both cases, the peak position depends on theenaf the functionalized silica. As usually
observed for confined fluids, both melting and dpson occur over a large temperature
range. In agreement with previous works reporteduactionalized SBA-15 or MCM-4%2
*I melting occurs in a temperature range lower than of bulk water, whatever the surface

decoration. Table 1 lists the melting temperatéssAT,,, with AT= T— 273K whereTp,

Is the temperature at the peak extremumdAg differs from one sample to another, one may



wonder if it is influenced either by the chemicature of the functionalized surface or by the
pore diameter. According to the Gibbs-Thompson ggagEquation 1), a linear relationship
betweendT,, and the inverse of the pore radigs)(is establishef”

AT, = —Cer /R, With Cor = 2T (Wys — Viery X /ARy Equation 1

Cgr is the Gibbs-Thompson constant, accounting forstiréace free energies per unit area

of the interfaces wall/solidyyg and wall/liquid f4.), the molar melting enthalpy{.; J and

the molar volume\ of the liquid or solid phase, depending on whids the lower free
energy at the wall surface. As report&Equation 1 can be expressed by Equation 2:

AT,, = —Cer/(R.) withR. =R, — R, Equation 2

where R; represents the thickness of the liquid-like lagérthe wall surface and at the
relevant melting temperature. It would correspord da. two monolayers of water
molecule5*®? and was estimated equal to 0.6 nm. ThereRarean be seen as the solid core
radius. S. Jahnert et 'at investigated unfunctionalized silica, thus exahgdthe potential
role played by the chemical surface. In our case,nner surface differs from one sample to
another because of the presence of the functiormalpg. This chemical decoration might
influence the fluid/pore interaction and hence thelting point of the confined fluid.
Assuming that in our casB, can be estimated from the nitrogen adsorptionfitisn
isotherms analysis via the BJH formalism, we pbbtiee experimental values dfT,, (see

Table 1) as a function c-! in order to check whether Equation 2 is obeyedatr As

shown in Figure 8, the linear dependenceddf, is evidenced and the corresponding; C
parameter (gr = 33 K.nm) determined from the linear fitting pediire perfectly agrees with
the one reported by Brun et al (32.33 K.At)Besides, it can be readily considered that the

negligible deviation at the origin coordinate, 095 K, falls within the experimental error.



Therefore it can be assumed that Equation 2 acsowall for the experimental data and,
hence, concluded that the effect of the chemic@lireaof the inner pore surface is rather

negligible on the water solid/liquid transition pess>?

Proton conductivity properties

Complex Impedance Spectroscopy (CIS) has beensxédnused to address the dynamics
of confined liquid$®>? In this work, we firstly studied the conductivitgsponse of all the
dehydrated SBA-15 samples since, as reported in[B&f dynamics of silanol groups at the
inner surface of the nanopores give rise to a cieterelaxation, which was associated to the
rotational motion of the polar O-H bond. Howevasr &ll our samples, neither dielectric
relaxation nordc conductivity has been observed in the temperaaac frequency ranges
considered here. These results show that i) reatienal motions of OH groups are too fast
or too slow to be detected using our experimentalditions and ii) there is no electrical
charge, either electrons or ions, diffusing inte tore or at the surface of the dehydrated
samples. On the contrary, all our hydrated samgksbit both polarisationd,o(a)) anddc
conductivity (@yc) signals (cf Equation 7, experimental section)isTik clearly illustrated in
Figure 9, where we reported the global conductiyiy,) recorded at different temperatures,
as a function of the frequency of the applied eiezk field, in the case ofSBA-PO(OH),
(1/9), which can be taken am typical example. At the highest temperatures landest
frequencies, one also observes that the hydratetplea exhibit a so-called Maxwell-
Wagner-Sillars contributiondawdq «)) that is due to interfacial polarisation arisingrh the
blocking of ionic charges at the sample/metalliecebde interface. By comparison with the
behaviour of their dehydrated counterpart, it canassumed thadc conductivity of the

hydrated samples is due to the water confined éntéid nanopores.



The values ofdc conductivity which can be determined from #heconductivity spectra
(see Figure 9) are plotted as a function of theeris® temperature following the relation

deduced from the Nernst-Einstein model for ionftudion:
04, (T) == - exp (—:—J Equation 3

where g, is dc conductivity at infinite temperatures, the activation energy an# the

Boltzmann constant. As shown in Figure 10, thregimes are identified within the
corresponding temperature ranges: (I) -100°C <-T02C, (I) -10C < T <40C,and () T

> 40°C. These temperature domains correspond to theeagss of the different phases of the
confined water, which were identified from DSC esipents: the confined water is frozen in
(), in a liquid state in () and evaporates irl)(l This close connection between the
behaviour ofdc conductivity and DSC experiments is further vakdhaby the fact that the
transition between the domains (I) and (ll) occatre temperature very close to the melting
temperaturel, obtained from DSC. This outcome, reported hereSBA-PO(OH), (1/9),
has been observed for all samples. As alreadyneuat]iit undoubtedly suggests thdad
conductivity of our mesoporous silica strongly dege on the presence of water and on its
physical state. Thdc conductivity decrease measured in domain (lll),cRhtorresponds to
desorption of the confined water molecules, cordirinis assumption. In domains (I) and
(1), the system obeys Equation 3, as shown bylittear dependence seen in Figure 10. In
domain (Il), we observe a decrease of the slopepf.the activation energy, compared to that
of domain (1), in relation with the higher mobilitf the charge carriers in the water liquid
phase. Although Equation 3 appears to be validbmaln (1), no activation energy value can
be reasonably determined, due to the narrownes$ieofemperature domain in which it is
estimated. Calculation of the activation energy wesle possible in domain (I) for all the

investigated samples (Figure 10 and Table 4).rbispossible from the values 5f obtained

for the different samples to clearly distinguisk thfluence of the acid group nature and of its



density. Meanwhile, it can be emphasized thathedbé values fall within the same order of

magnitude as the one reported for solid state watefined in MCM-41 £_= 0.6 eV} or
for bulk water £.= 0.6 eV)®" This comparison strongly suggests that the commtuct

mechanism involved in our systems is connecteddtops dynamics in frozen waf&®! and

led us to consider thalc conductivity is probably due to protons diffusiassisted by water
molecules via a Grotthuss mechanifi?? In this model, proton transport is caused by
proton translocation from one water molecule tonigghbour, followed by a subsequent
rotation of the water molecules. The later govehesconductivity mechanism and hence the
activation energy. For the unfunctionaliz8BA-15 sample, the protons which participate to
the Grotthuss mechanism probably originate fromvilaéer molecules themselves but also
from the dissociation of the silanol groups presantthe nanopore surfad. For the
functionalized samples, a larger quantity of mobgetons can be generated by the

dissociation of the acid functions. The Grotthushanism is confirmed by the fact tizt

values of dc conductivity reported for all sampéee almost independent on the origin and
content of protons (Table 4y is therefore more influenced by the intrinsic dymes of
water molecules than by the acidity of the surfand, hence, is not much dependent on the
functional groups. This suggests that the protandport in these fully hydrated samples is
mainly governed by the water molecules dynamicghat mesopore center. The surface
roughness thus plays a minor role, which would befprobably the case for dehydrated or
weakly hydrated samples.

Although the conductivity mechanism is likely thearse for all the considered samples, the
Arrhenius plots reported in Figure 11 show that leneel of dc conductivity is much more
sensitive to the surface chemistry. At fixed terapane (e.g. T = -30°C), the samples can be

classified according to theilc conductivity:



Ou(SBA-SOzH (1/9)) > gud(SBA-SOsH (1/19)) > du(SBA-PO(OH), (1/9)) > 0udSBA-
PO(OH), (1/19)) > gy(SBA-15) > gy (SBA-CO,H (1/9))

Except for theSBA-CO,H (1/9) sample, all functionalized silica exhibit highelua of dc
conductivity, than that cdBA-15. This observation does not only follow the funntbzation
loading, but also depends on the nature of the gdps. This suggests that the protons
content into the water confined at the pore cendrich depends on the functional group
concentration as well as the strength of the aanttions, plays a key role in the levelduf
conductivity. In fact, mobile protons which parpate to the Grotthuss mechanism mainly
arise from the dissociation of the weak acids tiezithe chain functions and/or the silanol
groups. Basicallydc conductivity is expressed by :

g, =nXuxg Equation 4
wheren, 4 and q are the density, the mobility and the electrichbrge of the carrier,
respectively. As emphasized from the values ofvatitn energy (Table 4), the proton
mobility, 4, governed by the Grotthuss mechanism can be amesicas independent of the
investigated sample. Therefore, providing tlgats constant, it can be deduced that the
magnitude of dc conductivity is mainly governedmyhe density of dissociated, i.e. mobile,
protons in the water confined in the mesopores.

The density of mobile protons can be readily ediahdrom the Bronstedt theory, which

gives for a “weak” acid:

—log[H™] = %pKa - 1 log[A], Equation 5
where [A} is the concentration of the weak acid and, g strength. Finally, providing that
n o [H7] and that [A} is the same for all (1/9) samples, the combinatibEquations 4 and

5 leads to:

—log(o,.) = pK, Equation 6



The evolution of —logfyc) recorded at -30°C as a function of the,fi the acid function
decorating our sample nanopores is plotted in Eig2. The pKvalues were collected from
the literaturé®®® except for the phosphonic acid groups, for whiohdata could be found
in the literature. In that case, we used thg ydlue characterizing the first acidity of the free
propylphosphonic aciti? as a first approximation. As demonstrated by ithear relationship
observed in Figure 12, the experimemtakconductivity data perfectly agrees with Equation 6
and hence validates the assumption proposed heareFmore, this simple model allows us
to explain i) the lower level ofic conductivity observed in the (1/19) samples whibse
function loading is much lower than that of (1/®dai) the lowerdc conductivity of SBA-
CO,H (1/9) compared to that ddBA-15 in relation with its higher pKvalue. Noteworthy,
the same trend was observed for all the tempesatfrdomain I.

Based on thelc conductivity values recorded at low temperatuee,430°C (cf Figure 12),
and keeping in mind that in that case the confiwetkr is frozen, the investigated samples
and more particularhSBA-SOsH (1/9), can be considered as reasonably good protonic
conductors. In the later, the conductivity valueoreled at -30°Cdyc = 10* S.cm), is even
higher than that reported at 60°Gy{= 2.10° S.cmi®)!*” for a similar functionalized SBA-15,
prepared via grafting, despite the fact that therajing conditions (i.e. temperature) are
rather unfavourable in our case. In H&f7] data were recorded at 60°C, in a 100% water-rich
atmosphere, meaning that the sample contains & kangount of liquid water. This may
suggest that the higher ordering of the functiagralups at the mesopore surface, resulting
from the one-pot synthesized, strongly enhamtmesonductivity. In addition, Figure 12 also
indicates that the best way to imprad@conductivity of the functionalize8BA-15, consists
in preparing solids with acid functions, characed by pK, values lower than that @BA-

SOzH (1/9). Thus, we shall propose to replace the propylrcbéthis functionalized sample,



by the fluorinated or chlorinated counterpart. Toiwuld be favourable for making highly

conductive solids, potentially suitable for PEMFplications.

Conclusion

Mesoporous SBA-15 samples with phosphonic, sulforic carboxylic acid
functionalization have been synthesized by thearwdensation method. Although the nature
and the loading of these chemical “decorations” mat impact the confined water
thermodynamics, they significantly influence the@deof proton conductivity of the fully
hydrated solids. In this study, due to experimentalitations, dc conductivity was
investigated, while the confined water was froZEr: (-25°C). It is clearly demonstrated that
dc conductivity increases with the acidic strengthyell as with the loading of the functional
groups. A further investigation for which the cordd water is in the liquid state imposes to
work in controlled water atmosphere, which is oscope of the present study. However it
can reasonably be predicted that dc conductivitylve much higher in that case. For these
reasons, it is possible to consider thatdbeonductivity values measured in the current work
are high enough to make these materials very progfsr solid electrolytes applicationdc
conductivity measurements at higher temperature ander various relative humidity

conditions will be presented in a future paper.

Experimental Section
Chemicals: Pluronic P123 (E@PO,EOQ,, M=5800g/mol) and Tetraethylorthosilicate
(TEOS) were supplied by Aldrich and ABCR, respedliv3-Mercaptopropylriethoxysilane

[(EtO)sSi(CH,)3sSH] and 3-cyanopropyltriethoxysilane [(E#S)(CH.)sCN] were supplied



from Aldrich and used as received. Triethoxysilgigyldiethylphosphonate

[(EtO):Si(CHy)sPO(OEt)], was synthesized as previously descrif®d.

Acid functionalized SBA-15:

8.0 g (1.38 mmol) of Pluronic P123 were dissolved320 mL of HCI aqueous solution
(pH=1.5). Then, we introduced 16.8 g (80.77 mmoIJBOS and the appropriate amount of
the selected precursor [(E¥3)(CH,)s-X], according to the nature and the function degré
the functionalized material we expected. This migtwas stirred until obtaining a clear
solution and then 0.08 g of NaF was add&fter aging under regular stirring for 3 days ét 6
°C, the resulting powder was filtered off and thafactant was removed by Soxhlet
extraction with hot ethanol for 24 hours. Theecoveredsolid was dried at 70°C under
vacuum. The sobtainedsamples were denoted &A-PO(OEt), (1/9), SBA-PO(OEt),
(1/19), SBA-SH (1/9), SBA-SH (1/19) and SBA-CN (1/9).

Then 3.0 g ofSBA-PO(OEt), (1/9) (3.90 mmol) orSBA-PO(OEt), (1/19) (2.18 mmol)
were treated by refluxing with 50 mL of HCI| aque®adution (12N) under stirring at 100°C
during 24 hours. The solid product was recoveredilbiation, washed several times with
water and ethanol, and finally dried at 70°C undacuumi?”’9 The so-prepared samples
were notedSBA-PO(OH); (1/9) andSBA-PO(OH); (1/19).

For the propylsulfonic acid functionalized SBA-18eparation, 4.0 g oEBA-SH (1/9)
(5.99 mmol) orSBA-SH (1/19) (3.16 mmol) have been firstly stirred with a hydrogen
peroxyde solution (33%) during 24 hours and sudeelyswith a sulfuric acid aqueous
solution (2M), during 20 minutes. Theiime solid productSBA-SOzH (1/9) or SBA-SOzH
(1/19) were recovered by filtration, washed several tinvel water and ethanol, and finally

dried at 70°C under vacuuf.



Finally, the propylcarboxylic acid functionalize8BA-CO,H (1/9) was prepared by
refluxing 4g (6.1 mmol) ofSBA-CN (1/9) with 100 mL of HSO, aqueous solution (50%)
under stirring at 120°C during 12 hourBhen, the solid productSBA-CO.H (1/9) was
recovered by filtration, washed several times withter, ethanol, acetone and ether and

finally dried at 70°C under vacuufif!

Sample hydration: The samples were first dehydrated at 80°C for 2#ththen maintained

into contact with a water saturated atmospher@4dnours at room temperature.

X-ray Diffraction (XRD) : Powder X-ray diffraction patterns were recordedaoK-PERT

PRO Il Philips diffractometer by using Cuakadiation @ = 1.54056 A).

Transmission Electron Microscopy (TEM): TEM observations were carried out at 100 kV
on a JEOL 1200 EXIlI microscope. Samples for TEM sneaments were prepared using

ultramicrotomy techniques and then deposited opeogrids.

Nitrogen adsorption and desorption isotherms. Nitrogen adsorption and desorption
isotherms were measured at 77 K on a MicromeritiR§STAR 3000 analyzer. Before these
measurements, the samples were outgassed for 18 apbud0 °C under a stable vacuum of
4x10° mbar. The Brunauer-Emmett-Teller (BET) specificface area was evaluated using
adsorption data in a relative pressure range fradd @ 0.20, where the BET equation is
applicable’™ The mesopore size distribution was calculated h hasis of desorption
branches of nitrogen isotherms, using the Barmthdr-Halenda method (BJHY and the
pore size Dp) was obtained from the peak position of the distiion curve. The total pore

volume was determined from the amount adsorbedralaéive pressure of about 0.97. The



micropore volumes was assessed by means of a &pédysis, for which Harkins and Jura’s

expression was used to calculate the adsorbedtlaigknesd’

Solid-State NMR: Solid state NMR spectra were recorded on a VaridtMRS 400 Solid
spectrometer with a magnetic field strength of B.4quipped with 7.5 mm, 3.2 mm MAS
probe. 7.5 mm MAS probe was used #8i and**C nuclei with a spinning rate of 5 kHz. For
3p nucleus, 3.2 mm MAS probe was used with a spinmate of 10 kHz. Single pulse
sequences with continuous decoupling were used®&rNMR experiment, with 5is 72
pulse duration and a recycle delay of 60 s. It efsecked that with a 200 s recycle delay the
same spectra decomposition are obtained. Thisplaist allows us to consider that in our
materials théSi experiments recorded with a recycle delay t®,68re quantitative. FGFC
nucleus, CP MAS experiments were acquired withsgphilse sequence repetition delay,ss
2 (*H) pulse duration, 3 ms contact time. Then singlésg@ sequences with tppih
decoupling were used f6tP experiment, with 4s 772 pulse duration and a recycle delay of
30 s. The?>Si and*®C nuclei were referenced to TetraMethylSilane (TM8)e 3'P was

referenced to EPOs. Solid state NMR spectra were fitted using the Dprbogram'’®

Differential scanning calorimetry (DSC): A Netzsch DSC 204 F1 was used for the DSC

measurements undeg Mux, from -150°C to 425°C and with a heating rat&°C/min.

Complex Impedance Spectroscopy (CIS): The proton conductivity was measured by CIS.
Isothermal conductivity measurements were perforinethe 10-10° Hz frequency range,

with a Novocontrol dielectric alpha analyzer. Teenperature of the sample, ranging from -
100°C to 70°C, was controlled by a Quatro Novoaansystem. In order to prevent any

destruction of the silica porous structure undeemmal pressure, conductivity measurements



were not carried out on pellets prepared from casged powder. Instead, we employed a
specific cell similar to that generally used faquids. About 100 mg of the powder sample
was poured on the lower electrode of the cell, Hrah very gently pressed by the upper
metallic electrode. CIS gives access to the redl gfathe ac conductivity, which results, in
many cases from the superposition of Maxwell Wadsi#ars, aywd @ 7), dc conductivity,
duy(T), and polarization conductivityge(w 7), (See Equation 7).

Oad @ T)= Ouwd @ 7) + G4dT) + Gpol( 7) Equation?
Basically, dc conductivity corresponds to long-range redistitoutof charges, i.e. ionic or
electron transport, while the polarisation conttitb arises from local rearrangement of
charges or dipoles causing dipolar reorientatiod #mus resulting in the intrinsic bulk
polarization. Maxwell Wagner Sillars polarisatiendue to the accumulation of charges at the
sample/electrodes interface and also depends oms&tparameters, such as the sample

shape.

Supporting Information Available:

Additional information as noted in the text.



Captions

Table 1. Structural and textural properties of the dBBA-15 and the different acid
functionalized silica sampleAT, values obtained from DSC experiments are alsocadde
Table 2. Deconvolution data of th&Si NMR spectra, for the drgBA-15 and the different
acid functionalized silica sampledand R.I. are the isotropic chemical shift and #lative
integrated intensity, respectively.

Table 3: Attribution of the experimental chemical shiftdues of the*C CP/MAS solid state
NMR to specific chemical species, in the casédneSBA-CN (1/9), SBA-CO,H (1/9), SBA-
PO(OEL); (1/9) , SBA-PO(OH), (1/9), SBA-SH (1/9) andSBA-SO3H (1/9) samples.

Table 4. Activation energies of the diffusion part of thendactivity for the drySBA-15 and

the different acid functionalized silica samples.

Scheme 1. Preparation of acid functionalized materi@A-CO,H, SBA-PO(OH), and

SBA-SO;zH.

Figure 1. XRD patterns of theSBA-15 and the different acid functionalized silica. (XRD

patterns are shifted by a constant factor).

Figure 2. TEM micrographs ofSBA-CO.H (1/9). (@), Horizontal and(b), perpendicular

views.

Figure 3. Nitrogen adsorption/desorption isotherms of 8®A-15 and the different acid

functionalized silica. (Isotherms plots are shiift®y a constant factor).



Figure 4. *Si single pulse solid state NMR spectrs8BfA-15 and functionalize&BA-15.

Figure 5. **C CP/MAS solid state NMR spectra ad): SBA-CN (1/9) andSBA-CO,H (1/9)

- b) SBA-PO(OEH), (1/9) andSBA-PO(OH), (1/9) ; ¢) SBA-SH (1/9) andSBA-SOzH (1/9).

Figure 6. 3'P single pulse solid state NMR spectra of the $ByA-PO(OEt), and SBA-

PO(OH), and the hydrateBBA-PO(OH), samples.

Figure 7. DSC scanning curves showing the melting and lpifieaks of water confined in
the SBA-15 and the different acid functionalized silica atngdete pore filling. (DSC curves

are shifted by a constant factor).

Figure 8. Melting point depressiodT,, versus the inverse of the core radRigsee Eq. 2).
The line shows the fit of the data tdRa' relation. The point corresponding to the bulk wate

melting is also represented by the open square clyimdticated by the arrow.

Figure 9. Real part of the global conductivity. as a function of the frequeng&yfor water
confined inSBA-PO(OH), (1/9), at different temperatures, ranging from -100 508G, by

step of 5°C.

Figure 10. Ln(gyexT) versus 18T for water confined irSBBA-15-PO(OH), (1/9), The lines

are fits with the Nernst—Einstein equation.

Figure 11. Ln(gyexT) versus 18T for water confined inSBA-15 and the different acid
functionalized silica, in the temperature rangete&/25°C.
Figure 12. —log(gyc) recorded at -30°C versus pKor the SBA-15 and the different acid

functionalized silica. The line shows the fit oétata to a direct pielation.



Tables

Table 1. Structural and textural properties of the dBA-15 and the different acid

functionalized silica sampleAT, values obtained from DSC experiments are alsocadde

Textural data (Aadsorption-desorption) diigj((:)t(ué?)l) [cﬁtg
Sample SZBETl Vu—poroi \r;gorel Dpl(B‘]HdeQ Dp2 (4V/S) leO a ATm
(mgh) (entgh) (cnrg?) A) (A) (A) A) (K)
SBA-15 634 0.02 1.30 82 82 119 137 -8.1
SBA'(T/CS)(OH)Z 540 0.01 1.03 66 76 109 126 -10.6
SBA-PO(OH) i
(1/19) 518 0.01 1.23 79 95 116 134 7.9
SB'(A‘l'g%H 770 0.04 0.49 51 25 103 119 -17.3
SBA-SQH i
(1/19) 830 0.002 0.91 66 44 112 129 -12.7
SB'(A‘l'/%)OZH 625 0.001 1.32 80 84 119 137 -8.0




Table 2. Deconvolution data of th€Si NMR spectra, for the drgBA-15 and the different
acid functionalized silica sampledand R.I. are the isotropic chemical shift and #lative

integrated intensity, respectively.

Samples Parameterss T2 T2 @ Q° Q' | Ratio
T™Q"
o (ppm) -93  -103 -112
SBA-15 R.1 (%) 1 37 62 0
SBA-PO(OH} | 4 (ppm) 67 -92 -102 -112
(1/9) R.I (%) 10 1 15 74| O
SBA-PO(OH} | & (ppm) 66 -92 -102 -11]
(1/19) R.I (%) 5 3 25 67| OO
SBA-COH S(pm) | 59 67 91 -101 -111
(1/9) R.I (%) 1 9 1 28 61 oM
SBA-SOH S(pm) | 58 67 93 -102 -111
(1/9) RI% | 2 8 1 34 55 O
SBA-SOH 3 (ppm) 66 -92 -102 -11]
(1/19) R.1 (%) 4 2 38 56| OO




Table 3. Attribution of the experimental chemical shiftdues of the*C CP/MAS solid state

NMR to specific chemical species, in the casdneSBA-CN (1/9), SBA-CO,H (1/9), SBA-

PO(OEt), (1/9) , SBA-PO(OH), (1/9), SBA-SH (1/9) andSBA-SOsH (1/9) samples.

Sample o (ppm) Species Reference
11 SiCH,(CH,)»-CN
16 Si-O-CH-CHs
S'?f/;g'\' 19 Si-CH-CH,-CH,-CN
59 Si-OCH,-CHs
120 Si-(CH):-CN
11 SICH,(CHy)-COH 13740
SBA-COzH 19 Si-CH,-CH,-CH,-
(1/9) ~ COOH
36 Si-(CH),-CH,-COH
178 Si-(CH):-COH
Si-CH,-CHy-CH,-P-
10-20 Si-0-CHy-CHs
10-20 .
10-20 SH(CHp)s-
SBA-PO(OE) PO(OCHCHj3),
(1/9) 30 Si-(CH),-CHy-P-
59 Si-OCH,-CHs [26,35,41
63 Si-(CH)s-
PO(CCH,CHs),
SBA-PO(OHy  10-20 SiCH,-CH,-CH,-P
(1/9) 30 Si-(CH),-CHy-P-
10 SiCH»(CH,)2-SH
15-20 Si-CH,-CH,-CHs-
15-20 SOH
SBA-SH (1/9) Si-0-Crb.CH,
26 Si-(CH),-CH»-SH
59 Si-OCH,-CHs [41.4
10 SiCH,(CH;)-SOH
SBA-SQH 17 Si-CH-CHy-CH,-
(1/9) SOH
53 Si-(CH),-CH,-SOH




Table4. Activation energies of the diffusion part of thendactivity for the drySBA-15 and
the different acid functionalized silica samples.

Sample AE&(‘:V?'OZ
SBA-15 0.75
SBA-PO(OH)
(1/9) 0.65
SBA-PO(OH)
(1/19) 0.62
SBA-SOH
(1/9) 0.68
SBA-SOH
(1/10) 0.69
SBA-COH 0.65

(1/9)
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