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bstract

Polyphenylsulfone (PPSU) was reacted with SiCl4 to afford silylated telechelic polymers having different inorganic content, which were
ulfonated to different degrees (0.05 ≤ DS ≤ 2) using H2SO4 or ClSO3Si(CH3)3. A class II organic–inorganic hybrid polymer was then synthesized
ia cross-linking through Si–O–Si bonds generated by non-hydrolytic sol–gel reactions. The physicochemical properties of the hybrid were suitable

or the preparation of self-standing, flexible and homogeneous membranes which were characterized ATR/FTIR spectroscopy demonstrating the
ormation of covalent bonds between the organic and inorganic components and the absence of dispersed inorganic silicon. The electrochemical
erformance was analyzed by electrochemical impedance spectroscopy which showed adequately high conductivity values to make the hybrid
olymer a suitable candidate for application as electrolyte in PEMFCs operating at T > 100 ◦C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Organic–inorganic hybrids have been investigated for a vari-
ty of applications since they offer the possibility of combining
he properties of two components in a unique material, hence to
evelop functional materials with tuned properties. It is widely
ccepted that hybrids where interactions occur at molecular level
llow a much finer tailoring of the final material properties than
hat obtained in the formation of a composite system [1].

The peculiar features of hybrid systems can be applied in
he development of innovative materials to be used as pro-
on conductors in polymer electrolyte membranes fuel cells
PEMFCs) [2,3]. New generation electrolytes must in fact meet

everal requirements: among them most important are high pro-
on conductivity, sufficient flexibility to make good contacts
ith electrodes and, at the same time, enough rigidity to sup-
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roperties

ort the membrane electrode assembly (MEA), high hydrolytic
tability, and low permeability to gaseous or liquid fuels. Further-
ore, such performances should be maintained above 100 ◦C to

ncrease CO tolerance, enhance fuel oxidation kinetics, and ease
hermal balance [4,5].

Among the numerous approaches that have been proposed
o achieve the correct electrochemical and mechanical proper-
ies, in our laboratory attention has been focused on possible

odifications that can be introduced in sulfonated arylene main
hain polymers. These polymers show rather large conductiv-
ty when sulfonated, but their mechanical, morphological and
olubility properties progressively deteriorate with the degree
f sulfonation (DS) because acid groups directly linked to the
romatic hydrophobic backbones cannot assemble in phase sep-
rated domains as well as perfluorinated systems with more
ydrophobic flexible side chains. The preparation of composite

ystems and synthesis of silylated polymers allowed to obtain
embranes with enhanced thermal stability, reduced swelling

nd high conductivity values (σ > 0.01 S cm−1 at 120 ◦C)
6–8].

mailto:licoccia@uniroma2.it
dx.doi.org/10.1016/j.jpowsour.2007.01.071
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The strategy chosen in the present work was to prepare a cova-
ent hybrid sulfonated polymer, where cross-linking via Si–O–Si
nits was expected to enhance morphological stability modi-
ying the separation between the hydrophobic and hydrophilic
egions, thus modulating the requirements of high conductivity
nd low permeability.

. Experimental

Polyphenylsulfone (PPSU, MW = 46,173) was obtained from
ictrex in the form of powder. All other chemicals (Aldrich)
ere reagent grade and were used as received.
PPSU was dried at 100 ◦C for 1 h. Anhydrous THF and

H2Cl2 were prepared according to literature procedures [9].

.1. Synthesis of Si0.2S2PPSU

PPSU (5 g, 12.5 mequiv.) was added, under nitrogen, to
nhydrous THF (150 mL). The solution was stirred at room tem-
erature for 1 h, then cooled to −60 ◦C. After 1.5 h an excess
f BuLi (2.5 M in hexane, 25 mL, 62.5 mmol) was added, and
he red solution was stirred for 2 h at −60 ◦C. SiCl4 (0.29 mL,
.5 mmol) was then added and the solution was slowly warmed
o RT, then kept at reflux overnight. After cooling to RT, the pre-
ipitate formed was filtered and washed with absolute ethanol,
hen with cold water until no chlorides where detected. The prod-
ct (Si0.2PPSU) was added to concentrated H2SO4 (500 mL)
nd the mixture was kept stirring at 50 ◦C for 5 h, then poured in
L of ice-cold water obtaining a precipitate which was filtered,
ashed with water to neutral pH and dried under vacuum for
h.

The degree of sulfonation (DS) was determined by elemental
nalysis and was DS = 2.

.2. Synthesis of Si0.03S0.05PPSU

PPSU (5 g, 12.5 mequiv.) was added, under nitrogen, to
nhydrous CH2Cl2 (400 mL). The yellow solution was stirred
t reflux for 1 h, then a solution of ClSO3Si(CH3)3 (2 mL,
2.8 mmol) in anhydrous CH2Cl2 (8 mL) was added dropwise.
fter 5 h a light brown precipitate separated from the solution.
he mixture was kept at reflux for a total of 2 days. After cooling

o −60 ◦C, BuLi (2.5 M in hexane, 30 mL, 75 mmol) was added
ropwise and the orange solution was kept stirring at −60 ◦C
or 2 h. SiCl4 (0.04 mL, 0.375 mmol) was then added and the
olution was slowly warmed to RT, then kept at reflux for 2 h.
H3OH (500 mL) was added and the mixture was kept stirring

or 1 h at RT. The product was filtered, washed with methanol,
hen with water until no chlorides were detected. The product
as dried under vacuum for 4 h. The degree of sulfonation (DS)
as determined by elemental analysis and was DS = 0.05.
.3. Synthesis of HSiSPPSU

Equimolar amounts of Si0.2S2PPSU and Si0.03S0.05PPSU
ere reacted in dimethylacetamide (DMAc) at 120 ◦C for 2 days
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w
s
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n the presence of pyridine. The mixture was dried in vacuum
nd the residue was washed with water, then dried in vacuum.

HSiSPPSU membranes were prepared by solution casting.
n a typical procedure, the polymer (150 mg) was dissolved in
MAc (30 mL) and the solution was stirred for 24 h. After evap-
ration of most of the solvent the solution was cast onto a Teflon
late. The cast membranes were dried at 80 ◦C for 10 h, and
hen further dried under vacuum at 80 ◦C for 4 h. The hybrid
embranes were activated in 5 M H2SO4 for 2 h.
ATR/FTIR spectra were collected in the range 4000–

50 cm−1, on a Nicolet 870 E.S.P. with a Golden Gate MK2
iamond Specac cell. Spectra have been recorded positioning

he samples on cell platform operating at room temperature (32
cans, 2 cm−1 resolution).

Electrochemical impedance spectroscopy (EIS) measure-
ents, performed with a PARSTAT 2273A instrument with an

pplied voltage of 20 mV in the 1 MHz to 10 Hz frequency
ange, were used to determine the proton conductivity of each
embrane. Membranes were sandwiched between commercial

lectrodes (E-Tek ELAT HT 140E-W with a platinum loading
f 5 g−2). The effect of relative humidity (RH) and tempera-
ure on proton conductivity was investigated. Controlled RH
nvironments were obtained using a house-made double cham-
er apparatus. The two compartments were held at different
emperatures T1 and T2, with T1 ≤ T2. The compartment at
1 contained water, while the compartment at T2 housed the

est cell [10]. T2 was kept constant whereas T1 was varied to
chieve different RH values. Relative humidity was monitored
y a humidity sensor (VAISALA HMP237) in the 20–100% RH
ange.

The resistance of the membranes, hence their conductivity,
as calculated by a linear fit of the impedance spectra in their

inear portion. From the resistance values we obtained the con-
uctivity (σ) value using the following equation:

= d

RA

here R is the resistance, d the distance between electrodes and
is the electrode area.

. Results and discussion

The formation of a class II hybrid where inorganic moieties
re covalently bound to the organic backbone of PPSU was
he strategy that we choose to match the requirements needed
or a protonic conductor to be used as electrolyte in PEFCs.
olyphenylsulfone (PPSU) is a fully aromatic polymer with
ood thermal stability, and oxidation resistance which may act
s proton conductor when sulfonated [11]. It was here chosen as
tarting material because of its solubility in organic solvents that
llows to control functionalization reactions in homogeneous
onditions, a condition that is seldom met by other polymeric
ystems. Thus, in a first synthesis silylation was achieved by

eaction with SiCl4 in anhydrous conditions, and the product
as then sulfonated in concentrated sulfuric acid. In a second

ynthesis sulfonation with a milder agent, ClSO3Si(CH3)3, was
he first step of the process, and the soluble product was reacted
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ith SiCl4, then hydrolyzed. The degrees of sulfonation of the
wo samples, identified as Si0.2S2PPSU and Si0.03S0.05PPSU,
ere DS = 2 and DS = 0.05, while the degrees of silylation were
Si = 0.2 and DSi = 0.03, respectively.
Fig. 1 shows the ATR/FTIR spectra of the two silylated poly-

ers (traces a and b for Si0.2S2PPSU and Si0.03S0.05PPSU,
espectively) compared with those of a sample sulfonated in
ulfuric acid but without the introduction of the silicon residues
S2PPSU, Fig. 1c), and that of the starting material (PPSU,
ig. 1d). All spectra are dominated by PPSU infrared signals,
hus, to highlight the differences between products deriving
rom silylation and sulfonation processes, Fig. 1e shows the
pectrum obtained subtracting signals of S2PPSU from those
f Si0.2S2PPSU. The main positive bands, due to new absorp-

a
1
f
D

Scheme 1. Synthetic pathway for the prepara
r Sources 167 (2007) 79–83 81

ions generated by the silylation process, are located at 1175,
138, 1112 (w), 1082 and 1018 cm−1. The signal at 1175 cm−1

s due to two contributions: –SO3
− group and ring modes

f 1:2-substituted benzene, while the absorptions at 1138 and
082 cm−1 could be attributed to ring modes of 1:4- and
:2:4-substituted benzene. The band at 1018 cm−1 is due to
:3:4-substituted benzene rings. The presence of covalently
inked silicon is confirmed by the weak signal at 1112 cm−1

hich is typical of Ph–Si stretching mode [12]. The absorp-
ion due to vibrations of the Si–OH groups is observed at

−1
bout 960 cm [13], while the absence of bands at 1220 and
090 cm−1 confirms the lack of inorganic silicon [14]. Similar
eatures, although with decreased intensity given the much lower
S and DSi, were observed in the spectrum of Si0.03S0.05PPSU

tion of silylated and hybrid polymers.
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ig. 1. ATR/FTIR spectra of (a) Si0.2S2PPSU, (b) Si0.03S0.05PPSU, (c) S2PPSU,
d) PPSU and (e) = (a) − (c) subtraction spectrum.

Fig. 1b). The presence of sulfonic groups in Si0.03S0.05PPSU
s demonstrated by the band at 1165 cm−1. Its lower position
nd intensity with respect to the bands observed in the spectrum
f Si0.2S2PPSU are indicative of a lower sulfonation degree, in
greement with the milder synthetic conditions and with ele-
ental analysis results. The main spectral differences between

he two sulfonated and silylated polymers were observed in the
egion 1150–1000 cm−1: the signals are due to ring modes of
olysubstituted benzene and their position and intensities reflect
he lower substitution degree of Si0.03S0.05PPSU with respect to
i0.2S2PPSU.

The association of the two polymers was then realized
hrough non-hydrolytic sol–gel reaction. Scheme 1 shows the
omplete synthetic procedure.
Fig. 2a shows the ATR/FTIR spectrum of the condensation
roduct, HSiSPPSU. The spectral features reflect the equimolec-
lar ratio of the two precursors. The inset in Fig. 2d shows

ig. 2. ATR/FTIR spectra of (a) HSiSPPSU, (b) Si0.03S0.05PPSU, (c)
i0.2S2PPSU and (d) = (a) − (b) − (c) subtraction spectrum.
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Fig. 3. Arrhenius plot for a non-hydrated membrane of HSiSPPSU.

he difference spectrum obtained subtracting the spectra of the
recursors (Fig. 2b and c) from that of HSiSPPSU with a sub-
raction factor equal to 1. The presence of new components due
o Ph–Si stretching signals together with the band at 1030 cm−1,
ypical of Si–O–Si groups, indicate the formation of inorganic
ross-linking between the two different polymers.

To verify their possible application as polymeric electrolytes,
he solubility, water uptake and electrical behavior of the three
olymers were analyzed. Membranes were successfully pre-
ared by casting and activated in 5 M H2SO4. Membranes of
i0.2S2PPSU showed poor mechanical properties and excessive
ater swelling, while in the case of Si0.03S0.05PPSU, conduc-

ivity was almost negligible.
The room temperature conductivity of activated, non-

ydrated HSiSPPSU was σ = 4.1 × 10−4 S cm−1, and stable
alues were recorded for several days. Fig. 3 shows the
ariation of conductivity of HSiSPPSU as a function of
emperature: conductivity increases with temperature up to
= 6.1 × 10−3 S cm−1 at 125 ◦C. The linear Arrhenius behav-

or and the value of activation energy calculated (Ea = 0.28 eV)
gree with a hopping mechanism for proton transfer [15].

Moreover, the solubility and mechanical properties of
SiSPPSU appeared to be suitable for its applications as a poly-
eric electrolyte: membranes prepared with the hybrid product
ere in fact insoluble in hot water and methanol. The water
ptake from the liquid phase reached an asymptotic value of ca.
20%, corresponding to λ = 10, with λ expressing the number
f water molecules per sulfonic acid group.

Fig. 4 shows the comparison between the complex impedance
lots of HSiSPPSU membrane measured at 110 ◦C at two dif-
erent relative humidity values, i.e. 20% and 50%. At RH values
ower than 50%, the EIS plots consisted typically of a low
requency straight line and a high frequency arc, which did
ot intercept the real axis at high frequency. The diameter of
he arc decreased with increasing RH and eventually vanished

t RH ≥ 50%. Above such RH value only a linear spike was
bserved. The same trend was observed for the EIS measure-
ents carried out at 130 ◦C.
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ig. 4. Typical complex impedance plane plot for HSiSPPSU membrane mea-
ured at 110 ◦C and at 20% (�) and 50% (�) RH.

Fig. 5 shows the conductivity variation as a function of rel-
tive humidity, as derived from EIS plots, measured at 110 and
30 ◦C. In agreement with a water assisted conduction mech-
nism, conductivity increases with RH values. An increase of
onductivity with temperature was also observed in the whole

ange of investigated RH, probably because of increased chain
obility favoring proton transfer. The conductivity at 130 ◦C

nd 100% RH reached 1.1 × 10−2 S cm−1, about one order of
agnitude higher than the conductivity values at 100 ◦C.

ig. 5. Conductivity as a function of relative humidity (RH) of HSiSPPSU at
10 (�) and 130 ◦C (�).

[

[
[

[

[

[

r Sources 167 (2007) 79–83 83

. Conclusions

Hybrid polymers where the organic and inorganic com-
onents are held together by means of covalent bonds were
uccessfully prepared and characterized by ATR/FTIR. Non-
ydrolytic condensation between Si(OH) groups present on the
olymeric chain allowed to cross-link, via Si–O–Si bonds, poly-
ers having different degrees of sulfonation to modulate their

lectrical and mechanical properties. The formation of the inor-
anic links between sulfonated PPSU chains allowed to reach
onductivity values as high as 1.1 × 10−2 S cm−1 at 130 ◦C and
00% RH for the HSiSPPSU hybrid polymer thus identifying
uch material as a promising electrolyte in PEFMCs operating
t intermediate temperature.
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