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Hybrid inorganic–organic polymer electrolyte membranes (PEM) were synthesized from a combination of
1H-1,2,3-triazole grafted alkoxy silanes, tetraethoxy silane (TEOS), polyethylene glycol (PEG) and
trifluoroacetic acid (TFA) or phosphoric acid. The resulting hybrid inorganic–organic proton exchange
membranes were self-supporting and thermally stable up to 180 °C. Evaluation of proton conductivity as a
function of temperature indicates that by using sol–gel chemistry, it is possible to achieve mechanically
robust membranes having proton conductivity comparable to uncrosslinked, liquid-like 1H-1,2,3-triazole
functionalized polysiloxane homopolymer. Mechanical properties of these hybrid inorganic–organic
membranes were investigated using nanoindentation.
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1. Introduction

Great strides have been made in the past few years in the progress
of proton exchange membranes for fuel cells. The development of a
proton exchange membrane with high mechanical strength, thermal,
chemical and electrochemical stability and proton conductivity with
little dependence onwater is an important challenge in the large scale
commercialization of proton exchange membrane fuel cells (PEMFCs)
[1]. The present state-of-the-art membrane technology is based on
perfluorosulfonic acid (PFSA) membranes whose operating temper-
ature is limited to 80 °C as water is the medium for proton transport
[2–4]. Operation of a fuel cell at temperatures above 120 °C has the
advantages of reduced platinum loading, improved tolerance to CO,
enhanced electrochemical reactions, simplified water and thermal
management design. This reduces the overall cost of fuel cells [5].

Intensive research efforts have been made to achieve anhydrous
proton conduction by replacing water with heterocycles, e.g., imidaz-
ole, benzimidazole [6–9]. In these amphoteric nitrogen containing
heterocycles, proton transport takes place through a hydrogen bonded
network of heterocycles by a hydrogen bond breaking and formation
process [10,11]. Previously, the proton conducting properties of poly
(acrylates), poly(siloxanes) and poly(phosphazenes) with pendant 1H-
1,2,3-triazole as a protogenic group have been studied in our group
[12–15]. The amorphous nature of these low Tg polymers allows for
high local mobility of triazoles, thereby giving proton conductivity in
the range of 0.01–1 μS/cm at 180 °C; however, they do not form self-
supporting membranes. For efficient fuel cell operation, membranes
must be mechanically robust. Developing a membrane with good
mechanical properties along with high conductivity is a challenge.

The proton exchange membranes can be mechanically reinforced
by crosslinking or nano-confinement in a porous medium [16–19]. Li
et al. reported mechanically robust hybrid inorganic–organic mem-
branes containing condensed organosilicon precursors with grafted
imidazole and benzimidazole. These membranes were shown to have
conductivity of the order of 10−3 S/cm at 120 °C after doping with
H3PO4 [20]. Similarly, membranes composed of benzimidazole
covalently bonded to an inorganic SiO2 network by a flexible spacer
were investigated by Herz et al. [21]. Furthermore, Li and coworkers
reported that the grafting of 1H-1,2,4-triazole onto a hybrid
inorganic–organic polymer network enhances the proton conductiv-
ity of the hybrid membranes doped with H3PO4 [22].

In the present work, we have focused on structural reinforcement
of 1H-1,2,3-triazole functionalized poly(siloxane); a low Tg polymer,
by crosslinking using sol–gel chemistry [23]. The macroscopic and
microscopic proton conduction behaviors of 1H-1,2,3-triazole func-
tionalized poly(siloxane) (Tz5Si) were reported recently [24]. In this
work, we have studied the effect of crosslinking on proton
conductivity and mechanical properties of triazole functionalized
poly(siloxane) which has the same spacer length between triazole
and polymer backbone as that of the previously reported Tz5Si.
2. Experimental

2.1. Materials

Allyl bromide, propargyl alcohol, sodium hydride, chloromethyl
pivalate, sodium azide, tetraethoxy silane (TEOS), triethoxy silane,
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copper(II) sulfate (CuSO4·5H2O), sodium ascorbate, t-butanol (t-
BuOH), Karstedt's catalyst, trifluoroacetic acid (TFA), phosphoric acid
and hydroxyl terminated polyethylene glycol (PEG) (Mn ~300 g/mol)
were purchased from Sigma-Aldrich or VWR and used as received.
Azidomethyl pivalate was prepared as reported in the literature [25].

2.2. Characterization

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were obtained
on a Bruker DPX-300 NMR spectrometer. Fourier-transform infrared
(FT-IR) spectra were obtained using a Perkin Elmer Spectrometer.
Thermogravimetric analysis (TGA) was performed using a TA instru-
ment TGA 2950 thermogravimetric analyzer at a heating rate of 10 °C/
min under nitrogen flow of 20 mL/min. Glass transition temperatures
were obtained using TA instrument DSC 2910 differential scanning
calorimeter (DSC) by heating the samples at a rate of 10 °C/min under
nitrogen flow (50 mL/min). Electrochemical impedance data was
obtained using a Solatron 1287 potentiostat/1252A frequency response
analyzer. Measurements were done by pressing the polymer samples
between twogold coatedblocking electrodes followedbyanapplication
of 100 mV excitation voltage with a logarithmic frequency sweep from
3×105 to 1×10−1 Hz under vacuum to ensure an anhydrous
environment. Z″ vs. Z′ plot was used to determine the resistance values
at theminimum imaginary response [26]. A Hysitron Triboindenter was
used for nanoindentation studies.

2.3. Synthesis

3-Allyloxyprop-1-yne (1) and 4-(allyloxymethyl)-[1,2,3]triazol-1-
ylmethyl pivalate (3) were synthesized as previously reported [24].
2,2-Dimethyl-propionic acid-4-(3-triethoxysilylpropyloxymethyl)-
[1,2,3]triazol-1-ylmethyl ester (4) (Tz5TrS) was synthesized by Pt0

catalyzed hydrosilylation reaction. In a dry box, 159 mg (0.63 mmol)
of (2), 154 mg (0.94 mmol) of triethoxysilane and 0.38 mL of toluene
(4 M) were combined in a small reaction vial equipped with a
magnetic stirrer. The mixture was stirred for 5 min followed by an
addition of 5 drops of Karstedt's catalyst. The vial was then removed
from the dry box and stirred at 70 °C for 2 days. The solvent was
removed under vacuum and the resulting product was an oily yellow
liquid. It was used without further purification as exposure to
moisture leads to hydrolysis of alkoxysilyl groups. 1H NMR (CDCl3):
δ 1.2 (s, 9H), 1.28–1.42 (m, 9H), 1.85 (m, 2H), 3.6 (t, 2H), 3.9–4.05 (m,
6H), 4.73 (s, 2H), 6.2 (s, 2H), 7.85 (s, 1H). 13C NMR (CDCl3): δ 6.53,
18.35, 26.85, 38.82, 64.14, 69.16, 73.18, 123.84, 146.16, 177.80.

2.4. Preparation of membranes

The first step involved removal of the pivaloxymethyl (POM)
protecting group from the precursor by using sodium methoxide.
Precursor Tz5TrS-POM (0.3 g, 0.7 mmol), ethylene diamine (75 μL,
Scheme 1. Synthetic route to 2,2-dimethyl-propionic acid-4-(3-triethoxysilylpropyloxymet
POM].
1.12 mmol) and 0.1 M NaOH/MeOH (10.5 mL, 1.05 mmol) were
combined in a vial and allowed to stir for 2 h. The reaction mixture
was then concentrated to half of its original volume by rotary
evaporation. The pH of the solution was adjusted to 4 using a 1 M
solution of HCl followed by addition of TEOS and PEG. The mixture
was allowed to stir at room temperature for at least 12 h. Then TFA or
H3PO4 was added and the solution was allowed to stir for 2 h to form
uniform sols. Films were then cast and dried in a stepwise manner;
24 h at room temperature and atmospheric pressure followed by
drying under vacuum at room temperature for 24 h, then 55 °C–60 °C
for 2 days, 80 °C for 3 h and then finally at 100 °C for 2 h to evaporate
organic solvents and water. These membranes were stored under
vacuum at 30 °C as they are hygroscopic in nature. The samples are
labeled by their mole composition as xPEG-yTEOS-zTz5TrS-aTFA-bP
where x,y,z,a,b refer to moles of PEG, TEOS, precursor Tz5TrS, TFA and
H3PO4 respectively.

3. Results and discussion

3.1. Synthesis

Azide-alkyne Hüsgen 1,3-dipolar cycloaddition reaction, “click”
chemistry, was used to synthesize (3) as per the literature procedure
[24]. The Pt0 catalyzed hydrosilylation reaction between Si―H bond of
triethoxy silane and vinyl group of (3) gave the sol–gel monomer (4)
(Scheme 1). The triazole terminated sol–gel monomer (4) was
deprotected and then crosslinked with tetraethoxy silane (TEOS)
and poly(ethylene glycol) (PEG) by hydrolysis and condensation in
the presence of acidified water (Scheme 2), PEG being a flexible
spacer, reduces shrinkage during drying and brittleness of the
membrane [19]. In order to confirm that PEG is covalently bonded
in the crosslinked network, a 1PEG-1TEOS-1Tz5TrS film was sub-
merged in D2O at room temperature for 2 d. 1H NMR analysis of that
D2O showed no presence of PEG indicating that PEG is covalently
bonded and not just trapped within the network as a dopant. All the
membranes studied have residual ethylene diamine and NaCl from
the deprotection step to remove the pivalate group. These byproducts
were not removed by washing of membranes with water as that will
lead to leaching of doped acid as well, making it difficult to quantify
the amount of acid present in the material. At the same time, acid
doping cannot be done after crosslinking and washing steps, due to
the insolubility of the crosslinked membranes.

3.2. FT-IR study

The removal of the POM-protecting group from triazole tethered
to siloxane was confirmed by FT-IR spectrum of condensed Tz5TrS
membrane. The C O group absorption at 1740 cm−1 in protected
Tz5TrS disappeared after deprotection indicating complete removal of
POM group. The deprotection was also confirmed by the presence of
hyl)-[1,2,3]triazol-1-ylmethyl ester (Tz5TrS). [Pivaloxymethyl group is abbreviated as
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Scheme 2. Preparation of hybrid inorganic–organic copolymer.
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N―H group absorption at 3424 cm−1. Fig. 1 shows the IR spectra of
condensed Tz5TrS before and after deprotection.
3.3. Thermal properties

Thermogravimetric analysis has shown that all the materials are
stable up to 180 °C under nitrogen. The small weight loss below the
decomposition temperature is due to the loss of water and solvents
which tend to remain in the membrane. The onset of decomposition,
temperature corresponding to 5% weight loss and glass transition
temperatures of all the samples are summarized in Table 1. All the
polymers show a single Tg. The Tg of condensed Tz5TrS is higher than
that of other materials due to the restricted segmental relaxation in
the crosslinked network. As expected, the Tg of PEG containing hybrid
membranes is lower. Also, addition of acid leads to lowering of Tg due
to a plasticization effect.
3.4. Appearance of hybrid inorganic–organic membranes

Free-standing membranes with thicknesses in between 100 μm
and 150 μm were obtained. Membranes without PEG were stiff and
brittle. Addition of PEG imparts flexibility to these membranes, as
highly flexible ethylene oxide chains connect the three dimensional
Si―O―Si network. Membranes shown in Fig. 2 are self-supporting.
Fig. 1. FT-IR spectra of condensed Tz5TrS.
3.5. Proton conductivity

3.5.1. Proton conductivity of 1H-1, 2, 3-triazole grafted condensed
organosilicon precursor

The temperature dependent proton conductivity of condensed
sol–gel monomer Tz5TrS, before and after doping with TFA or H3PO4

was measured and compared with the previously reported linear
homopolymer Tz5Si which has the same tether length as Tz5TrS, Fig. 3
[24]. The conductivity of condensed Tz5TrS is three orders of
magnitude lower than that of homopolymer Tz5Si. This is because
the dominant conduction process in triazole functionalized mem-
branes is structural diffusion, which involves intermolecular proton
transfer and reorganization by a hydrogen bond breaking and forming
process, and as a result proton conductivity depends on the local
mobility of the matrix [27–29]. In condensed Tz5TrS, the tight
Si―O―Si crosslinked network reduces the chain mobility as reflected
by the higher glass transition temperature of condensed Tz5TrS
(Tg=47 °C) compared to that of homopolymer Tz5Si (Tg=5 °C). The
proton conductivity of the condensed Tz5TrS after doping with TFA or
H3PO4 is comparable to the homopolymer Tz5Si, since conductivity
depends upon both the mobility and the charge carrier density.
Addition of acid introduces extrinsic charge carriers leading to an
increase in conductivity. An increase in conductivity of up to 2 orders
of magnitude after doping with TFA has been reported previously
[12,13]. At the highest temperature measured, the improvement in
conductivity with H3PO4 doping is even greater that that observed for
TFA doping. However, membranes comprising condensed Tz5TrS,
both doped and undoped, are rigid and fragile, and lack the flexibility
needed to be used as proton exchange membrane in fuel cells.

3.5.2. Proton conductivity of hybrid inorganic–organic membranes
The proton conductivity of the hybrid inorganic–organic mem-

branes, 1PEG-1TEOS-1Tz5TrS-1TFA and 1PEG-1TEOS-1Tz5TrS-2.5P,
Table 1
Thermal properties of the materials studied.

Material Tg (°C)a Triazole mass
fraction (wt.%)b

Td5 (°C)c

Condensed Tz5TrS 47 33 204
1TzTrS-TFA 29 21 205
1TzTrS-2.5P 23 15 189
1PEG-1TEOS-1Tz5TrS-2.5P −12 8 182
1PEG-1TEOS-1Tz5TrS-1TFA −19 10 206
Tz5Sid 5 34

a Obtained from DSC on the second heating cycle.
b Mass fraction of triazole in the heterocycle matrix is calculated after accounting for

the weight of the doped acid.
c 5% weight loss as determined by TGA with a heating rate of 10 °C/min from room

temperature to 500 °C under N2.
d Thermal properties of Tz5Si from the literature [24].
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Fig. 2. Appearance of membranes. a) 1PEG-1TEOS-1Tz5TrS-1TFA. b) 1PEG-1TEOS-
1Tz5TrS-2.5P.
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increases with increasing temperature, reaching 1.6 mS/cm at 180 °C
for 1PEG-1TEOS-1Tz5TrS-2.5P, Fig. 4. These conductivities are slightly
higher than that of the homopolymer Tz5Si [24]. Although the high
temperature proton conductivity of the two membranes doped with
Fig. 3. Proton conductivity vs. temperature for condensed Tz5TrS, Tz5
TFA or H3PO4 at 180 °C is similar, the shape of the Log (σ) vs. 1000/T
curves is different suggesting a difference in proton transport
mechanism. This could be explained by the fact that H3PO4 molecules
interact quantitatively with the protogenic group and so an excess of
H3PO4 to triazole group is necessary to give sufficient proton con-
ductivity [30]. When H3PO4 is used as a dopant, another conduction
mechanism is also possible; proton transport taking place along a
H2PO4

−/HPO4
2− anionic chain by consecutive proton transfer between

phosphate species and anion reorientation steps [20,31,32]. In TFA
doped materials, maximum ion conductivity is attributed to the
proton exchange between protonated and non-protonated heterocy-
cle sites [32].

3.6. Mechanical properties

The mechanical properties of the membranes were studied using
nanoindentation [33]. Condensed Tz5TrS, 1Tz5TrS-1TFA and 1Tz5TrS-
2.5P were too fragile for mechanical testing. Only the mechanical
properties of PEG containing membranes were studied, and were
compared to that of hydrated Nafion-112.

A peak load of 20 μN was applied at a rate of 4 μN/s and then
sample was held under maximum load for 5 s, followed by unloading
at the same rate of 4 μN/s. During the indentation process, the
penetration depth (h) was measured and the area of the indent (A)
was determined using the known geometry of the indentation tip. The
indenter was a diamond Berkovich (or triagonal pyramid) geometry
with a geometric constant (ε) of 0.75, center to face angle of 65.35°
and tip radius ~ 150 nm as quoted by the manufacturer. The modulus
of the samples was obtained from the unloading portion of the curve
by plotting load vs. displacement and then using Oliver and Pharr
analysis [33]. The load vs. displacement curves of the samples studied
are shown in Fig. 5. The slope of the unloading curve at the maximum
loading point (hmax) gave the contact stiffness of the material, Eq. (1).
Knowing the projected area of the tip-sample contact Ac, at the peak
load Pmax, and the stiffness S at the onset of loading, the reduced
modulus, Er was calculated by Eq. (2). Since an elastic displacement
occurs both in the specimen and the indenter; reduced modulus
accounts for deformation of both the indenter and the sample and is
related to the Young's modulus of the specimen Es, by Eq. (3); where
Es and νs are Young's modulus and Poisson's ratio for the specimen
and Ei and νi are the same parameters for the indenter (diamond in
this case) [33,34].
TrS-1TFA, and Tz5TrS-2.5P along with Tz5Si for comparison [24].
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Fig. 4. Proton conductivity of 1PEG-1TEOS-1Tz5TrS-1TFA and 1PEG-1TEOS-1Tz5TrS-2.5P along with Tz5Si for comparison [24].
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Contact stiffness
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=
1
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Ei

 !
ð3Þ

(Ei=1141 GPa, νi=0.07 for diamond).
The reduced moduli of 1PEG-1TEOS-1Tz5TrS-1TFA, 1PEG-1TEOS-

1Tz5TrS-2.5P and Nafion were found to be 139 MPa, 315 MPa and
Fig. 5. Load vs. displacement curve. a) Nafion-112. b) 1PEG-1TEOS-1Tz5TrS-2.5P.
c) 1PEG-1TEOS-1Tz5TrS-1TFA.
765 MPa respectively. The modulus of TFA doped membrane is
approximately one fifth that of Nafion, while modulus of H3PO4 doped
membrane is approximately half that of Nafion. The membrane doped
with H3PO4 was stronger than that doped with TFA.

For polymers, the Oliver and Pharr analysis overestimates the
modulus compared to the macroscopic Young's elastic modulus, as
polymers creep, being viscoelastic in nature, while the Oliver and
Pharr model analyzes the load–displacement curve with elastic
contact mechanics models [35,36]. The modulus obtained by this
analysis may be greater than the actual values, the relative
comparison with Nafion would be similar. From the reduced modulus
of Nafion (765 MPa), its Young's modulus was calculated as 643 MPa
using Eq. (3) (υ=0.4 for Nafion) [37]. The Young's modulus of Nafion
obtained by DMA (dynamic mechanical analyzer) for similar
hydration levels was reported as 437 MPa [38].

4. Conclusion

The anhydrous proton conducting, low Tg triazole functionalized
poly(siloxane) wasmechanically reinforced by crosslinking using sol–
gel technique. The resulting hybrid inorganic–organic membranes are
self-supporting and thermally stable up to 180 °C. The incorporation
of PEG imparts flexibility to the crosslinked membrane. Crosslinking
leads to a decrease in conductivity due to the restricted local mobility
of the triazole group. However, addition of acid helps restore the
conductivity of crosslinked membranes up to 10−2.5 S/cm at 180 °C
which is slightly greater than that of the uncrosslinked, low Tg
homopolymer and the same as that of acid doped homopolymer.
Compared to the organic polymer containing acid, the hybrid
inorganic–organic copolymermembranes containing acid can achieve
high proton conductivity along with good mechanical properties.
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