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ABSTRACT: For the first time a fluorinated polyoxadiazole doped with phosphoric acid
as a proton-conducting membrane for operation at temperatures above 100 °C and low
humidities for fuel cells has been reported. Fluorinated polyoxadiazole with remarkable
chemical stability was synthesized. No changes in the molecular weight (about 200,000 g
mol™) can be observed when the polymer is exposed for 19 days to mixtures of sulphuric acid
and oleum. Protonated membranes with low doping level (0.34 mol of phosphoric acid per
polyoxadiazole unit, 11.6 wt.% H3PO,) had proton conductivity at 120°C and RH=100% in
the order of magnitude of 102 S cm™. When experiments are conducted at lower external
humidity, proton conductivity values drop an order of magnitude. However still a high value
of proton conductivity (6 x 102 S cm™) was obtained at 150°C and with relative humidity of
1%. In an effort to increase polymer doping, nanocomposite with sulfonated silica containing
oligomeric fluorinated-based oxadiazole segments has also been prepared. With the addition
of functionalized silica not only doping level but also water uptake increased. For the
nanocomposite membranes prepared with the functionalized silica higher proton conductivity
in all range of temperature up to 120°C and RH=100% (in the order of magnitude of 10° S
cm™) was observed when compared to the plain membrane (in the order of magnitude of 10
Scm™).
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conductivity, fuel cell



1. Introduction

Polymer electrolyte fuel cells are under extensive investigation as potential power source for
mobile and stationary applications. One of the important challenges for the establishment of
fuel cell as a competitive technology for energy conversion in the automotive sector is the
development of alternative membranes with better performance than the current state-of-the-
art perfluorinated ionomers such as Nafion® at temperatures higher than 100 °C and under
external low humidification. The motivations for operating at high temperatures include
improved reaction Kkinetics, minimization of catalyst poisoning by CO, simplification of the
heat and water (humidification) management in the cell, improved gas transport and other
issues associated with catalyst and design [1-3].

Among the high temperature polymer electrolyte membranes that have been developed so
far, phosphoric acid doped polybenzimidazole [4,5] is certainly the most investigated system
with high proton conductivity even at temperatures as high as 200 °C [5,6] and chemical and
thermal stability. Despite of that, for further large scale applications of this polymer, new
methods of syntheses should be explored to further increase mechanical properties,
protonation level and/or functionalization of the polymer and processability.

Recently, we have indeed tested proton conductive membranes based on dense sulfonated
and/or protonated diphenyl ether polyoxazole membranes exhibiting high proton conductivity
values (order of magnitude of 10 -102 S cm™ at 50-80°C) [7,8] and with highly oxidative
stability in Fentons’s reagent retaining 98-100% of their weight. However, due to the ether
electron-donor substituent (-O-) in para position to the aromatic sulfonic acid groups, which
decreases the polymer hydrolytic stability in humidified environments at temperatures higher
than 100 °C [9], these polyoxazoles became brittle when operating at temperatures higher
than 80°C. In the present work, we changed the ether electron-donor substituent by an
electron-withdrawing group (-C-(CF3)-) in para position to the aromatic groups which should
increase both stability and acidity of the polyoxadiazole already containing a strong electron-
withdrawing ring. So far, fluorinated polyoxadiazoles, a polymer with a heterocyclic ring and
also with very high chemical and thermal stabilities have not been used for fuel cells at
temperatures higher than 100 °C and low humidities.

An advantage of polyoxadiazoles in comparison to the polybenzimidazoles in the lower
reaction temperature and time required for the synthesis (up to 5h at 160°C) in contrast to the
polybenzimidazoles (up to 24h at 200°C). An additional point is the better film forming

capability of the polyoxadiazoles synthesized in this paper, which can be dissolved at room



temperatures in organic solvents while for most polybenzimidazoles the dissolution in organic
solvents occurs at high tempeatures (higher than 200°C) in pressurized reactors [4,6].

Here, we report for the first time, the use of a fluorinated polyoxadiazole doped with
phosphoric acid as a proton-conducting membrane for operation at temperatures above 100 °C
and low humidities for fuel cells. In an effort to increase even more proton conductivity,
nanocomposite with sulfonated silica containing fluorinated-based oxadiazole telechelic has
also been prepared. The synthesis and characterization of the functionalized silica with
thermal stability up to 160 °C have been reported by us elsewhere [10]. The polymer is very
stable even in mixtures of sulfuric acid and oleum (20-65 % SOs). After several days

practically no changes of molecular weight were detected.

2. Experimental Section

2.1. Materials

4,4’ -dicarboxyphenyl-hexafluorpropane, HF (99%, Aldrich), fuming sulfuric acid, oleum
(puriss. pa. 20% SOs;, Riedel-de Haen and 65%, Merck), hydrazine sulfate, HS (>99%,
Aldrich), N-methyl-2-pyrrolidone, NMP (99%, Aldrich), sodium hydroxide, NaOH (99%,
Vetec), sulfuric acid (95-97%, Vetec), phosphoric acid (85%, Aldrich), poly(phosphoric
acid), PPA (Aldrich). All chemicals were used as received. Functionalized silica was

synthesized and characterized as described elsewhere [10] and depicted in Scheme 1.

2.2. Poly(hexafluor propane-1,3,4-oxadiazole) synthesis

Poly(hexafluor propane-1,3,4-oxadiazole) was synthesized using conditions analogous to
those previously optimized for diphenyl ether polyoxadiazoles [11,12]. After reacting 4,4’-
dicarboxyphenyl-hexafluorpropane and hydrazine sulfate for 3h at 160 °C, the reaction
medium was poured into water containing 5% wi/v of sodium hydroxide, for precipitation of
the polymer. The pH of this polymer suspension was controlled according to literature [11].
The chemical structure of polymer is depicted in Figure 1. Yield = 89%. *H-NMR (CDCls): &
=8.21-8.18 (4 Hy, d), 7.62-7.60 (4 H,, d) (Figure 1).

(C17HgN,0;Fg) (370): Calcd. % C 55.1, H 2.2, N 7.6; Found C 55.3, H 3.2, N 6.6.

2.3. Polymer sulfonation
Attempts to sulfonate the polymer were based on post-sulfonation routes by reacting the
polymer with sulfuric acid (95-97%) and fuming sulfuric acid (20-65% SOs) at 45°C from 1



to 19 days. As a typical example, 1g of fluorinated polyoxadiazole polymer was dissolved in
15 mL of a mixture containing 10 ml of concentrated sulfuric acid (95-97%) and 5 ml of
oleum with 20% SO; (2:1) and vigorously stirred at 45°C. Then, the polymer solution was
gradually precipitated into ice-cold water containing K,CO3 under mechanical stirring until
achieving a neutral pH. The polymer precipitate was filtered, washed several times with
distilled water and dried for 12h at 80 °C.

2.4, Structural Characterization

The polymer structure was characterized by elemental analysis, *H-NMR and infrared
spectroscopy. Elemental analysis was conducted on a Carlo Erba Elemental Analyzer-Mod
1108. 'H-NMR spectra were obtained in CDCl; at 25°C using a Bruker DMX-300
spectrometer. Infrared spectra were recorded on a Bruker Equinox IFS 55 spectrophotometer
in the range 4000-400 cm™, using polymer films.

2.5. Molecular weight measurements

A Viscotek SEC apparatus equipped with Eurogel columns SEC 10.000 and PSS Gram 100,
1000, with serial numbers HC286 and 1515161 and size 8 x 300 mm was employed to
evaluate the weight average molecular weights of polymer samples. The equipment was
calibrated using polystyrene standards (Merck) with weight average molecular weights
ranging from 309 to 944,000 g/mol. A solution with 0.05 M lithium bromide in DMAc was
used as the carrier.

2.6. Membrane preparation and characterization

Homogeneous membranes were cast from solutions with a polymer concentration of 4 wt.
% in NMP. After casting, the NMP was evaporated in a vacuum oven at 60°C for 24h. For
further residual solvent removal, the membranes were immersed in water bath at 60°C for 48h
and dried in a vacuum oven at 60°C for 24h. The final thickness of the membranes was about
60 pum.

Nanocomposite membranes were prepared by adding 5 wt.% of functionalized silica (based
on polymer content) into the 4 wt.% polymeric solution. The solution was stirred for 6h and
cast on a glass plate at 60°C for solvent evaporation and dried following the same protocol
described for the membranes prepared only with the polymer. The final thickness of the
membranes was about 70 pum.

Protonated membranes were prepared by immersing dried membrane samples into 85 %

phosphoric acid solution at 25 °C for 7 days.



The membrane morphology was observed by scanning electron microscopy (SEM) type

LEO 1550VP. The samples were previously coated with gold in a sputtering device.

2.7. Water and phosphoric acid uptake

Water and phosphoric acid uptake was measured by immersing two samples (around 100
mg each) of membrane in deionized water and phosphoric acid (85%) bath conditioned at
25°C for 24h and 7 days, respectively. Before measuring the weights of the hydrated
membranes, the water or phosphoric acid was removed from the membrane surface by
blotting with a paper towel. The water or phosphoric acid uptake was calculated as the ratio
(in weight) of adsorbed water or phosphoric acid on the dry sample weight. The water or

phosphoric acid uptake values reported correspond to the average value of the two samples.

2.8. Thermal and mechanical analysis

Thermogravimetric analysis (TGA) experiment was carried out in a Netzsch 209 TG,
equipped with a TASC 414/3 thermal analysis controller. The polymer sample, under nitrogen
atmosphere, was heated from 100 to 700°C at 10°C/min. The second heating was used for
polymer characterization.

Differential scanning calorimetry (DSC) measurements were performed in a Netzsch 204
DSC, equipped with a TASC 414/2 thermal analysis controller. Polymer film sample was
placed in aluminum sample pan, and the temperature was increased with a heating rate of
20°C/min from 100 to 450°C, under nitrogen atmosphere.

Dynamic mechanical thermal analysis (DMTA) was used for determination of glass
transition temperature (T,), storage modulus (E’), loss modulus (E’”) and loss tangent (Tan ).
DMTA was performed using a TA instrument RSA 2 with a film tension mode at a frequency
of 1Hz and 0.1 N initial static force. The temperature was varied from 25 to 400 °C at a

heating rate of 2°C/min and at a constant strain of 0.05%.

2.9. Proton Conductivity

Proton conductivity was measured by the AC impedance spectroscopy in the frequency
range 10-10° Hz at signal amplitude < 100 mV and obtained from the impedance modulus at
zero phase shift (high frequency side) with 20 to 100% of relative humidity (RH).
Measurements were performed with a flow cell purged with wet nitrogen; the relative
humidity was controlled by bubbling nitrogen gas in water heated at a suitable temperature.

The impedance measurements were carried out on stacks containing up to five membranes



(cumulative thickness around 500 um). The spectrometer used was a Zahner IM6

electrochemical workstation.

3. Results and Discussion

3.1. Chemical Stability of the Poly(hexafluor propane-1,3,4-oxadiazole)

Attempts to sulfonate the poly(hexafluor propane-1,3,4-oxadiazole) performed in mixtures
of concentrated sulfuric acid (95-97 %) and oleum (20-65% SOs3) confirm the high chemical
stability of this polymer. Two different concentration of oleum were used 20 and 65%,
respectively. Table 1 shows the polymer characterization results as a function of post-
sulfonaton time, including elemental analysis results (S/C and N/C), the average mass
molecular weights (Mw) and the polydispersity (D) determined by size exclusion
chromatography (SEC). In Figure 2 the SEC profiles relative to polystyrene standard for the
samples treated at different conditions are shown. The analysis of the results shown in Table 1
indicates that the attempts to sulfonate the polymer were not successful. Figure 2 confirms the
very high chemical stability of the polymer. Indeed after treatment with mixture of
concentrated sulfuric acid and oleum with 20% SOj3; for 19 days no changes in the average
molecular weights were observed, indicating that the polymer does not degradate after
treatment. After 6 days in the mixture of sulfuric acid and oleum with 65% SOs3, the molecular
weight slightly decreased while the polymer became less polydisperse (Figure 2.b). For the
samples treated with mixtures of sulfuric acid and oleum with 65% SOs, this decrease of
polydispersity may be attributed to the disruption of the three-dimensional crosslinked
linkages [12] eventually present in polymer samples with molecular weight in the order of
magnitude of 10° g mol™ as well as the solubilization of species with lower molecular weights
in the order of magnitude of 10* g mol™.

The electron withdrawing effect of both groups, fluorine and oxadiazole, which
deactivates the benzene ring, hinders the sulfonation reaction by an electrophilic substitution
route. That is the reason why no sulfonation took place and all samples have a negligible S/C
rate. The analysis of the elemental results also indicates that after treatment in acid the
experimental N/C ratio increases reaching values more closed to the theoretical one (N/C =
0.138), expected for the structure depicted in Figure 1, indicating that the polymerization was
further continued during the acid treatment. Though experimental N/C values are slightly
lower than the theoretical one, no residual hydrazide groups are present in the polymer. The

'H-NMR spectrum of the poly(hexafluor propane-1,3,4-oxadiazole) without hydrogen



resonances in the range 9-10 ppm (Figure 1) confirms the absence of residual hydrazide NH
groups [13] as well as by the analysis of the TGA spectrum (shown in Figure 3 and discussed
in section 3.2.).

The replacement of the ether electron-donor substituent (-O-) in para position to the
aromatic sulfonic acid groups by an electron-withdrawing group (-C-(CF3)2-) in para position
increased significantly the chemical stability of the polyoxadiazole. While for polyoxadiazole
containing diphenyl ether groups after treatement for 1 h in lower acid concentration, 3:1
volume ratio of H,SO,4: oleum (20% SOs3), the molecular weight decreased significantly
(from 358000 to 17000 g mol™) [14], for the fluorinated polyoxadiazole no changes in the
molecular weight could be observed even in more drastic conditions, 19 days in 2:1 volume
ratio H,SO4: oleum (20% SO3).

3.2. Thermal and mechanical analysis of the poly(hexafluor propane-1,3,4-oxadiazole)

The thermal stability of the poly(hexafluor propane-1,3,4-oxadiazole) was analyzed by
thermogravimetric analysis (TGA) and dynamic mechanical thermal analysis (DMTA), as
shown in Figures 3 and 4. No weight losses of eventually absorbed water were detected in the
temperature range from 20 to 150 °C. Furthermore in the range of temperatures between 275
and 375 °C no loss of water which could result from conversion of hydrazide groups to
oxadiazole [13] was observed. These results confirm the high hydrophobicity of the polymer
starting first at 430°C confirms its high thermal stability (Figure 3).

The mechanical property of the polymer was evaluated by means of DMTA. Good
dimensional stability and high storage modulus (E”) of about 1 GPa at 250°C (Figure 4) were
observed.

3.3. Water uptake, doping level and T of fluorinated polyoxadiazole membranes

When polymers with basic nitrogens are doped by immersing them in acid baths, the acid is
absorbed and equilibrium is achieved after a certain time. Recently, we have shown that
complete protonation of sulfonated polyoxadiazole containing diphenyl ether group attached
to the main by sulphuric acid can be achieved after 48h [8]. In the present work, membranes
were soaked for 7 days in concentrated phosphoric acid to guarantee that equilibrium was
achieved. Table 2 shows the doping level achieved by the membranes, which has been
measured by means of H3PO,4 uptake (wt.%) and reported in terms of the mol number of acid
molecules per monomeric unit. In the literature, it has been reported for other polymers that

the doping level can be varied by polymer immersion in acid baths with different



concentrations [5,6,8,15]. Taking into account the high hydrophobicity of the poly(hexafluor
propane-1,3,4-oxadiazole) with very low water absorption capability (about 3 wt.%) when
immersed in water at different temperatures (Table 2) or when exposed to humid atmosphere
we opted to use a high phosphoric acid concentration bath (85 % ~ 15 M). As one may see in
Table 2, very low doping level was achieved (0.34 mol of phosphoric acid per polyoxadiazole
unit), corresponding to only one proton for three nitrogen atoms able to be protonated.

3.4. Nanocomposites with functionalized silica

In an effort to increase the polymer doping, nanocomposites containing silica modified with
sulfonated oxadiazole telechelics have also been prepared. The synthesis and characterization
of the functionalized silica have been reported by us elsewhere [10]. The analysis of Table 2
indicates that with the addition of functionalized silica not only the doping level but also the
water uptake increased, as should be expected.

Due to the high polymer hydrophobicity, there is a clear segregation of the functionalized
silica with formation of cavaties around the hydrophilic silica particles. As a result a sponge
like structure with closed cells is formed (Figure 5), in contrast to the plain polymer
membrane which is pore free. As a consequence two other thermal transitions additionally to
the polymer’s T4 at 304°C are observed. The additional transitions might be associated to the
T4 of the low molecular weight (about 9000 g mol™) [16] sulfonated oxadiazole oligomeric
segments attached to the silica surface. The lower Tg at 139°C might be attributed to the non-
sulfonated segments, while the higher T4 at 180°C is related to the part of the chain, which is
sulfonated. The introduction of bulky substituent on the aromatic rings as well as the increase
of chain-chain interactions are the main reason for the increase of Ty with sulfonation [17].

On the other hand, when this functionalized silica was added to sulfonated polyetherketone
(SPEEK) a porous free was obtained since the compatibility between the sulfonated oligomers

and the polymer matrix was high [10].

3.5. Proton conductivity

Figure 6 shows the dependence of the proton conductivity on the temperature for the
poly(hexafluor propane-1,3,4-oxadiazole) membranes at relative humidity equal to 100 % is
shown. As expected, the proton conductivity of the non protonated plain polymer is very low
(in the order of magnitude of 10> S cm™).

Much higher proton conductivity values were obtained for the protonated membranes with
phosphoric acid (in the order of magnitude of 102 S cm™). Taking into account the low



doping level of the polymer (0.34 mol of phosphoric acid per polyoxadiazole unit, 11.6 wt.%
H3PO,), the proton conductivities may be considered high. For instance, polybenzimidazole
with a doping level equal to 3 (40 wt.% H3PO,), which is 10-fold higher then that for the
protonated polyoxadiazole in this paper, has a proton conductivity in the order of magnitude
of 10° S cm™® at room temperature [18]. In phosphoric acid doped polyoxadiazole
membranes, as well as in the case of polybenzimidazoles, hydrogen bonds can be established
between the nitrogens of the polymer and the water and acid molecules favoring the proton
transport. In the case of the polymer reported here an additional factor seems to play an
important role. The electronegative fluor atoms probably have significant contribution to the
formation of hydrogen bonds with the phosphoric acid. Figure 7 shows the proposed
interactions between the polymer and H3PO,.

For the nanocomposite membranes prepared with the functionalized silica higher proton
conductivity compared to the plain membrane was observed in all range of temperature (in the
order of magnitude of 10° S cm™). Similar results have been reported by us [10], when this
functionalized silica was added to SPEEK and attributed to the amphoteric character of the
sulfonated oxadiazole oligomeric segments containing both sulphonic acid groups and basic
nitrogen sites (Scheme 1). Improved proton conductivities can be obtained due to the presence
of pyridine-like nitrogen sites near sulfonic groups, which can be seen as additional points for
proton jumps. An additional factor in the case of nanocomposites with the hydrophobic
fluorinated polyoxadiazole is the higher water absorption by the functionalized silica, which
assures a better water retention at high temperatures.

In Figure 6, experiments were performed with relative humidity (RH) equal to 100%. The
presence of water promotes the dissociation of the acid, increasing the number of charge
carriers and consequently the proton conductivity. When experiments are conducted at lower
external humidity (Figure 8), the proton conductivity values drop at least an order of
magnitude. With further increase of temperature, with simultaneous decrease of RH, an
increase of proton conductivity was obtained. As discussed in details by He et al. [18] for
polybenzimidazole, there is a significant conductivity dependence of acid doped basic
polymers on the relative humidity (RH) at high temperatures. The higher the temperature, the
more significant the RH effect, especially when the RH value is very low. Similar trends have
also been reported in other published works [5,19].

Taking into account the low water uptake of the polymer and the porosity of the
nanocomposite prepared with the functionalized silica without protonation, the pores creates
an additional resistance and might explain the very low proton conductivity obtained at low



humidity conditions. The protonated nanocomposite containing functionalized silica have
higher proton conductivity, reaching the value of 5.35 x 10° S cm™ at 120°C and RH = 5%,
which can be explained by the higher doping level (0.45 mol of phosphoric acid per
polyoxadiazole unit, 15.6 wt.% H3PO,) achieved as well as higher water retention capacity at
higher temperatures. The water absorption was particularly increased with the addition of
functionalized silica, followed by protonation. The contribution of different factors to this
observation can be better understood by analysing the FTIR spectra of the protonated and
nanocomposite poly(hexafluor propane-1,3,4-oxadiazole) films (Figure 9). As one may See,
the peaks related to the absorbed water at 3367 cm™ and at 2911 cm™ assigned to the O-H
stretch of the hydrogen-bonded groups intramolecular and intermolecular, respectively, are
observed for the protonated polymers and nanocomposites. This result supports once more the
high hydrophobicity of the polymer, showing no water absorption when exposed to the
atmospheric moisture. The protonation of the polymer nitrogens by the phosphoric acid and/or
water resulting in hydrogen-bonded nitrogen (N*-H) is observed at 2345 cm™. The intense
peaks at 1005 cm™ related to the siloxane stretching (v Si-O-Si) and at 1003 cm™ related to
the phosphorous stretching (v P-O) are observed for the nanocomposite and protonated films,
respectively. The peak at 1621 cm™ assigned to the angular vibration of water is much higher
for the protonated polymer with functionalized silica. This peak is characteristic of the
adsorbed water in inorganic particle surfaces or incorporated water into the crystal lattice
[20,21]

The approaches described in literature to increase the doping level of basic polymers are the
immersion in polyphosphoric acid baths with different concentrations [5,6], the sulfonation of
the polymer and the direct casting of the polymeric solution from the reactor [4,5]
immediately after synthesis. While the proton conductivity increases with the doping level of
the polymer, the mechanical properties might be affected and a compromise between
absorbed acid and mechanical properties has to be achieved in many situations. He et al. [19]
reported that the mechanical properties of PBI significantly decreases with immersion in acid
and acceptable mechanical properties are limited to a doping level of 3-8 mol of phosphoric
acid per PBI unit [19]. However, recently Xiao et al. [4] have reported doped PBI with doping
levels varying from 15 to 25 mol of phosphoric acid per PBI unit and still with good
mechanical properties. The exploration of new structures as well as the increase of the
molecular weight of this class of polymer may potentially impact the increase of proton
conductivity as a consequence of the increase of polymer doping without significant detriment

of mechanical properties of the polymer.
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Based on the encouraging results shown in the present work regarding the high chemical
stability with no changes in the molecular weight when the polymer is exposed for 19 days to
mixtures of sulphuric acid and oleum, the high thermal stability (up to 430°C) and the high
proton conductivity obtained (10° S cm™ at 150°C and RH=1%) with very low doping level
(0.34 of phosphoric acid per polymer unit), it can be affirmed that the use of this fluorinated
polyoxadiazole doped with phosphoric acid as a proton-conducting membrane for operation at
temperatures above 100 °C and low humidities for fuel cells may be promising. Now,
attempts to increase the doping level by functionalization of the polymer using alternative
routes such as nucleophilic aromatic substitution (metalation) [22] and functionalized

monomers [16] are underway.

4. Conclusions

Fluorinated polyoxadiazole with high chemical and thermal stability with glass-transition
temperatures (Ty) of 304°C and initial degradation temperature of 430°C, with good
mechanical properties (storage modulus about 1 GPa at 250°C) has been prepared. No
changes in the molecular weight (about 200000 g mol™) can be observed when the polymer is
exposed for 19 days to mixtures of sulphuric acid and oleum.

Phosphoric acid doped membranes based on the fluorinated polymer containing or not
sulfonated silica have been prepared and characterized. With the addition of functionalized
silica not only the doping level but also the water uptake increased. For the nanocomposite
membranes prepared with the functionalized silica higher proton conductivity in all range of
temperatures up to 120°C and RH=100% (in the order of magnitude of 10° S cm™) was
observed compared to the plain polymer (in the order of magnitude of 10° S cm™) and
attributed to the amphoteric character of the sulfonated oxadiazole oligomeric segments
attached to the silica containing both sulphonic acid groups and basic nitrogen sites as well as
to the better water retention of the membrane due to the presence of silica.

Protonated membranes with low doping level (0.34 mol of phosphoric acid per
polyoxadiazole unit, 11.6 wt.% HsPO,) have proton conductivity at 120°C and RH=100% in
the order of magnitude of 102 S cm™. When experiments are conducted at lower external
humidity, proton conductivity values drop an order of magnitude, but are still high compared
to other polymers reported in the literature. Values of 6.11 x 10° S cm™ at 150°C and with

relative humidity of 1% have been obtained.
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Table 1: Polymer characterization results as a function of post-sulfonaton time in mixtures of

fuming sulfuric acid (20-65% SOgz) and sulfuric acid (95-97%) at 45°C.

Sample Solvent time (day) SIC N/C Mw D
H,SO4- X % SO (g mol™)
1 - - 0 0.119 198000 2.96
2 1 0 0.134 134000 1.88
3 X =20% SO; 5 0 0.134 148000 2.50
4 12 0 0.131 205000 3.28
5 19 0 0.132 210000 1.68
6 2 0 0.137 112000 1.27
7 X=65% SO3 6 0 0.130 97000 1.19
82:1 vol. ratio of H,SO4:S03
(Table 1)
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Table 2: Water uptake, doping level and T, of fluorinated polyoxadiazole membranes

Membrane IEC Doping H3PO,4 uptake  Water uptake (wt. %) T4 (°C)
(mequiv g™) Level® (wt.%) 25°C 60°C DSC Tan §
plain polymer 0 0.34 11.6 2.8 2.5 295 304
polymer with b 310
functionalizedsilica 6 535 45 15.6 5.2 5.4 139, 180

“mol of phosphoric acid per fluorinated polyoxadiazole unit; ® not measured.

(Table 2)
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Figure captions

Scheme 1: Structure of the functionalized silica.

Figure 1: *H-NMR spectrum of the poly(hexafluor propane-1,3,4-oxadiazole) (spectrum taken
in CDCly).

Figure 2. SEC profiles (relative to polystyrene standard) for polymer samples treated at
different times with mixtures of sulfuric acid and oleum with 20% SOz (a) and 65% SO3 (b),

respectively.

Figure 3: TGA curve for the poly(hexafluor propane-1,3,4-oxadiazole).

Figure 4: DMTA plot of the poly(hexafluor propane-1,3,4-oxadiazole).

Figure 5: SEM images of the nanocomposite prepared with the functionalized silica

Figure 6: Dependence of proton conductivity on the temperature for the poly(hexafluor
propane-1,3,4-oxadiazole) membranes for relative humidity equal to 100 %.

Figure 7: Proposed interactions between the polymer and HzsPO,4 (where the colors correspond
to: blue carbon, navy nitrogen, yellow fluorine, green phosphorus, red oxygen, white
hydrogen).

Figure 8: Proton conductivity of poly(hexafluor propane-1,3,4-oxadiazole) membranes as a
function of the relative humidity and temperature.

Figure 9: FTIR spectra of the poly(hexafluor propane-1,3,4-oxadiazole) films in the region
4000 - 900 cm™.
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