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ABSTRACT: Proton-conducting, thermally and electrochemically stable, heterocycle-grafted polysiloxanes have
been synthesized via hydrosilylation of vinyl or allyl functionalized weakly basic heterocyclic motifs with a
polymethylhydrosiloxane precursor. The basicity of the amphoteric heterocycles was tuned by introducing electron-
withdrawing groups, whose presence also produced a decrease in the polymers’ glass transition temperature. The
proton conductivity depended strongly on theTg of the polymer matrix and the volume fraction of proton carriers,
while the effect of reducing the pKa of the heterocycle was less pronounced. The resulting polymers showed the
highest reported proton conductivities of up to 0.1 mS/cm at temperatures below 80°C and up to 5 mS/cm at 180
°C when doped with trifluoroacetic acid.

Introduction

The increasing demand for clean, efficient and portable energy
devices has motivated the search for new materials to develop
environmentally friendly energy utilization.1-3 An attractive
approach consists in the use of polymer electrolyte membrane
fuel cells (PEMFC’s), due to their high power density and
pollution-free fuel consumption.3,4 An obstacle for commer-
cialization of PEMFCs is the lack of better performing, more
cost-effective materials.4-6 The majority of the systems currently
under evaluation rely on water as the conduction medium, which
restricts their use temperature to∼100 °C.5-7 However,
development of PEMFCs capable of operating at temperatures
close to 200°C would result in several key improvements that
are essential for the widespread use of fuel cells in everyday
applications. Systems operating at elevated temperatures are
more efficient, reduce the cell cost by decreasing the required
platinum loading, and simplify the overall heat management of
the device.8

Kreuer and co-workers9,10 proposed an attractive alternative
approach where amphoteric heterocycles were used as the
proton-conducting species. Proton transport within heterocyclic
hydrogen-bonded networks occurs under both anhydrous and
low relative humidity conditions and could thus be used to
develop polymer membranes that are highly conductive at
temperatures above the boiling point of water. These materials
would enable PEMFCs to function without the need of external
humidification and at temperatures well above 100°C. Previous
work using imidazole and benzimidazole as the proton-conduct-
ing motifs suggests that proton conductivity depends on the local
mobility of the heterocycles within the polymer films and on
theeffectiveconcentrationofmobileprotonsinthemembranes.11-16

The proton conductivity of these systems increased when
varying amounts of strong acids were added; such an increase
was attributed to a higher concentration of mobile protons due
to protonation of some of the heterocycles within the polymer
matrix.14 A pronounced relative increase in proton conductivity

was reported by Liu and co-workers when they compared vinyl
heterocycle polymers where the imidazole pendant groups had
been substituted by 1,2,3-triazole.17 The higher conductivity was
ascribed to a reduction in the heterocycle pKa and to a smaller
number of conformational changes needed for conduction when
triazoles are compared to imidazoles.18 Further support for this
hypothesis was provided through a model compound study by
Subbaraman et al.19 describing the influence of proton affinity
(pKa) in facilitating proton transport within amphoteric hetero-
cyclic systems. Although both studies strongly suggested
advantages when using lower pKa heterocyclic motifs, efforts
aimed at decoupling the effects of heterocycle pKa from its
chemical structure have not been reported. Furthermore, the
effect of heterocycle structure on the properties of the resulting
polymer matrices remains an open question. Previous work in
our group has systematically studied the effect of polymer
backbone mobility,20 and heterocycle nature,21 on proton
conductivity.

Prompted by all of these previous reports, we have now
developed highly mobile polymer matrices containing weakly
basic heterocyclic motifs designed to better gauge the contribu-
tions of both chemical structure and pKa on the conductivity
and properties of the resulting polymers We report the synthesis
and properties of chemically and electrochemically robust
polysiloxanes containing pendant 1,2,3-triazole (pKa ) 9)22 and
2-trifluoromethylbenzimidazole (pKa ) 8)23 as the proton-
conducting groups. The present study revealed that the hetero-
cycle pKa has little effect on the conductivity of the resulting
polymers, while the proton carrier mass fraction within the
polymer matrix, as well as theTg of polymer backbone, play a
much more significant role. The combination of flexible
polymeric backbones and readily accessible acid-doped 1,2,3-
triazoles produced materials exhibiting water-free proton con-
ductivities higher than those previously reported at temperatures
below 100°C.

Experimental Section

Materials. Azidomethyl pivalate was prepared as reported in
the literature.24 All other reagents were purchased from Sigma-
Aldrich and used as received. THF and toluene were distilled over
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sodium/benzophenone prior to use. DMF was distilled over calcium
hydride prior to use.

Synthesis of 6-Allyloxyhex-1-yne (1).To a clean, dry, nitrogen-
purged 250 mL two-neck round-bottom flask were added sodium
hydride (1.44 g, 0.06 mol) and anhydrous DMF (45 mL). The slurry
was cooled to 0°C followed by dropwise addition of 5-hexyn-1-ol
(3.37 mL, 0.03 mol) under constant agitation. The mixture was
stirred for 30 min and allowed to come to room temperature. Allyl
bromide (2.46 mL, 0.028 mol) was added dropwise under constant
agitation, and the mixture was allowed to stir for 2 h at room
temperature. The reaction was ended by addition of a large excess
of water (200 mL) and the product extracted with dichloromethane
(5 × 25 mL). The combined organic layers were dried over
anhydrous MgSO4 and filtered; solvent was removed under reduced
pressure to yield 6-allyloxyhex-1-yne (1) as a pale yellow liquid
(3.35 g, 86.8%) which was used without further purification.1H
NMR (CDCl3): δ 1.79 (4H, m), 1.95 (1H, t), 2.22 (2H, m), 3.47
(2H, t), 3.96 (2H, d), 5.18 (1H, dd), 5.25 (1H, dd), 5.89 (1H, m).
13C NMR (CDCl3): δ 18.23, 25.23, 28.76, 68.42, 69.71, 71.81,
84.33, 116.78, 134.96. Mass spectrumm/z137.09 (10, M•+), 123.08
(10), 109.05 (17), 97.06 (25), 79.03 (100), 67.06 (40), 53.12
(57).

Synthesis of But-3-en-1-ynyltrimethylsilane (2).Compound2
was prepared following a procedure reported previously25 and
obtained as clear liquid in 68% yield.1H NMR (CDCl3): δ 5.83
(1H, dd), 5.71 (1H, dd), 5.50 (1H, dd), 0.201(9H, s).13C NMR
(CDCl3): δ -1.43, 95.55, 102.95, 116.17, 128.60.

Synthesis of 2,2-Dimethylpropionic Acid 4-Vinyl-4,5-dihydro-
[1,2,3]triazol-1-ylmethyl Ester (3). 1 g (8 mmol) of2, 0.4 g (1.6
mmol) of CuSO4·5H2O, 0.32 g (1.6 mmol) of sodium ascorbate,
20 mL of a 1:1 mixture oft-BuOH and H2O, and 1.6 mL of 1.0 M
solution of Bu4NF in THF were added to a 50 mL round-bottom
flask equipped with a magnetic stirrer. The mixture was stirred at
room temperature for 24 h and the resulting greenish solution was
diluted with water (50 mL) and extracted with ethyl acetate (3×
25 mL). The combined organic layer was first washed with 5%
NH4OH (3 × 100 mL) and then with brine (100 mL) and finally
dried over magnesium sulfate. The excess solvent was removed
via rotary evaporation to yield 1.4 g (7.1 mmol, 88%) of3. 1H
NMR (CDCl3): δ 7.75 (1H, s), 6.71 (1H, dd), 6.22 (2H, s), 5.97
(1H, d), 5.39 (1H), 1.2 (9H).13C NMR (CDCl3): δ 178.38, 147.09,
125.77, 122.24, 117.65, 70.38, 39.12, 25.58.

Synthesis of 2,2-Dimethylpropionic Acid 4-(4-Allyloxybutyl)-
[1,2,3]triazol-1-ylmethyl Ester (4). To 4 g (29 mmol) of1 were
added a mixture oft-BuOH/water (2/1) (93 mL) and CuSO4‚5H2O
(1.5 mL of a 1.0 M solution, 1.5 mmol) followed by a 1.0 M
solution of sodium ascorbate (3.0 mL, 3.0 mmol) and azidomethyl
pivalate (6.12 g, 0.039 mol). The mixture was stirred vigorously
for 18 h at room temperature. The reaction was diluted with water
and the product extracted with ethyl acetate (2× 100 mL). The
combined organic layers were washed with 5% NH4OH (2 × 100
mL) and brine, dried over MgSO4, and filtered, and solvent was
removed under reduced pressure. Purification was performed by
flash chromatography (ethyl acetate/hexanes 1:1) to yield 2,2-
dimethylpropionic acid 4-(4-allyloxybutyl)[1,2,3]triazol-1-ylmethyl
ester as a clear liquid (7.04 g, 84%).1H NMR (CDCl3): δ 1.64
(2H, quin), 1.73 (2H, quin), 2.75 (2H, t), 3.45 (2H, t), 3.94 (2H,
d), 5.14 (1H, d), 5.23 (1H, d), 5.89 (1H, m), 6.19 (2H, s), 7.53
(1H, s). 13C NMR (CDCl3): δ 25.06, 25.68, 26.58, 28.98, 38.54,
69.39, 69.67, 71.57, 116.57, 121.91, 134.68, 148.39, 177.56. Mass
spectrumm/z 295.2 (20, M•+), 254.2 (40), 238.2 (20), 210.1 (20),
197.1 (15), 180.1 (15), 140.1 (40), 124.1 (100), 81.0 (70), 57.1
(50).

Synthesis of Bromo-2-trifluoromethyl-1-(2-trimethylsila-
nylethoxymethyl)-1H-benzimidazole (5).10 g (53.46 mmol) of
4-bromobenzene-1,2-diamine, 100 mL of 4 M aqueous HCl, and 5
mL of trifluoroacetic acid (64.9 mmol) were added to a 250 mL
round-bottom flask fitted with a condenser and a magnetic stirrer.
The resulting suspension was heated to reflux and stirred for 4 h.
Then the reaction mixture was allowed to cool to room temperature

and the resulting solid filtered. The crude dark red product was
dissolved in 200 mL of methanol and refluxed for 30 min in the
presence of 3 g of activated charcoal; the resulting light orange
solution was filtered to separate the solids and concentrated to 75
mL. For the final recrystallization step, the methanol solution was
diluted with 25 mL of water and allowed to cool to room
temperature to yield 12.18 g (46 mmol, 86% yield) of 5-bromo-
2-trifluoromethylbenzimidazole, BrBzTF, as off-white crystals.
BrBzTF was dried at 50°C under vacuum for 6 h before being
used in the next synthesis step. 5 g (18.85 mmol) of BrBzTF was
dissolved in 25 mL of dry DMF and added slowly to an ice-cooled
suspension of 37.77 mmol (1.5 g of 60% mineral oil suspension)
of NaH in 50 mL of dry DMF. After addition of the BrBzTF
solution, 3.33 mL (18.95 mmol) of 2-(chloromethoxy)ethyltri-
methylsilane (SEM-Cl) were added to the reaction mixture which
was then allowed to warm to room temperature and stirred for 5 h.
The resulting suspension was poured in to 300 g of crushed ice
and stirred for 20 min. The crude product, 6.96 g (17.63 mmol,
93% yield), a mixture of the two tautomers (60:40) 5-bromo-2-
trifluoromethyl-1-(2-trimethylsilanylethoxymethyl)-1H-benzimida-
zole(5) and 6-bromo-2-trifluoromethyl-1-(2-trimethylsilanylethoxym-
ethyl)-1H-benzimidazole, was dried under vacuum at 40°C for 12
h and used without further purification.1H NMR (DMSO-d6): δ
8.25 (0.4H, d), 8.14 (0.6H,d), 7.93 (0.6H, d), 7.85 (0.4H, d), 7.70
(0.6H, dd), 7.59 (0.4H,dd), 5.80 (2H, s), 3.56 (2H, m), 0.84 (2H,
m), 0.084 (9H, s).13C NMR (CDCl3): δ 146.32, 141.4 (q), 134.33,
129.03, 128.21, 127.73, 124.39, 121.5 (q), 119.36, 117.16, 114.83,
112.94, 74.17, 67.09, 17.70,-1.53. Mass spectrumm/z 394 (M•+

- 1), 396 (M•+ + 1).
Synthesis of 5-Vinyl-2-trifluoromethyl-1-(2-trimethylsila-

nylethoxymethyl)-1H-benzimidazole (6).In a drybox, 50 mL of
toluene, 5 g (12.26 mmol) of5, 112 mg (0.126 mmol) of Pd2(dba)3,
and 3 mL of a 0.1 M solution (0.277 mmol) of tri-tert-butylphos-
phine were added to a round-bottom flask fitted with a magnetic
stirring bar. After a homogeneous solution was formed, 3.7 mL
(12.6 mmol) of vinyltributyltin was added, and the reaction mixture
was stirred at room temperature for 36 h. The reaction was stopped
by addition of 50 mL of diethyl ether and 2 g of finely ground
potassium fluoride. After stirring the resulting suspension, the solids
were separated by filtration and the resulting solution was passed
through a mixture of 5 g of finely powdered potassium fluoride
and 50 g of silica gel. Finally, the product was isolated by column
chromatography (4:1 hexanes:ethyl acetate) to yield 3.32 g (9.7
mmol, 77% yield) of6 as the mixture of tautomers (approximately
60:40).1H NMR (CDCl3): δ 7.87 (0.4H, d), 7.82 (0.6H, d), 7.59
(1.4H, m), 7.52 (0.6H, dd), 6.86 (1H, dd), 5.85 (0.54H, dd), 5.78
(0.46H, dd), 5.67 (2H, d), 5.34 (0.58H, dd), 5.29 (0.40H, dd), 3.57
(2H, m), 0.93 (2H, m), 0.043 (9H, s).13C NMR (CDCl3): δ 140.96,
136.66 (q), 135.81, 122.59, 121.5 (q), 121.49, 114.73, 109.29,
119.36, 117.16, 114.83, 112.94, 73.92, 66.94, 17.71,-1.50. Mass
spectrumm/z 342 (M•+).

Synthesis of Tz2Si (7).In a drybox, 1 g (5mmol) of 3, 200 mg
(3.3 mmol) of PHMS, and 5 mL of dry toluene were added to a
glass vial equipped with a magnetic stirrer and a rubber septum.
The mixture was stirred for 5 min, and then 5 drops of Karstedt’s
catalyst were added; the solution changed from colorless to light
yellow. After addition of the catalyst, the vial was removed from
the drybox and stirred at 75°C for 48 h. The reaction was then
diluted with diethyl ether (10 mL) and filtered through a silica pad
followed by extensive washing with ether (100 mL). The excess
solvent was removed by rotary evaporation and purification was
accomplished by column chromatography. A mixture of ethyl
acetate:hexanes (1:1) was used to remove the unreacted vinyltriazole
(3); the POM-Tz2Si polymer was removed from the column by
elution with ethyl acetate:methanol 5:1. The pivaloyl protecting
group was removed by treatment with sodium methoxide. To a
clean, dry, 100 mL round-bottom flask equipped with a stir bar
was added triazole-POM functionalized polysiloxane (500 mg, 1.94
mequiv) and ethylenediamine (235µL, 7.05 mequiv). Under
constant agitation, 0.1 M NaOH/MeOH (31 mL, 3.1 mequiv) was
added to the flask. The reaction mixture was stirred for 90 min
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and then poured slowly into pH 7 buffer solution. The buffer pH
was monitored and kept from exceeding pH 8 by adding 1.0 M
HCl as necessary. Final pH was adjusted to 8 followed by extraction
with ethyl acetate:dichloromethane (1:1) (5× 30 mL) to remove
the polymer (triazole-2-siloxane, Tz2Si,7). Solvent was removed
under reduced pressure to yield an opaque viscous oil (214 mg,
77%).1H NMR (DMSO-d6): δ 0.041 (3H, s), 0.88 (1.5H, m), 1.28
(1.5H, m), 2.28 (0.5H, m), 2.65 (0.5, m), 7.44 (1H, m), 14.57 (1H,
s) 13C NMR (DMSO-d6): δ -3.04, -1.22, 13.13, 15.90, 17.64,
19.07, 130.74, 148.41.

Synthesis of Tz8Si (8).Polysiloxane8 was prepared via the same
procedure described for7 using4 (698 mg, 2.5 mequiv) and poly-
(methylhydrosiloxane) (100 mg, 1.67 mequiv) as starting materials
to yield an opaque viscous oil (303 mg, 72%).1H NMR (DMSO-
d6): δ 0.044 (3H, s), 0.48 (2H, m), 1.50 (4H, m), 1.60 (2H, quin),
2.64 (2H, t), 3.29 (4H, t), 7.54 (1H, s), 14.6 (1H, s).13C NMR
(DMSO-d6): δ -0.79, 12.68, 22.70, 24.48, 25.60, 28.74, 69.43,
72.14, 131.71, 146.35.

Synthesis of FBz2Si (9).Polysiloxane9 was prepared via the
same hydrosilylation procedure described for7 using 6 (1.15 g,
3.36 mmol) and poly(methylhydrosiloxane) (150 mg, 2.5 mequiv)
as the starting materials to yield the SEM-protected intermediate
as a viscous clear oil (685 mg, 69% yield). The SEM protecting
group was cleaved using HCl/MeOH as follows: to a clean, dry,
25 mL round-bottom flask equipped with stir bar were added
2-trifluoromethyl-SEM protected benzimidazole functionalized si-
loxane polymer (500 mg, 1.23 mequiv) and 10 mL of methanol.
Under constant agitation, 3 mL of 5 M HCl/MeOH were added to
the flask. The reaction mixture was stirred overnight; then the excess
methanol was evaporated and the residue poured into water. The
resulting solid polysiloxane was filtered, redissolved in methanol,
and precipitated into a pH 8 sodium bicarbonate solution. The
polymer was filtered and dried under vacuum to yield 285 mg (85%)
of 9. 1H NMR (DMSO-d6): δ 0.03 (3H, s), 0.86 (1H, m), 1.27
(1.5H, m), 2.03 (0.5H, m), 2.72 (1H, m), 7.43 (3H, m), 7.54 (1H,
s), 13.67 (1H, bs).13C NMR (DMSO-d6): δ -2.34,-0.49, 5.54,
15.1, 19.64, 29.05, 118.21, 120.89, 124.66, 125.63, 134.67,
140.31.

Synthesis of Polyvinyltriazole (PVT).500 mg of3 and 15 mg
of AIBN were dissolved in 5 mL of THF, and the resulting solution
was subjected to two freeze-pump-thaw cycles before heating to
70 °C for 6 h. The resulting POM protected polyvinyltriazole (460
mg, 92% yield),Mn ) 21 000, PDI 2.5, was precipitated in hexane
and dried under vacuum prior to deprotection using the same
protocol described for7 to yield 190 mg (78.8% yield) of
polyvinyltriazole (PVT).1H NMR (DMSO-d6): δ 13.96 (1H, s),
7.15 (1H, bs), 2.08 (1H, bs), 1.56 (2H, bs).13C NMR (DMSO-d6):
δ 147.25, 128.71, 36.95, 31.29.

Characterization. 1H NMR (300 MHz) and13C NMR (75 MHz)
spectra were obtained on a Bruker DPX-300 NMR spectrometer
with the samples dissolved in either chloroform-d or dimethyl-d6

sulfoxide (DMSO-d6). Thermogravimetric analysis (TGA) was
carried out using a TA Instruments TGA 2950 thermogravimetric
analyzer with a heating rate of 10°C/min from room temperature
to 600°C under nitrogen purge. Glass transition temperatures were
obtained by differential scanning calorimetry (DSC) using a TA
Instruments Dupont DSC 2910. Samples of approximately 3-5 mg
were used, with a heating rate of 10°C/min from-100 to 180°C
under a flow of nitrogen (50 mL/min), and the midpoint of the
observed step transition was taken asTg. Electrochemical impedance
data were obtained using a Solartron 1287 potentiostat/1252A
frequency response analyzer in the 0.1 Hz-300 kHz range. The
polymers were dried under vacuum at 50°C overnight before being
pressed between two gold-coated blocking electrodes followed by
an application of 100 mV excitation voltage with a logarithmic
frequency sweep from 3× 105 to 1 × 10-1 Hz. The sample
thickness and contact surface area were controlled by using a 125
µm thick Kapton tape spacer. Resistance values were taken at the
minimum imaginary response in aZ′ vsZ′′ plot. The measurements
were performed under vacuum to ensure an anhydrous environment.

Results and Discussion

Synthesis.Facile access to the precursor vinyl- or allyl-
functionalized heterocyclic compounds was achieved by com-
bining and adapting several procedures to develop the synthetic
routes illustrated in Scheme 1.23-26 Compounds3, 4, and6 were
attached to the siloxane backbone via Pt0-catalyzed hydrosily-
lation of the vinyl-functionalized heterocycles with a poly-
methylhydrosiloxane (2000 g/mol) precursor (see Scheme 2).

Thermal Analysis. TGA and DSC analysis results are
summarized in Table 1. The polysiloxanes are thermally stable

Scheme 1. Synthesis of 2,2-Dimethylpropionic Acid
5-Vinyl-[1,2,3]triazol-1-ylmethyl Ester (3), 2,2-Dimethylpropionic

Acid 4-(4-Allyloxybutyl)[1,2,3]triazol-1-ymethyl Ester (4), and
4-Vinyl-2-trifluoromethylbenzimidazole (6)a

a a: NaH/DMF, RT, 2 h. b: PdCl2(PPh3)2, CuI, Et3N, 36 h. c:
CuSO4, sodium ascorbate, tBuOH/H2O (2:1), and Bu4NF (1.1 equiv
only for the synthesis of3), 18 h. d: trifluoroacetic acid (2 equiv), 4.0
M aq HCl. e: 2-(chloromethoxy)ethyltrimethylsilane (SEM-Cl), NaH/
DMF, RT, 3 h. f: (Pd)2(dba)3, tri-tert-butylphosphine, toluene, RT,
12 h.

Scheme 2. Synthesis of Heterocycle-Grafted Polysiloxanesa

a a: Toluene, Pt0, 50 °C, 36 h. b: 0.1 M NaOH/MeOH and
triethylamine for 1.5 h. c: 1.0 M HCl/MeOH.
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up to 180°C under nitrogen. Slow heating (1°C/min) of these
materials under air showed a 10% weight loss at 175°C,
suggesting that the chemical structure may require further
optimization before being used for membrane electrode as-
semblies. However, the materials are stable to the conditions
used during impedance measurements. Furthermore, thermal
cycling of the polymer samples inside the vacuum oven did
not produce appreciable changes in the electrical impedance or
the chemical structure. The glass transition temperature of the
1,2,3-triazole-containing polysiloxanes decreases as the alkyl
chain spacer length increases;7 (Tz2Si) and8 (Tz8Si) have a
Tg of 19 and-5 °C, respectively. The increase in the spacer
length from two to eight atoms between the polymer backbone
and the heterocycle resulted in a 25°C decrease in glass
transition temperature. The 2-trifluoromethylbenzimidazole-
containing analogue,9 (FBz2Si), showed a glass transition at 5
°C.

Proton Conductivity . The polymeric materials Tz8Si and
Tz2Si exhibit proton conductivities ranging from 10-3.6 S/cm
at 200 °C to 10-7.5 S/cm at 40°C and are compared with
imidazole-functionalized polysiloxanes, Im8Si and Im5Si, re-
ported earlier by Meyer in Figure 1.27 All polymers showed a
nonlinear temperature dependence of the conductivity consistent
with previous observations linking the proton transport to the
mobility of the polymer matrix.14 The proton conductivity of
the compounds presented in Figure 1 depends on several factors,
such as heterocycle volume fraction within the polymer matrix,

heterocycle structure, and polymer glass transition temperature.
Insight into the effect of heterocycle structure on proton
conductivity can be obtained by analysis of the curves for Tz8Si
and Im8Si. Both polymers have the same heterocycle mass
fraction (28%), but the conductivity of Im8Si diverges from
that of Tz8Si as the temperature increases. The glass transition
temperature of Im8Si is 12°C higher than that of Tz8Si,
suggesting that the imidazole motifs form a less mobile, more
tightly bound, hydrogen-bonded network. This accounts for the
more pronounced temperature dependence on conductivity of
Im8Si compared to Tz8Si. In spite of its higherTg, Im8Si
showed comparable or higher conductivity than Tz8Si, indicat-
ing that the heterocycle structure plays a significant role on the
conductivity of the resulting polymer. Furthermore, the lower
pKa of the triazole heterocycles does not translate into higher
proton conductivities as expected from previous reports.17,19

A striking difference between the imidazole- and triazole-
containing polysiloxanes is the effect of heterocycle concentra-
tion on their proton transport ability. The mass fractions of
heterocycle within the polymer matrix for the imidazole- and
triazole-containing polysiloxanes are summarized in Table 2.

In the case of the imidazole-containing polysiloxanes, a
decrease in heterocycle mass fraction, from Im5Si to Im8Si (∆wt
% ) -8%), resulted in decreased polymer glass transition
temperature (∆Tg ) -34 °C) and increased proton conductivity,
while showing essentially the same temperature dependence.
In contrast, a larger decrease in the triazole mass fraction from
Tz2Si to Tz8Si (∆wt % ) -15%) resulted in a less pronounced
decrease in polymer glass transition (∆Tg ) -24 °C) but
produced a more complex effect in the proton conductivity.
Reduced triazole mass fraction lowered the proton conductivity
at high temperatures and resulted in a less pronounced temper-
ature dependence. This suggests that Tz8Si has a lower apparent
activation energy for proton transport than Tz2Si as a result of
improved local mobility; however, the lower conductivity at
elevated temperatures indicates that charge carrier density
becomes the main limiting factor.

Such disparity in the influence of heterocycle concentration
on conductivity suggests that a simple change in chemical
structure of the proton-conducting motifs can have a complex
effect on the resulting hydrogen-bonded network. Specifically,
that the delicate balance between two competing factors
affecting proton transport, charge carrier density and polymer
matrix mobility, depends critically on the chemical structure of
the heterocycle. Imidazole produces hydrogen-bonded networks
whose conductivity is less sensitive to changes in heterocycle
volume fraction than their 1,2,3-triazole counterparts. Alterna-
tively, the Tg of the imidazole-containing materials is more
sensitive to changes in volume fraction than that of the 1,2,3-
triazole analogues. Therefore, the optimal charge carrier mass
fraction that maximizes proton conductivity will vary depending
on the particular heterocycle being utilized.

In order to deconvolute the contribution of polymer glass
transition and heterocycle mass fraction to proton conductivity,
it is useful to plot the data in Figure 1 as a function of a reference
temperature (T - Tg) (see Figure 2).

Figure 1. Proton conductivity vs 1000/K for polymers Tz2Si and
Tz8Si, along with Im5Si and Im8Si for comparison.27

Table 1. Glass Transition Temperatures and Decomposition Onset
Temperatures for Heterocycle-Containing Polysiloxanes

material
glass transition

(°C)

decompn onset
(2% weight loss

(°C))

Tz2Si 19 180
Tz2Si, 25% TFA 24 178
Tz2Si, 75% TFA 21 175
Tz2Si, 100% TFA 22 183
Tz8Si -5 252
Tz8Si, 25% TFA -15 202
Tz8Si, 50% TFA -12 157
Tz8Si, 75% TFA NA NA
Tz8Si, 100% TFA -11 154
FBz2Si 5 211
FBz2Si 5% TFA 8 205
FBz2Si 10% TFA 10 201
FBz2Si 15% TFA 11 203
polyvinyltriazole 48 164

Table 2. Heterocycle Mass Fractions andTg for Triazole- and
Imidazole-Containing Polysiloxanes

material
glass transition

temp (°C)
heterocycle mass
fraction (wt %)

Tz2Si 19 43
Tz8Si -5 28
Im5Si 41 36
Im8Si 7 28
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At temperatures 50°C above glass transition temperature,
the proton transport is limited by the concentration of proton
carriers as indicated by the higher conductivity of Tz2Si
compared to that of Tz8Si. On the other hand, at temperatures
betweenTg andTg + 50 °C, the polymer matrix mobility limits
the proton transport as indicated by the convergence of all data
into the same “master” trend. A decrease in imidazole mass
fraction from 34% in Im5Si to 28% in Im8Si results in an order
of magnitude increase in the proton conductivity. However,
plotted as a function of the reference temperature (T - Tg), the
convergence of the two curves indicates that, for these materials,
proton transport is mainly limited byTg and, therefore, polymer
backbone mobility. The convergence of Tz2Si with the imida-
zole materials indicates that once a minimum threshold of charge
carrier density is reached, the behavior of tethered imidazole
and 1,2,3-triazole materials is nearly identical; this indicates that
the pKa of the heterocycle does not play a significant role in
determining proton conductivity. To further explore the effect
of heterocycle nature on proton conductivity, another polysi-
loxane, FBz2Si, containing a bulkier and weakly basic hetero-
cycle, 2-trifluoromethylbenzimidazole, was prepared and com-
pared with the analog Tz2Si and Tz8Si (see Figure 3).

Although the basicity of the heterocyclic motifs in Tz2Si and
FBz2Si is comparable, their proton transport ability is not

determined by their pKa but rather by a combination of the
polymer matrixTg and the volume fraction of the heterocyclic
ring. Modification of the heterocyclic structure from imidazole
to 2-trifluoromethylbenzimidazole had a similar effect as the
one observed when “diluting” the heterocycles by increasing
the tether chain length from 2 to 8 atoms in Tz2Si and Tz8Si.
The generality of the strong effect of polymer backbone mobility
on proton conductivity is further illustrated by the data in Figure
4 for polyvinyltriazole (Tg ) 48 °C, as measured in our lab)
and polyvinylimidazole (Tg ) 163°C)28 which follow the same
general curve in spite of the large pKa difference. The difference
in glass transition temperature further supports our observations,
indicating that addition of a third nitrogen to the heterocyclic
motif has a profound effect in the nature of the resulting
hydrogen-bonded network. This study suggests that the interac-
tions between polymer matrix and heterocyclic motifs are more
complex than originally anticipated and that they depend heavily
on chemical structure. The difference between our results and
those published by Zawodzinski and co-workers19 may stem
from the fact that their model compound study only considered
systems where the heterocycle was not bound to a polymer
matrix. Further exploration of these discrepancies will be
necessary to fully understand their origin.

Figure 2. Proton conductivity vsT - Tg for polymers Tz2Si and Tz8Si,
along with Im5Si27 and Im8Si27 for comparison. The mass fraction of
the five-membered heterocyclic ring is included in parentheses for
reference.

Figure 3. Proton conductivity vsT - Tg for polymers Tz2Si, Tz8Si,
and FBz2Si. The mass fraction of the five-membered heterocyclic ring
is included in parentheses for reference.

Figure 4. Proton conductivity vsT - Tg for polymers Tz2Si, Tz8Si,
and FBz2Si, along with Im5Si,27 Im8Si,27 polyvinylimidazole (PVI),28

and polyvinyltriazole (PVT)17 for comparison. The mass fraction of
the five-membered heterocyclic ring is included in parentheses for
reference.

Figure 5. Proton conductivity vs 1000/K for TFA-doped polymers
Tz2Si, Tz8Si, and FBz2Si, along with Im5Si and Im8Si for comparison.
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In order to study the effect of adding extra charge carriers
on the proton conductivity of these systems, Tz2Si, Tz8Si, and
FBz2Si were doped with varying amounts of trifluoroacetic acid
(TFA) (see Figure 5). The acid doping produced conductivity
increases of approximately 2 orders of magnitude throughout
the studied temperature range. The optimal dopant concentration
varied depending on the nature of the heterocycle. In the case
of triazole-containing polysiloxanes Tz2Si and Tz8Si, the
maximum conductivity increase was achieved at 75 mol % TFA,
and addition of 100 mol % of TFA produced no further
conductivity increases. The 2-trifluoromethylbenzimidazole-
grafted polysiloxane, FBz2Si, reached the maximum value at
15 mol % TFA. The difference in behavior as a function of
doping level is attributed to the third heteroatom in the triazole
ring, which can be ionized without hindering the ability of the
heterocycle to form dynamic hydrogen-bonded networks.

The observed conductivities for the doped polymers Tz8Si
and FBz2Si constitute the highest conductivity values reported
for anhydrously conducting polymers at temperatures below
100 °C (ranging from 10-3.5 to 10-5 S/cm), while above this
temperature, the conductivity of Tz2Si is comparable, or
superior, to that of the doped imidazole-containing analogs and
other previous reports.12,18,29-31

In addition to high conductivity and chemical and thermal
stability, any candidate material being considered for use a
proton exchange membrane must also be electrochemically
stable under fuel cell operation conditions. Cyclic voltammetry
studies of the polysiloxanes Tz2Si, Tz8Si, and FBz2Si have
shown no oxidative processes up to 2 V at 40°C. The superior
electrochemical stability of the 1,2,3-triazole ring over imida-
zole,17,27 along with the ease of synthesis of the 1,2,3-triazole
precursors via extremely efficient and chemoselective “click”
procedures, makes extension of this approach particularly
attractive.32 Furthermore, the possibility of increasing the proton
conductivity of the triazole-tethered polysiloxanes by addition
of up to 1 mol equiv of acid could potentially allow their
combination with strong acid containing materials to generate
polymer blends or copolymers33 able to transport protons under
both humidified and anhydrous conditions.

Conclusions

The combination of flexible polymeric backbones and readily
accessible, electrochemically stable, 1,2,3-triazoles produced
materials exhibiting water-free proton conductivities higher than
those previously reported at temperatures below 100°C. The
variations in the pKa of the proton-conducting heterocycle did
not influence the proton conductivity significantly, while the
glass transition temperature of the polymer matrix and the mass
fraction of the proton-conducting motifs proved the key
dominating factors determining the proton conductivity of the
polymer materials. The optimal composition to maximize proton
conductivity depended significantly on the heterocycle’s chemi-
cal structure. An extension of this work, using more complex
polymer architectures and higher dielectric constant polymeric
matrices, is currently underway and is expected to yield
materials with proton conductivities suitable for membrane
electrode assembly fabrication and testing.
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