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Abstract- A series of sterically-encumbered, sulfonated, fluorine-containing poly(arylene ether) were synthesized so as to 
compare the effects of incorporating trifluoromethyl groups on the proton conductivity and performance of fuel cells of 
membranes prepared. The polymers were prepared by polymerization of 4,4-dihydroxybiphenyl or 4,4'-(9-fluorenylidene) 
diphenol with two novel monomers. The weight-average molecular weight of polymers ranging from 1.21×105 g/mol to 
2.17×105g/mol. Subsequent sulfonation and solution casting provided membranes possessing ion exchange capacities 
ranging from 2.67 to 2.69mmol g-1. Good thermal properties of polymers were indicated by observing decomposition 
temperatures (Td5%) over 250oC in acid-form in nitrogen atmospheres. Water uptake ranged from 70 to 96 %, and 
dimensional stability (in-plane) ranged from 25 to 28% at 80 oC. 
All the sulfonated polymers exhibited highly chemical stability, mechanical properties and high hydrolytic stability. 
Especially the S12FP4-10 membrane exhibited only 35% in-plane dimensional changing at 80oC in the water and the proton 
conductivity up to 191mS/cm at 80 oC/95%RH. We infer that introducing the trifluoromethyl into the polymer by way of 
incorporating highly sulfonated, multi-phenylated moieties provides mechanically-robust and dimensionally-stable proton 
exchange membranes. 
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I. INTRODUCTION 
 
For the past decade, fuel cells are considered as 
promising candidates for efficient energy conversion 
devices that generate electric power from energy 
dense chemical fuels and have been getting more 
attention as a clean power resource because of their 
high conversion efficiency, high energy density, and 
low pollution level.[1-3]The proton exchange 
membrane is a key component of a polymer 
electrolyte membrane fuel cell (PEMFC).[4-7]High 
chemical and thermal stability, proton conductivity, 
high dimensional stability  when exposed to high and 
low humidity environments, and low gas permeability 
are the essential properties that need to be tailored to 
develop an ideal polymer electrolyte membrane 
PEM.Perfluorinated sulfonic acid (PFSA) ionomer 
membranes, such as Nafion (Dupont) usually show 
excellent chemical and electrochemical stability and 
high conductivity.[8]However, PFSA ionomer 
membranes are highly permeable to gas, costly, and 
lose many desirable properties under elevated 
temperature (>80◦C).[9]These classes of sulfonated 
polymer usually achieve conductivity comparable to 
PFSAs only when their IEC is large.Unfortunately, a 
large IEC leads to excessively swelling and a 
commensurate loss in dimension stability and a 
deterioration of mechanical properties.[10] 
 
Moreover, in an ionic hydrocarbon-based polymer 
structure proton exchange membrane materials, 
typically require a higher degree of ion exchange 
capacity (IEC) will have a good proton 
conductivity.[11-13]However, difficulties encountered  

 
at the high degree of IEC, Because of the film 
excessive swelled at high temperature and high-
humidity environments that dimensional stability is 
poor, and even might be dissolved in water, which is 
used in the fuel cell It is greatly restricted. 
 
Some studies in the literature have been confirmed by 
introducing a fluorine atom group can significantly 
improve the properties of an ionic hydrocarbon 
polymer film, due to the high hydrophobicity of 
fluorine atoms at high temperatures so that the film 
still has good dimensional stability, while 
maintaining high proton conductivity.[14]In this paper, 
we introduced the trifluoromethyl group side chain on 
multi-phenylated backbone and discuss 
trifluoromethyl impact sulfonated poly (arylene 
ether).The trifluoromethylis a strong electron 
withdrawing group which can protect the benzene 
ring carrying nucleophilic attack reaction by sulfonate 
acidand contribute to form a locally and densely 
sulfonated polymer.In addition, due to the high 
hydrophobicity of trifluoromethyl, the film is 
expected to be able to have a better phase separation 
patterns.Therefore, when operating in high 
temperature environment, not only has good 
dimensional stability, but also has high proton 
conductivity. 
 
II. DETAILS EXPERIMENTAL  
 
2.1. Materials and Procedure 
All reagents and solvents were purchased from 
Aldrich Chemical Co., Merck, Lancaster, Fluoko, or 
Fisher.N,N’-dimethylacetamide (DMAc), dimethyl 
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sulfoxide (DMSO), toluene, CHCl3,  CH2Cl2, 
methanol, ClSO3H, HCl, NaOH, anhydrous K2CO3 
and aqueous H2O2 (30%) were obtained from 
commercial sources.Toluenewas dried over CaH and 
distilled under argon atmosphere and deoxygenated 
by purging with argon for 30 min prior to use.9,9-
Bis(4-hydroxyphenyl)fluorene and Pd(PPh3)4 were 
purchased from Aldrich Chemical Co. and used 
without further purification.The polymerization was 
conducted using standard vacuum-line techniques.In 
order to remove water produced by the reaction, a 
slow stream of argon was passed through the reaction 
vessel during polymerization. 
 
2.2. Materials synthesized 
Monomer 1 was prepared according to our 
previously reported procedure.[15]3',6'-bis(4-
bromophenyl)-4',5'-diphenyl-3,3''-
bis(trifluoromethyl)-1,1':2',1''-terphenyl (4.54g, 
5.48mmol), 4 fluoro-3-trifluoromethyl phenyl boronic 
acid (3.42g, 16.4mmol), Pd(PPh3)4 (0.05 g, 0.432 
mmol), K2CO3 (4 g, 28.9 mmol), H2O (13 mL), and 
toluene (270 mL) was placed in a flame-dried flask 
and refluxed for 48 h under a nitrogen 
atmosphere.The solution was cooled and extracted 
twice using toluene and (1 M) NaCl.The combined 
organic extracts were washed, dried over Na2SO4 and 
concentrated to give Monomer 1 as a yellow 
solid.The crude monomer was purified by 
recrystallization to obtain pure Monomer 1 in 91% 
yield.1H NMR (500 MHz, CDCl3, δ= ppm): 6.79–
7.70 (m, 34H, ArH). 
 
2.3.General procedure for polymerization 
Polymers were synthesized according to Scheme 
1.The condensation reaction followed our previously 
reported procedure, and was carried out in a 50 mL, 
three-necked round-bottom flask equipped with a stir 
bar, a Dean-Stark apparatus fitted with a condenser, 
and a nitrogen inlet.The flask was charged with 
monomer 1(2g,2mmol), 9,9-bis(4-
hydroxyphenyl)fluorene bisphenol monomer 
(0.7g,2mmol), potassium carbonate (0.61g,4.4mmol), 
DMAc (25 mL), and toluene (15 mL).The solution 
mixture was stirred at 110–130◦C for several hours, 
and during the course of reaction, a slow stream of 
nitrogen was passed through the reaction vessel to 
remove water produced by the reaction.After 
complete removal of the water, the reaction solution 
was stirred under reflux (160◦C) for 24 h.The crude 
solution was diluted with 10–15 mL of THF and 
poured into stirred methanol (250 mL) with stirring to 
precipitate a fibrous polymer, 12FP4, which was 
collected by filtration, washed and vacuum-dried for 
24 h at 120◦C.To a solution of 12FP4 (1.2 g) in 
dichloromethane (75 mL) at room temperature, 0.125 
M chlorosulfonic acid solution in dichloromethane 
was added dropwise.The reaction mixture was stirred 
for 24 h, then poured into water.The polymer 
precipitate was filtered, washed thoroughly with 

deionized water until pH neutral, and dried in vacuum 
at room temperature overnight to provide the 
sulfonated polymer, S12FP4.12FP4 was sulfonated 
to different extents according to the above procedure 
by adding 6mL (90mmol) and 10 mL (150mmol) of 
chlorosulfonic acid, respectively.S12FP4 polymers 
were readily soluble in polar aprotic solvents such as 
DMF, DMAc, DMSO and NMP. 
 

 
Scheme 1. Synthesis of S12FP4-X 

 
III. RESULTS AND DISCUSSION 
 
3.1. Synthesis and chemical characterization of 
S12FP4 
The novel, multi-phenylated monomer, 1, was 
synthesized by a Suzuki-coupling of 4-fluoro-3-
trifluoromethyl phenyl boronic acid and 3',6'-bis(4-
bromophenyl)-4',5'-diphenyl-3,3''-
bis(trifluoromethyl)-1,1':2',1''-terphenyl, and 
characterized by 1H NMR spectroscopy. As shown in 
Fig. 1, the NMR spectrum consists of a multiplet of 
peaks at 6.8–7.7 ppm (labeled ato h) assigned to 
aromatic protons.  
 

 
Fig. 1 1H NMR spectrum of monomer 1. 
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Poly(arylene ether) 12FP4 was synthesized via a one-
pot condensation polymerization of 1 with 4,4-(9-
fluorenylidene) diphenol, and obtained in95% 
yield.The weight-average and number-average 
molecular weight were 217 kDa and 121 kDa, 
respectively, as determined by a single peak in the 
GPC analysis (data summarized in Table 1). 

 
Table 1. 

 

 
a Measured by GPC 
b Glass transition temperature, 10oC/min under N2 
c Temperature for 5% weight loss, 10oC/min under N2 
 

 
Fig. 2 1H NMR spectrum of 12FP4 and S12FPA. 

 
The 1H NMR spectrum of 12FP4 is shown in Fig. 2, 
which consists of a multiplet at 6.8–7.8 ppm (labeled 
a to n) assigned to aromatic protons of 1 and the 
bisphenol.The 1H NMR spectra of the polymer are 
devoid of signals corresponding to the terminal OH 
groups, which is consistent with the high molecular 
weight ofthe polymer and further proof of 
polymerization via nucleophilic displacement of 1. 
 
12FP4 was sulfonated using chlorosulfonic acid to 
various extents to yield S12SP4-X (where X indicates 
the IEC). Confirmation of the structure of the 

S12FP4-X was confirmed by 1H NMR 
spectroscopy.NMR signals at 6.7–8.0 ppm broadened 
after sulfonation, as shown in Fig. 2 and indicated 
that most of the fluorenyl groups and the tetra 
phenylated groups were sulfonated. This assignment 
is confirmed by 1H NMR signals labeled 7, 16, 17,18 
and 20 in Fig. 2, which show down field shifts in 
signals due to the strong electron-withdrawing nature 
of the sulfonic acid groups on S12FP4.  These results 
confirmed the successful introduction of sulfonic acid 
groups onto the polymer main chain.Further support 
of sulfonation is provided by IEC analysis, 
determined by titration, which are listed in Table 2. 
IEC ranged from 2.67 to 2.69 mmol/g indicating a 
degree of sulfonation of S12FP4-X ranging from 80% 
to 81%. 
 

 
Fig. 3.TGA curves of the 12FP4 and S12FP4s under nitrogen 

atmosphere. 
 
12FP4 polymer exhibits the highest thermal stability, 
with a 5 wt% loss temperature (Td5%) 
of600◦C.S12FP4 polymers exhibited two major 
degradation processes, which lowered in 
temperaturewith increasing IEC.Td5% values are 
higher than 250◦C shown in Fig. 3 and listed in Table 
2. 

 
Table 2. 

a IEC determined by acid–base titration. 
b Calculated assuming six sulfonic acid groups per monomer unit. The theoretical highest IEC value of S12FP4-
X is 3.35 mmol/g (degree of sulfonation: 100%). 
c Temperature at which 5% wtoccurs(acid form of membrane). 
 
The low temperature decomposition occurs at 250–
260◦C and isattributed to the loss of sulfonic acid 
groups.Asubsequent decomposition occurs at 400–
550◦C, likely due to fragmentation of the polymer 
chain.DSC analysis of 12FP4 indicated the polymers 
possessed a high Tg of 312◦C.This high value is due 
to the presence of tetra phenyl-substitution of the 
phenylene main chain which restricts polymer chain  

 
motion. Thus, S12FP4 polymers decompose at a 
temperature lower than their Tg. 
 
3.2. Water uptake, swelling ratio, oxidative 
stability and hydrolytic stability 
Water uptake, swelling ratio, oxidative stability and 
hydrolytic stabilityof S12FP4 membranes are listed in 
Table 3.The abundance of the multiphenylated 
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backbone in this type of structure leads to an increase 
in polymer free volume, which allows for water 
sorption without excessive swelling.The length of 
S12FP4 upon water sorption was relatively 
unperturbed with changing temperature.S12FP4-10 
exhibited a low swelling ratio, only changing 28% at 
90◦C, which is attributed to the high free volume 
resulting from molecular bulkiness of the tetra 
phenylated structure, and it is high Tg(rigidity).The 
stability of S12FP4 membranes to free radical attack, 
examined under Fenton’s reagent conditions, is 
illustrated in Table 3.S12FP4-6 and S12FP4-10 
exhibit a mass loss of 0% and 0%, respectively.In 
addition, it is reasoned that hydrophobic properties of 
trifluoromethyl group in aromatic ring ortho to the 
ether linkage greatly minimizes the probability of 
oxidative attack of polymer main chain. 
 
3.3. Proton conductivity 
Proton conductivities of S12FP4-10 membranes at 
80◦C ranged from 8.8 to 191.7 mS/cm and increased 
with relative humidity.S12FP4 exhibited a high 
proton conductivity, which higher than that ofNafion 
(154 mS/cm at 80◦C, 95% RH).In comparison to 
other polyaromatic-based membranes the proton 
conductivity of S12FP4 compare favorably well.For 
example, a poly(ether sulfone) comprising of 

binaphthyl units (IEC = 3.19 mmol/g) exhibited a 
conductivity of 0.1 S/cm at 80◦C[16], while the 
conductivity  of Me-SPEEKK was reported to be 0.15 
S/cm at 100◦C.[17] 

Table 4. 
 
3.4. Morphology 
TEM images of S12FP4 membranes under two 
magnifications are shown in Fig. 4.Dark regions 
represent ion-rich domains; bright areas, hydrophobic 
domains.The polymers exhibited spherical ionic 
clusters with relatively uniform size that were well-
dispersed throughout the membrane. 
 

 
Fig. 4TEM images of stained membranes:  (a) S12FP4-6 (b) 

SP4-10.  Scale bar, 100 nm. Inset scale bar, 10 nm. 
 

 
Table 3. 

 
                              a 90◦C in water. 
                                bin-plane direction. 
 
CONCLUSIONS 
 
In summary, we synthesized a new series of proton 
conducting polymer electrolyte membranes based on 
sulfonated poly (aryleneether)s. The membranes 
exhibited remarkably high mechanical strength and 
excellent proton conductivity, despite IECs being 
relatively high. In a fully hydrated environment at 
80◦C, water uptake of S12FP4 membranes were 
ranged from 70% to 96%.The proton conductivity of 
highest IEC membrane under 95% RH reached 0.191 
S/cm at 80◦C.  Proton conducting channels are formed 
by coalescence of the ionic aggregates upon water 
sorption, We show that the strategy of introducing 
high glass transition temperature-inducing moieties, 
i.e., multiphenylated groups, on the backbone can 
increase the free volume that allows for significant 
water sorption (for proton conductivity) while 
maintaining strongly mechanical strength.In addition, 
as the number of fluorine atom group increased, 
limiting the sulfonate the grafting quantity and 
position makes the absorption capacity of film was 
inhibited. 
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