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[Abstract] 

New sulfonated side chains were synthesized by click chemistry, which were 

attached to hydrophobic main chain via click chemistry. Polysulfone was 

functionalized by chlromethylation and azidation. This functionalized 

copolymer containing pendant azide moieties reacted with the sulfonated side 

chains synthesized using 1,4-diethynylbenzene (DEB) and  4,4’-diazido-2-

2’-stilbenedisulfonic acid disodium salt tetrahydrate (DSDAD) by the 

Huisgen dipolar click cycloaddition reaction. The obtained comb-shaped 

polymers (Comb-X) showed high proton conductivities of 2.01   10
-1

 S/cm 

at 80 
o
C and 90% relative humidity due to distinct phase separation between 

hydrophobic and hydrophilic domains. Furthermore, the acid-base interactions 

between triazole and sulfonic acid groups in side chains induced physical 

cross-linking and improved mechanical properties. Thus, Comb-X polymer 

membranes showed high mechanical strength with tensile strength of 87 - 91 

MPa, Young’s modulus of 9.7 - 10 GPa, and elongation at break of 6.7 - 6.8%. 

 

 

Keywords: comb-shaped polymer, click reaction, proton exchange membrane 
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) have received much 

attention as promising power sources in a wide range of potential uses 

including transportation and portable electronics [1]. Proton exchange 

membrane (PEM) that separates the anode and cathode is one of key 

components of PEMFCs, because PEM provide an ionic pathway for proton 

transfer while preventing crossover of the reactant gases [2]. The requirement 

for fuel cell membrane is a combination of excellent properties including high 

oxidative and thermal stabilities and high mechanical strength as well as high 

proton conductivity, since working environment of the fuel cell is chemically 

and physically harsh [3]. The perfluorosulfonic acid ionomer Nafion is a kind 

of standard commercial fuel cell membrane because of its chemical and 

thermal stabilities and outstanding proton conductivity. However, Nafion has 

its inherent drawbacks such as high cost and high fuel permeability [1]. 

Sulfonated hydrocarbon-based polymer electrolyte membranes have been 

developed to overcome the drawbacks [4]. Sulfonated poly(arylene ether 

sulfone) (SPES) [5, 6], sulfonated polyimide (SPI) [8, 9], sulfonated 

poly(ether ether ketone) (SPEEK) [10, 11] and sulfonated polyphenylene [12, 

13] have been investigated as the candidates for PEMs, because sulfonated 

hydrocarbon PEMs have high thermal stabilities and mechanical strength. 

However, these polymers need to have high degree of sulfonation to achieve 

suitable conductivities, which lead to extensive water uptake or a deterioration 
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of mechanical properties that are unsuitable for practical PEM applications 

[14]. An attractive way to obtain suitable proton conductivity without 

dramatic degradation of mechanical strength is to fabricate graft polymer by 

locating the sulfonic acid groups on side chains grafted onto the hydrophobic 

polymer main chain [4]. Guiver and co-workers reported fully aromatic comb-

shaped copolymers with highly sulfonated graft chains. They demonstrated 

that the comb-shaped copolymers exhibited organized phase-separated 

morphology with well-connected nanochannels, thus resulting in dramatic 

enhancement in proton conductivity under partially hydrated conditions 

relative to other random hydrocarbon-based PEMs with similar IEC values 

[15]. 

Herein, we represent a study of a series of aromatic comb-shaped 

copolymers designed to locate sulfonic acid groups on side chains to increase 

the hydrophilic-hydrophobic separation. Poly(sulfone)s containing azide 

groups were prepared, and side chains with alkyne groups at the end were 

synthesized by click chemistry, and side chains were attached to polymer 

main chain by click chemistry. Click reaction used in the experiment is the 

Huisgen dipolar cycloaddition reaction between an azide and an alkyne, 

leading to the formation of 1, 2, 3-triazole [16]. This click reaction was 

selected because of mild experimental conditions, short reaction time, 

quantitative yield and high conversion [17, 18]. Furthermore, triazole groups 

formed by click reaction interacted with sulfonic acid groups in the side 

chains of the comb-shaped copolymers. The acid-base interaction between the 

basic and the acidic groups is known to form physical cross-linking sites in 
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the polymers and increase mechanical strength [2]. The comb-shaped polymer 

membranes using click chemistry were expected to exhibit high conductivities 

and have good mechanical strength, simultaneously.  
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2. EXPERIMENTAL  

 

Materials.  

Bisphenol A (99% Aldrich), Bis(4-fluorophenyl) sulfone (BFS, 99% Aldrich) 

were recrystallized in iso-propanol and toluene respectively before used. 

Potassium carbonate (K2CO3, 99.0%, Aldrich) was dried under vacuum prior 

to use. Cloroform and toluene were distilled. 1,4-diethynylbenzene (DEB, 

96%, Aldrich), 4,4’-diazido-2-2’-stilbenedisulfonic acid disodium salt 

tetrahydrate (DSDAD, 99% Aldrich), chloromethyl methyl ether (CMME, 94% 

TCI), stannic(Ⅳ) chloride (SnCl4, 98% Aldrich), sodium azide (NaN3, 99.5% 

Aldrich), copper iodide (CuI, 99.999% Aldrich), 4-azidobenzoic acid (ABA, 

97%, Aldrich), N,N-dimethylacetamide (DMAc, 99%, Junsei), N,N-

dimethylforamide (DMF, 99.5%, Junsei), 1-methyl-2-pyrrolidone (NMP, 

99.5%, Aldrich), and dimethyl sulfoxide (DMSO, 99%, Junsei) were obtained 

commercially and used as received without further purification. Nafion 212 

used for comparison was obtained from LG chemicals. 
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Synthesis and film preparation 

 

[2.1.1 Synthesis of polysulfone (PSf-0)] 

 Polysulfone (PSf-0) was prepared by polycondensation [19]. Polymerization 

was carried out in a 250 mL three-neck round bottomed flask equipped with 

Dean-Stark trap, condenser, nitrogen inlet/outlet, and mechanical stirrer. The 

flask was charged with Bisphenol A (4.56 g, 20 mmol), BFS (5.08 g, 20 

mmol), K2CO3 (6.35 g, 46 mmol), NMP (28 mL), and toluene (14 mL). The 

mixture solution was heated at 150 
o
C for 5 h under nitrogen atmosphere for 

dehydration. After toluene was removed from Dean-Stark trap, the mixture 

was successively heated at 160 
o
C for 12 h. The solution was cooled to room 

temperature. The polymer was obtained by precipitation in methanol and 

washed several times with water and methanol to remove residual salt and 

then dried in a vacuum oven at 30 
o
C for at least 1 day. 

 

[2.1.2 Synthesis of chloromethylated polysulfone (Cl-PSf-0)] 

Chloromethylated polysulfone (Cl-PSf-0) was synthesized by 

chloromethylation [20]. Chloromehylation of PSf-0 was carried out by using 

CMME as a chloromethylating agent, stannic chloride as a catalyst, and 

chloroform as a solvent. PSf-0 (3g, 6.8 mmol) was added into 250 mL round 

bottom flask, and chloroform (150 mL) was injected at room temperature with 

stirring. After complete dissolution, CMME (1.6 mL, 25 mmol) and stannic 

chloride (0.9 mL, 9.4 mmol) was added dropwise into the flask. Subsequently, 

the reaction was kept at 50 
o
C for 3 h. The polymer product was obtained by 
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precipitation in methanol, followed by washing with methanol and then 

vacuum-drying at 30 
o
C for 1 day.  

 

[2.1.3 Synthesis of azidomethylated polysulfone (N3-PSf-0)] 

  A 250 mL round bottom flask equipped with a magnetic stirrer and a 

condenser was charged with Cl-PSf-0 (3 g, 6.6 mmol), sodium azide (0.26 g, 

3.9 mmol), DMAc (60 mL). The reaction mixture was slowly heated to 100 
o
C 

and then maintained for 12 h. The reaction product was poured into a beaker 

containing methanol and washed several times with deionized water to 

remove the residual sodium azide and then dried under vacuum at 30 
o
C for 1 

day. 

 

[2.1.4 Synthesis of SC-X] 

 The side chains were prepared by click reaction [2]. The SC-X was 

synthesized through the click reaction using 1,4-diethynylbenzene (DEB) 

and 4,4’-diazido-2,2’-stilbnendisulfonic acid disodium salt tetrahydrate 

(DSDAD) (3 wt% in DMF) and CuI (5 mol% compared to the amount of  

DSDAD) at 70 
o
C for 2 h. SC-3 and SC-7 were synthesized using DEB and 

DSDAD by the molar ratios of 4:3 and 8:7 to control the chain length. The 

resultant products were obtained by precipitation in iso-propanol followed by 

washing with ethanol and methanol and then vacuum-drying at 30 
o
C for 1 

day. The side chains were denoted as SC-X, where X was the number of 

repeat unit. 
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[2.1.5 End-capping of SC (SC-cap-X)] 

The End-capped side chain (SC-cap-X) was synthesized through the click 

reaction between SC-X (3 wt% in DMSO) and 4-azidobenzoic acid using 

CuI (5 mol% compared to the amount of 4-azidobenzoic acid) as a catalyst in 

DMSO at 70 
o
C for 2 h. The molar ratio of SC-X to 4-azidobenzoic acid was 

1:1.3. The product was precipitated in iso-propanol, followed by washing 

with ethanol and methanol and then vacuum-drying at 30
o
C under vacuum 

for at least 1 day. 

 

[2.1.6 Preparation of comb-shaped polymer (Comb-X)] 

   N3-PSf-0 (3 wt% in DMF) and CuI (5 mol% compared to the amount of 

N3-PSf-0) were dissolved in DMF, and excess amount of SC-cap-X (3 wt% 

in DMSO) was dissolved in DMSO in a round-bottomed flask, respectively. 

The molar ratio of N3-PSf-0 to SC-cap-X was 1:1.5. The N3-PSf-

0/CuI/DMF solution was slowly added to the SC-cap-X/DMF solution 

under stirring. After being homogeneous, the solution mixture was heated at 

70 
o
C for 2 h. The product was precipitated in methanol, followed by 

washing with methanol several times to remove residual SC-cap-X and 

vacuum-drying at 30 
o
C under vacuum for 1 day. 

 

[2.1.7 Membrane preparation & acidification] 

  For convenience, the comb-shaped membranes were denoted as Comb-X, 

where X was the number of repeating unit of side chain. The Comb-X 

membranes were prepared by solution casting and evaporation. Comb-X 
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powders were dissolved in DMSO at room temperature as a 3 wt% solution. 

The solutions obtained by air-filtration for removal of cross-linked part were 

cast onto a glass plate and slowly heated at 60 
o
C 48 h. Each membrane was 

soaked in deionized water at room temperature, and then peeled from the 

glass plate during immersion in deionized water. The Comb-x membranes 

were obtained in acidic form by immersing them in 1 M H2SO4 aqueous 

solution at room temperature for 24 h and then washing several times with 

deionized water at 100 
o
C for at least 4 h. 

 

Characterization 

 

Nuclear magnetic resonance (NMR) spectra were recorded on a Brucker 

Avance 500 instrument with a proton frequency of 500 MHz, using 

deuterated dimethyl sulfoxide (DMSO-d6) and chloroform (CDCl3) as 

solvents and tetramethylsilane (TMS) as a reference for 
1
H nuclei. 

The FT-IR spectra of the membranes were measured in the attenuated total 

reflectance (ATR) mode in the frequency range of 4000 - 600 cm
-1

 on a 

Nicolet 6700 instrument (Thermo Scientific, USA). All spectra were 

recorded as the average 32 of scans with the resolution of 8 cm
-1

. 

The thermal stability of the Comb-X, PSf-0 and SC-10 membranes was 

measured by thermogravimetric analysis (TGA) using TA instruments TGA 

Q-5000IR under nitrogen atmosphere. The samples were pre-heated at 120 

o
C for 15 min in order to remove moisture, and then heated to 800 

o
C at a 

heating rate of 10 
o
C min

-1
. 
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Ion Exchange Capacity (IEC) value of the membranes was determined by 

titration method. The dry membranes having sulfonic acid were immersed in 

0.1 M NaCl aqueous solution for 24 h to release the proton to the solution. 

The quantity of protons exchanged was titrated with 0.01 M NaOH aqueous 

solution. The IEC calculated by the following equation: 

                
           

    
 

, where Wdry, VNaOH, and CNaOH mean the weight of membranes in the dry 

state, volume of consumed NaOH, and concentration of NaOH, respectively. 

The water uptake and swelling ratio of the membranes were determined the 

weight and volume of the wet and dry membranes. The membranes were 

vacuum dried at 30 
o
C for 24 h, and then the weight and volume of the 

membranes were recorded. The membranes were immersed in deionized 

water at 30 
o
C and 80 

o
C for 24 h. After removing water on the membrane 

surface with tissue paper, the weight and volume of the membranes were 

recorded. The water uptake was calculated according to following formula: 

                
         

    
     

, where Wwet and Wdry mean the weight of the membranes in the wet and dry 

state, respectively. 

The swelling ratio was calculated from the change of membrane volume by 

following formula. 

                  
         

    
     

, where Vwet and Vdry mean the volume of the membranes in the wet and dry 
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state, respectively. 

Proton conductivity was measured by a four-point probe using a ZAHNER 

IM-6ex impedance analyzer. Conductivity values were determined from 

electrochemical impedance spectra acquired in potentiostat mode with 

perturbation amplitude of 10 mV over frequencies of 1 Hz to 3 MHz. The 1 

cm   5 cm membranes were placed between the two electrodes and 

allowed to equilibrate for 15 min at a given relative humidity and 

temperature prior to measurement. Proton conductivity of the cell was 

measured in the humidity range of 30 to 90 % at 30 
o
C and 80 

o
C. The 

temperature and humidity were controlled in SH-241 Temperature & 

Humidity chamber. Proton conductivity was calculated by following formula: 

   
 

  
 

, where d, R and S mean the distance between the electrodes the membrane 

resistance and the cross-sectional area (thickness   width) of the 

membranes, respectively. 

Tapping mode atomic force microscope (AFM) images were taken by using 

Nanoscope 8 Multimode (Veeco) with a stiff cantilever. 

  The mechanical properties of membranes were measured by universal test 

machine (LS1SC-115V) at a strain rate of 10 mm min
-1

. Stress vs strain 

curves were obtained for samples cut into a dog-bone shape. 
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3. Result and discussion 

 

[3.1.1 Synthesis and characterization] 

PSf-0 (Mn = 100,000 g mol
-1

) was synthesized by a condensation 

polymerization with Bisphenol A and BFS [19]. N3-PSf-0 containing reactive 

pendant azide moieties was prepared by a two-step process as depicted in 

Figure 1. In the first step, Cl-PSf-0 was obtained by chloromethylation of PSf-0 

using CMME and stannic chloride. In the second step, azidation of Cl-PSf-0 

was carried out using sodium azide. Chemical structure of Cl-PSf-0 and N3-

PSf-0 was monitored by 
1
H NMR and FT-IR. As shown in Figure 2 (b), a new 

single peak at 4.53 pm appeared in 
1
H NMR spectra of Cl-PSf-0, confirming 

successful chloromethylation of PSf-0 [20]. Cloromethyl group would 

substitute for Ha positions where the carbon atoms had the highest electron 

density because chloromethylation was electrophilic substitution reaction [20]. 

The degree of chloromethylation (DC) of Cl-PSf-0 was estimated by the 

following equation: DC=2A(He)/A(Hd), where A(He) and A(Hd) were the 

integral area of the He and Hd peak. 

After the azidation of Cl-PSf-0, a new single peak appears at 4.28 ppm and 

the peak at 4.53 ppm completely disappeared in Figure 2 (c), which was 

attributed to the upshift of Hf proton in azidomethyl group [21]. These results 

indicated the successful synthesis of N3-PSf-0 and complete conversion from a 

chloromethyl group to an azidomethyl group. 

The synthesis of side chains was carried out using DSDAD, DEB, and CuI 
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through click reaction as shown in Figure 3. In this reaction, excess DEB was 

used to make ethynyl group located at both chain ends. The SC-Xs with 

different length were obtained by adjusting the feed ratio of DSDAD to DEB. 

The length of SC-X was calculated by comparing the integral area of the 

proton peak (H1) in ethynyl groups and the integral area of the proton peak (H2) 

in triazole ring in Figure 4 (a). The resultant products were SC-3 and SC-7 of 

which molecular weights were 2100 and 4800 g mol
-1

, respectively. 

After synthesizing SC-X, ethynyl groups were located at both chain ends. One 

of the chain ends should be capped with a capping agent to prevent cross-

linking. Capping process of SC-X was carried out using 4-azidobenzoic acid 

and CuI via click chemistry as shown in Figure 2. The possibility of cross-

linking was minimized by adding 1.3 equiv of 4-azidobenzoic acid. After the 

reaction, the proton peak (H1) in ethynyl groups of SC-cap-X decreased to 40 % 

of the proton peak at H1 of SC-X as shown in Figure 4. However, the product 

solution was composed of mixture containing SC-cap-X capped at one of the 

chain ends, SC-cap-X capped at both chain ends, and SC-X which did not react 

with a capping agent. 

 Comb-X polymer was prepared by the click reaction between SC-cap-X and 

N3-PSf-0. Excess SC-cap-X was used in this reaction to make all the azide 

groups react with SC-cap-X. 

 Residual SC-cap-X and SC-X were removed during precipitation in methanol 

because SC-cap-X and SC-X were dissolved in methanol. SC-X which did not 

react with a capping agent induced cross-linked polymer after reacted with N3-

PSf-0. Thus, cross-linked polymer was filtered by air-filtration before 
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membrane casting because it was not dissolved in any solvents. The structure 

of Comb-3 and N3-PSf-0 was confirmed by FT-IR spectroscopy as shown in 

Figure 6. The peak of azido group at 2100 cm
-1

 was observed in N3-PSf-0. No 

azido group signals was observed in FT-IR spectra of Comb-3 membrane, 

which suggested that all the azido groups in N3-PSf-0 reacted with ethyl group 

at the end of SC-cap-X. 

Acid-base interactions in the polymer were difficult to observe due to the 

overlap of the absorption peaks. In this study, acid-base interaction between 

triazole rings and sulfonic acid groups was investigated by comparing the FT-

IR spectra of Comb-3-Na (Comb-3 in the sodium form) and Comb-3-H 

(Comb-3 in the proton form). Figure 6 showed the spectral changes of an 

asymmetric O=S=O peak that were due to the presence of the acid-base 

interaction in Comb-3-H. The broad absorption band near 1200 cm
-1

 was 

attributed to an asymmetric O=S=O stretching vibration of the –SO3
-
 groups 

[22]. The absorption band at 1238 cm
-1

 in Comb-3-Na representing asymmetric 

O=S=O stretching was split into two bands at 1199 and 1234 cm
-1

 in Comb-3-

H due to the interaction between sulfonic acid and triazole [2].  
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Figure 1. Synthesis and modification of PSf-0 
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Figure 2. 1H NMR of (a) PSf-0, (b) Cl-PSf-0 and (c) N3-PSf-0 
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Figure 3. Synthesis of SC-X and end-capping of SC-X 
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Figure 4. 1H NMR of (a) SC-X and (b) SC-cap-X 
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Figure 5. Attachment of SC-cap-X to N3-PSf-0 
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Figure 6. FT-IR spectra of N3-PSf-0, Comb-3-Na, Comb-3-H and 

SC-10 
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[3.1.2 Thermal stability] 

 A high thermal stability of the PEMFC membranes is one of important 

properties that determine the durability under fuel cell operating condition. In 

this study, thermal stability of Comb-X, PSf-0 and SC-10 membranes was 

examined by TGA at a heating rate of 10 
o
C/min under nitrogen atmosphere. 

The non-sulfonated polymers (PSf-0) showed excellent thermal stability as 

shown in Figure 7. PSf-0 exhibited single step degradation, and 5 % weight 

loss temperature (Td5) was above 450 
o
C. In the TGA curves of Comb-X 

polymers, a three-step weight loss profile was observed. All Comb-X 

polymers displayed a similar weight loss behavior, which differed slightly in 

terms of total percentage weight loss. The first-stage weight loss around 250-

300 
o
C was caused by the decomposition of the sulfonic acid [23]. The 

second-stage weight loss appearing at around 300-800 
o
C was attributed to the 

side chain decomposition and the main chain decomposition. Td5 of the 

membranes was summarized in Table 1. Comb-X had higher Td5 than SC-10, 

and Td5 of the Comb-X decreased gradually from 248 
o
C to 242 

o
C with the 

IEC values from 1.95 to 2.27 mequiv g
-1

. Comb-X had an appropriate thermal 

stability to endure in fuel cell operating condition. 
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Figure 7. TGA curves of PSf-0, Comb-3, Comb-7 and SC-10 
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Sample 
Td5 

(oC) 

Tensile strength 

(MPa) 

Elongation at break 

(%) 

Young’s modulus 

(MPa) 

PSf-0 478 90.4 5.73 8219 

Comb-3 242 90.9 6.85 9651 

Comb-7 248 87.3 6.77 10110 

SC-10 232 - - - 

Nafion 212 - 27.6 112 423 

Table 1. The thermal and mechanical properties of PSf-0, Comb-3, 7, 

SC-10 and Nafion 212 
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[3.2.5 Morphology] 

  Well-defined ionic clusters in the membranes play an important role in 

enhancing proton conductivity, because continuous ionic channels provide 

the pathways for proton transport [24]. The phase structures of Comb-x were 

characterized by AFM. AFM images of Comb-X, PSf-0, and SC membranes 

were shown in Figure 8. The dark regions represented localized hydrophilic 

domains, and bright one represented hydrophobic domains. The size and 

continuity of these two regions had great influence on the transport 

properties of membranes [25]. As shown in Figure 8, the phase separation 

was more distinct with the higher IEC values. For Comb-3 membrane, small 

and uniform hydrophilic ion clusters could be observed due to its low 

sulfonation content. Therefore, the membrane showed lower water uptake 

and proton conductivity. In case of Comb-7, the higher sulfonation content 

caused the formation of bigger ionic and the connectivity of ionic clusters 

was significantly improved. This morphology was caused by the large 

difference in polarity between the sulfonated hydrophilic units and the 

hydrophobic backbones, which was expected to cause an effective proton 

transport through hydrophilic ionic channels. 
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(a)                             (b) 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 

 

Figure 8. AFM phase images (500 nm X 500 nm) of (a) Comb-3 and 

(b) Comb-7, dark and bright regions represent hydrophilic domains  

and hydrophobic domains, respectively 
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[3.2.3 Ion exchange (IEC), water uptake, and swelling ratio] 

IEC represents the amount of exchangeable proton in membranes, and 

significantly affects the proton conductivity of PEM. Theoretical IEC (IECth) 

and experimental IEC (IECtit) measured by a titration method were listed in 

Table 2. The IECtit values increased from 1.95 mequiv g
-1

 to 2.27 mequiv g
-1

 

as the number of repeat units in a side chain (X) increased from 3 to 7. The 

IECtit values were very close to the IECth values, which indicated that the 

side chain containing sulfonic acid group was successfully grafted to the 

polymer backbone by click reaction. 

Water uptake and swelling ratio are the critical factors which affect proton 

conductivity, and mechanical properties. A proper amount of water in 

membranes can facilitate proton transport, but excessive water absorption 

leads to undesired side effects such as membrane swelling and deterioration 

of mechanical strength. Therefore, an appropriate water uptake is required 

for the PEM application. In this study, while hydrophilic side chains formed 

ionic clusters to absorb water and conduct protons, rigid and hydrophobic 

polymer main chains enhanced mechanical strength and maintained 

dimensions. The water uptake and swelling ratio of the membranes were 

listed in the Table 2. As expected, the water uptake and swelling ratio 

increased with increasing the length of the side chain and IEC values. Water 

uptake of Comb-7 with a higher IEC value was 63 % at 30 
o
C and 113.3 % at 

80 
o
C, and Water uptake of Comb-3 with a lower IEC value was 52 % at 30 

o
C, and 88 % at 80 

o
C. The high water uptake of Comb-X could be attributed 

to the formation of large and continuous ion networks in sulfonated polymers 
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which was in good agreement with the AFM results as shown in Figure 8. 

Good dimensional stability of membrane is also crucial for PEM in fuel cell 

devices. As expected, the swelling ratio of Comb-X membranes followed the 

same trend with water uptake and IEC values. The swelling ratio of Comb-X 

membranes was much lower than that of SC-10 membrane, because 

hydrophobic the main chains of Comb-X polymers maintain dimensional 

stability [26]. However, all the Comb-X membranes exhibited a higher 

swelling ratio than Nafion 212 in the tested temperature range. This high 

swelling ratio and water uptake of Comb-X membranes could be ascribed to 

a number of sulfonated units and the introduction of side chains. The side 

chains forced each polymer chains apart to provide large free volume for 

accommodating water molecules [27]. It was clear that the swelling ratio of 

the Comb-X membrane with high IEC value needed to be restricted at high 

temperatures. 
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Sample 
IEC (mequiv g-1) 

Water uptakeb 

(%) 

Swelling ratio 

(%) 

Theoretical Experimentala 30 oC 80 oC 30 oC 80 oC 

Comb-3 1.84 1.95 51.9 88.2 31.9 58.2 

Comb-7 2.16 2.27 63.0 113.3 33.7 87.4 

SC-10 3.30 3.19 118.1 166.67 107.7 146.46 

Nafion 212 0.92 0.78 16.0 28.3 25.1 37.0 

Table 2. Water behavior of membranes 

a Measured by titration method 

b Measured under fully hydrated state (in water) 
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 [3.2.4 Proton conductivity] 

 Proton conductivity is a critical property of proton exchange membrane, 

since high conductivity is necessary for their effective utilization in fuel cell 

devices. As shown in Figure 9, proton conductivities of the Comb-X 

membranes were measured in the range of 40-90% relative humidity at 30 
o
C 

and 80 
o
C. For comparison, the conductivity of Nafion 212 and SC was 

obtained under the same condition. The proton conductivities of all the Comb-

X membranes increased when temperature changes from 30 
o
C to 80 

o
C, 

because the charge transport was enhanced at an elevated temperature. 

Furthermore, Comb-7 showed higher proton conductivity than Comb-3, which 

indicated conductivities of these polymer membranes were highly influenced 

by IEC values. Proton conductivity of Comb-3 membrane was in the range of 

2.63   10
-4

 – 2.34   10
-2

 S cm
-1

 at 30 
o
C and 4.00  10

-4
 – 8.48   10

-2
 S 

cm
-1

 at 80 
o
C. The Comb-7 membrane with the higher IEC value exhibited 

proton conductivity in the range of 7.60   10
-4

 – 6.60   10
-2

 S cm
-1

 at 30 
o
C 

and 1.17   10
-3

 – 2.01   10
-1

 S cm
-1

 at 80 
o
C.  

Figure 9 showed the relative humidity dependence of proton conductivity for 

Comb-X, SC and Nafion 212 membranes at 30 
o
C and 80 

o
C. Proton 

conductivities of Comb-X’s were more dependent on relative humidity than 

that of Nafion 212. However, all the Comb-X membranes exhibited higher 

conductivity than Nafion 212 in the whole range of relative humidity at 30 
o
C. 

In addition, although Comb-3 membrane showed lower proton conductivity 

than Nafion 212 at 80 
o
C, Comb-7 membrane had higher proton conductivity 

than Nafion 212 in the high humidity (> 50 %) at 80 
o
C.  
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Generally, sulfonated hydrocarbon membrane having a less phase-separated 

structure could not incorporate sufficient water, and less chain mobility 

prevented the formation of interconnected ionic cluster in the membrane [28]. 

However, Comb-X had higher proton conductivity than other sulfonated 

hydrocarbon polymer membranes [4, 29] because comb-shaped polymer 

induced distinct phase separation and well-connected ionic channels as 

observed in the AFM images. 
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(a) 

  

(b) 

 

 

 

Figure 9. Proton conductivity data measured by electrochemical 

impedance spectroscopy of membranes in the humidity range of 40-

90 % (a) at 30 oC and (b) at 80 oC 
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[3.2.6 Mechanical properties] 

 It is essential for PEMs to possess adequate mechanical properties for the 

fabrication of the membrane electrode assembly. The mechanical properties of 

the PSf-0 and Comb-X membranes measured at room temperature were listed 

in Table 2. For comparison, mechanical properties of Nafion 212 were 

measured in the same condition, but SC-10 could not be measured because it 

was too brittle. The unsulfonated polymer, PSf-0, had tensile strength of 90 

MPa at maximum load, Young’s modulus of 8.2 GPa, and elongation at break 

of 5.7 %. The Comb-X membranes showed good mechanical properties with 

tensile strength 87 - 91 MPa, Young’s modulus of 9.7 - 10 GPa, and 

elongation at break of 6.7 - 6.8 %. Compared to the data of Nafion 212 with 

tensile stress of 28 MPa, Young’s modulus of 100 MPa, and elongation at 

break of 329 %, all the Comb-X membranes showed much higher tensile 

strength and lower elongation at break than Nafion 212 due to the high chain 

rigidity of aromatic polymer. Furthermore, Comb-3 membranes showed 

slightly higher tensile strength than PSf-0, and Comb-7 had lower but similar 

tensile strength compared to PSf-0. Generally, comb-shaped polymer has 

10~20 % decrease in mechanical strength than linear main chain polymers 

because side chains inhibit the packing of the main chains.[4, 27] However, 

acid-base interactions in the Comb-X membranes induced a physical cross-

linking that increases mechanical properties and maintained similar tensile 

strength to the linear main chain, PSf-0. The results demonstrated that the 

combination of acid and base groups in the polymer was an effective approach 

for PEM with good mechanical properties. 
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Figure 10. Mechanical properties of membranes (a) Tensile strength, 

(b) Elongation at break and (c) Young’s modulus 
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4. Conclusion 

New comb-shaped polysulfone copolymers containing side chains 

synthesized by click reaction have been prepared from commercially available 

monomer. The Comb-X polymers showed good thermal stability due to 

thermally stable polymer main chain. Since locally sulfonated side chains 

were attached to the polymer main chains, phase separation between the 

hydrophobic domains and the hydrophilic domains was distinctive. Therefore, 

Comb-3 and Comb-7 exhibited high proton conductivity of 8.48 х 10
-2

 S and 

2.01 х 10
-1 

S/cm at 80 
o
C and 90 % relative humidity. Acid-base interaction 

in the side chains of Comb-x polymers induced physical cross-linking 

mechanism that increased mechanical properties. The tensile strength of 

Comb-3 and Comb-7 were 91 and 87 MPa, respectively, which was several 

times higher than Nafion 212. The combination of high thermal stability, good 

proton conductivity and high mechanical strength made Comb-X polymer 

attractive as PEM materials for fuel cells applications. 
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[국문 요약] 
 

 

클릭반응을 통해 친수성의 측쇄를 갖는 폴리술폰을 합성하여 연

료전지에 응용하였다. 클로로메틸레이션과 아지데이션을 통해 폴리

술폰에 작용기를 달아주었다. 아지도기를 갖는 폴리술폰에 클릭반응

을 사용해 합성한 친수성 측쇄를 달아주었다. 얻어진 빗살모양의 고

분자 (Comb-X)는 소수성-친수성의 상분리가 뚜렷하기 때문에 높은 

수소 이온 전도도 값을 가졌다. Comb-7의 경우, 80 
o
C, 90% 상대습도

에서 2.01   10
-1

 S/cm의 전도도 값을 갖고 Nafion보다 높은 값을 나

타냈다. 또한, 측쇄에 존재하는 술폰산기와 트라이아졸링 사이의 산-

염기 상호작용이 물리적 가교를 유도함으로써 기계적 강도를 증가

시킨다. Comb-X 고분자 막은 87 - 91 MPa의 인장강도와 9.7 - 10 GPa

의 영계수와 6.7 - 6.8%의 신장률로 높은 기계적 강도를 갖는다.  

 

 

 

주요어 : 빗살모양 고분자, 클릭반응, 수소이온 교환 막, 폴리술폰, 

트라이아졸, 산-염기 상호작용 
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[Abstract] 

New sulfonated side chains were synthesized by click chemistry, which were 

attached to hydrophobic main chain via click chemistry. Polysulfone was 

functionalized by chlromethylation and azidation. This functionalized 

copolymer containing pendant azide moieties reacted with the sulfonated side 

chains synthesized using 1,4-diethynylbenzene (DEB) and  4,4’-diazido-2-

2’-stilbenedisulfonic acid disodium salt tetrahydrate (DSDAD) by the 

Huisgen dipolar click cycloaddition reaction. The obtained comb-shaped 

polymers (Comb-X) showed high proton conductivities of 2.01   10
-1

 S/cm 

at 80 
o
C and 90% relative humidity due to distinct phase separation between 

hydrophobic and hydrophilic domains. Furthermore, the acid-base interactions 

between triazole and sulfonic acid groups in side chains induced physical 

cross-linking and improved mechanical properties. Thus, Comb-X polymer 

membranes showed high mechanical strength with tensile strength of 87 - 91 

MPa, Young’s modulus of 9.7 - 10 GPa, and elongation at break of 6.7 - 6.8%. 

 

 

Keywords: comb-shaped polymer, click reaction, proton exchange membrane 

fuel cells, polysulfone, triazole, acid-base interaction 
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) have received much 

attention as promising power sources in a wide range of potential uses 

including transportation and portable electronics [1]. Proton exchange 

membrane (PEM) that separates the anode and cathode is one of key 

components of PEMFCs, because PEM provide an ionic pathway for proton 

transfer while preventing crossover of the reactant gases [2]. The requirement 

for fuel cell membrane is a combination of excellent properties including high 

oxidative and thermal stabilities and high mechanical strength as well as high 

proton conductivity, since working environment of the fuel cell is chemically 

and physically harsh [3]. The perfluorosulfonic acid ionomer Nafion is a kind 

of standard commercial fuel cell membrane because of its chemical and 

thermal stabilities and outstanding proton conductivity. However, Nafion has 

its inherent drawbacks such as high cost and high fuel permeability [1]. 

Sulfonated hydrocarbon-based polymer electrolyte membranes have been 

developed to overcome the drawbacks [4]. Sulfonated poly(arylene ether 

sulfone) (SPES) [5, 6], sulfonated polyimide (SPI) [8, 9], sulfonated 

poly(ether ether ketone) (SPEEK) [10, 11] and sulfonated polyphenylene [12, 

13] have been investigated as the candidates for PEMs, because sulfonated 

hydrocarbon PEMs have high thermal stabilities and mechanical strength. 

However, these polymers need to have high degree of sulfonation to achieve 

suitable conductivities, which lead to extensive water uptake or a deterioration 
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of mechanical properties that are unsuitable for practical PEM applications 

[14]. An attractive way to obtain suitable proton conductivity without 

dramatic degradation of mechanical strength is to fabricate graft polymer by 

locating the sulfonic acid groups on side chains grafted onto the hydrophobic 

polymer main chain [4]. Guiver and co-workers reported fully aromatic comb-

shaped copolymers with highly sulfonated graft chains. They demonstrated 

that the comb-shaped copolymers exhibited organized phase-separated 

morphology with well-connected nanochannels, thus resulting in dramatic 

enhancement in proton conductivity under partially hydrated conditions 

relative to other random hydrocarbon-based PEMs with similar IEC values 

[15]. 

Herein, we represent a study of a series of aromatic comb-shaped 

copolymers designed to locate sulfonic acid groups on side chains to increase 

the hydrophilic-hydrophobic separation. Poly(sulfone)s containing azide 

groups were prepared, and side chains with alkyne groups at the end were 

synthesized by click chemistry, and side chains were attached to polymer 

main chain by click chemistry. Click reaction used in the experiment is the 

Huisgen dipolar cycloaddition reaction between an azide and an alkyne, 

leading to the formation of 1, 2, 3-triazole [16]. This click reaction was 

selected because of mild experimental conditions, short reaction time, 

quantitative yield and high conversion [17, 18]. Furthermore, triazole groups 

formed by click reaction interacted with sulfonic acid groups in the side 

chains of the comb-shaped copolymers. The acid-base interaction between the 

basic and the acidic groups is known to form physical cross-linking sites in 
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the polymers and increase mechanical strength [2]. The comb-shaped polymer 

membranes using click chemistry were expected to exhibit high conductivities 

and have good mechanical strength, simultaneously.  
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2. EXPERIMENTAL  

 

Materials.  

Bisphenol A (99% Aldrich), Bis(4-fluorophenyl) sulfone (BFS, 99% Aldrich) 

were recrystallized in iso-propanol and toluene respectively before used. 

Potassium carbonate (K2CO3, 99.0%, Aldrich) was dried under vacuum prior 

to use. Cloroform and toluene were distilled. 1,4-diethynylbenzene (DEB, 

96%, Aldrich), 4,4’-diazido-2-2’-stilbenedisulfonic acid disodium salt 

tetrahydrate (DSDAD, 99% Aldrich), chloromethyl methyl ether (CMME, 94% 

TCI), stannic(Ⅳ) chloride (SnCl4, 98% Aldrich), sodium azide (NaN3, 99.5% 

Aldrich), copper iodide (CuI, 99.999% Aldrich), 4-azidobenzoic acid (ABA, 

97%, Aldrich), N,N-dimethylacetamide (DMAc, 99%, Junsei), N,N-

dimethylforamide (DMF, 99.5%, Junsei), 1-methyl-2-pyrrolidone (NMP, 

99.5%, Aldrich), and dimethyl sulfoxide (DMSO, 99%, Junsei) were obtained 

commercially and used as received without further purification. Nafion 212 

used for comparison was obtained from LG chemicals. 
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Synthesis and film preparation 

 

[2.1.1 Synthesis of polysulfone (PSf-0)] 

 Polysulfone (PSf-0) was prepared by polycondensation [19]. Polymerization 

was carried out in a 250 mL three-neck round bottomed flask equipped with 

Dean-Stark trap, condenser, nitrogen inlet/outlet, and mechanical stirrer. The 

flask was charged with Bisphenol A (4.56 g, 20 mmol), BFS (5.08 g, 20 

mmol), K2CO3 (6.35 g, 46 mmol), NMP (28 mL), and toluene (14 mL). The 

mixture solution was heated at 150 
o
C for 5 h under nitrogen atmosphere for 

dehydration. After toluene was removed from Dean-Stark trap, the mixture 

was successively heated at 160 
o
C for 12 h. The solution was cooled to room 

temperature. The polymer was obtained by precipitation in methanol and 

washed several times with water and methanol to remove residual salt and 

then dried in a vacuum oven at 30 
o
C for at least 1 day. 

 

[2.1.2 Synthesis of chloromethylated polysulfone (Cl-PSf-0)] 

Chloromethylated polysulfone (Cl-PSf-0) was synthesized by 

chloromethylation [20]. Chloromehylation of PSf-0 was carried out by using 

CMME as a chloromethylating agent, stannic chloride as a catalyst, and 

chloroform as a solvent. PSf-0 (3g, 6.8 mmol) was added into 250 mL round 

bottom flask, and chloroform (150 mL) was injected at room temperature with 

stirring. After complete dissolution, CMME (1.6 mL, 25 mmol) and stannic 

chloride (0.9 mL, 9.4 mmol) was added dropwise into the flask. Subsequently, 

the reaction was kept at 50 
o
C for 3 h. The polymer product was obtained by 
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precipitation in methanol, followed by washing with methanol and then 

vacuum-drying at 30 
o
C for 1 day.  

 

[2.1.3 Synthesis of azidomethylated polysulfone (N3-PSf-0)] 

  A 250 mL round bottom flask equipped with a magnetic stirrer and a 

condenser was charged with Cl-PSf-0 (3 g, 6.6 mmol), sodium azide (0.26 g, 

3.9 mmol), DMAc (60 mL). The reaction mixture was slowly heated to 100 
o
C 

and then maintained for 12 h. The reaction product was poured into a beaker 

containing methanol and washed several times with deionized water to 

remove the residual sodium azide and then dried under vacuum at 30 
o
C for 1 

day. 

 

[2.1.4 Synthesis of SC-X] 

 The side chains were prepared by click reaction [2]. The SC-X was 

synthesized through the click reaction using 1,4-diethynylbenzene (DEB) 

and 4,4’-diazido-2,2’-stilbnendisulfonic acid disodium salt tetrahydrate 

(DSDAD) (3 wt% in DMF) and CuI (5 mol% compared to the amount of  

DSDAD) at 70 
o
C for 2 h. SC-3 and SC-7 were synthesized using DEB and 

DSDAD by the molar ratios of 4:3 and 8:7 to control the chain length. The 

resultant products were obtained by precipitation in iso-propanol followed by 

washing with ethanol and methanol and then vacuum-drying at 30 
o
C for 1 

day. The side chains were denoted as SC-X, where X was the number of 

repeat unit. 
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[2.1.5 End-capping of SC (SC-cap-X)] 

The End-capped side chain (SC-cap-X) was synthesized through the click 

reaction between SC-X (3 wt% in DMSO) and 4-azidobenzoic acid using 

CuI (5 mol% compared to the amount of 4-azidobenzoic acid) as a catalyst in 

DMSO at 70 
o
C for 2 h. The molar ratio of SC-X to 4-azidobenzoic acid was 

1:1.3. The product was precipitated in iso-propanol, followed by washing 

with ethanol and methanol and then vacuum-drying at 30
o
C under vacuum 

for at least 1 day. 

 

[2.1.6 Preparation of comb-shaped polymer (Comb-X)] 

   N3-PSf-0 (3 wt% in DMF) and CuI (5 mol% compared to the amount of 

N3-PSf-0) were dissolved in DMF, and excess amount of SC-cap-X (3 wt% 

in DMSO) was dissolved in DMSO in a round-bottomed flask, respectively. 

The molar ratio of N3-PSf-0 to SC-cap-X was 1:1.5. The N3-PSf-

0/CuI/DMF solution was slowly added to the SC-cap-X/DMF solution 

under stirring. After being homogeneous, the solution mixture was heated at 

70 
o
C for 2 h. The product was precipitated in methanol, followed by 

washing with methanol several times to remove residual SC-cap-X and 

vacuum-drying at 30 
o
C under vacuum for 1 day. 

 

[2.1.7 Membrane preparation & acidification] 

  For convenience, the comb-shaped membranes were denoted as Comb-X, 

where X was the number of repeating unit of side chain. The Comb-X 

membranes were prepared by solution casting and evaporation. Comb-X 
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powders were dissolved in DMSO at room temperature as a 3 wt% solution. 

The solutions obtained by air-filtration for removal of cross-linked part were 

cast onto a glass plate and slowly heated at 60 
o
C 48 h. Each membrane was 

soaked in deionized water at room temperature, and then peeled from the 

glass plate during immersion in deionized water. The Comb-x membranes 

were obtained in acidic form by immersing them in 1 M H2SO4 aqueous 

solution at room temperature for 24 h and then washing several times with 

deionized water at 100 
o
C for at least 4 h. 

 

Characterization 

 

Nuclear magnetic resonance (NMR) spectra were recorded on a Brucker 

Avance 500 instrument with a proton frequency of 500 MHz, using 

deuterated dimethyl sulfoxide (DMSO-d6) and chloroform (CDCl3) as 

solvents and tetramethylsilane (TMS) as a reference for 
1
H nuclei. 

The FT-IR spectra of the membranes were measured in the attenuated total 

reflectance (ATR) mode in the frequency range of 4000 - 600 cm
-1

 on a 

Nicolet 6700 instrument (Thermo Scientific, USA). All spectra were 

recorded as the average 32 of scans with the resolution of 8 cm
-1

. 

The thermal stability of the Comb-X, PSf-0 and SC-10 membranes was 

measured by thermogravimetric analysis (TGA) using TA instruments TGA 

Q-5000IR under nitrogen atmosphere. The samples were pre-heated at 120 

o
C for 15 min in order to remove moisture, and then heated to 800 

o
C at a 

heating rate of 10 
o
C min

-1
. 
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Ion Exchange Capacity (IEC) value of the membranes was determined by 

titration method. The dry membranes having sulfonic acid were immersed in 

0.1 M NaCl aqueous solution for 24 h to release the proton to the solution. 

The quantity of protons exchanged was titrated with 0.01 M NaOH aqueous 

solution. The IEC calculated by the following equation: 

                
           

    
 

, where Wdry, VNaOH, and CNaOH mean the weight of membranes in the dry 

state, volume of consumed NaOH, and concentration of NaOH, respectively. 

The water uptake and swelling ratio of the membranes were determined the 

weight and volume of the wet and dry membranes. The membranes were 

vacuum dried at 30 
o
C for 24 h, and then the weight and volume of the 

membranes were recorded. The membranes were immersed in deionized 

water at 30 
o
C and 80 

o
C for 24 h. After removing water on the membrane 

surface with tissue paper, the weight and volume of the membranes were 

recorded. The water uptake was calculated according to following formula: 

                
         

    
     

, where Wwet and Wdry mean the weight of the membranes in the wet and dry 

state, respectively. 

The swelling ratio was calculated from the change of membrane volume by 

following formula. 

                  
         

    
     

, where Vwet and Vdry mean the volume of the membranes in the wet and dry 
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state, respectively. 

Proton conductivity was measured by a four-point probe using a ZAHNER 

IM-6ex impedance analyzer. Conductivity values were determined from 

electrochemical impedance spectra acquired in potentiostat mode with 

perturbation amplitude of 10 mV over frequencies of 1 Hz to 3 MHz. The 1 

cm   5 cm membranes were placed between the two electrodes and 

allowed to equilibrate for 15 min at a given relative humidity and 

temperature prior to measurement. Proton conductivity of the cell was 

measured in the humidity range of 30 to 90 % at 30 
o
C and 80 

o
C. The 

temperature and humidity were controlled in SH-241 Temperature & 

Humidity chamber. Proton conductivity was calculated by following formula: 

   
 

  
 

, where d, R and S mean the distance between the electrodes the membrane 

resistance and the cross-sectional area (thickness   width) of the 

membranes, respectively. 

Tapping mode atomic force microscope (AFM) images were taken by using 

Nanoscope 8 Multimode (Veeco) with a stiff cantilever. 

  The mechanical properties of membranes were measured by universal test 

machine (LS1SC-115V) at a strain rate of 10 mm min
-1

. Stress vs strain 

curves were obtained for samples cut into a dog-bone shape. 
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3. Result and discussion 

 

[3.1.1 Synthesis and characterization] 

PSf-0 (Mn = 100,000 g mol
-1

) was synthesized by a condensation 

polymerization with Bisphenol A and BFS [19]. N3-PSf-0 containing reactive 

pendant azide moieties was prepared by a two-step process as depicted in 

Figure 1. In the first step, Cl-PSf-0 was obtained by chloromethylation of PSf-0 

using CMME and stannic chloride. In the second step, azidation of Cl-PSf-0 

was carried out using sodium azide. Chemical structure of Cl-PSf-0 and N3-

PSf-0 was monitored by 
1
H NMR and FT-IR. As shown in Figure 2 (b), a new 

single peak at 4.53 pm appeared in 
1
H NMR spectra of Cl-PSf-0, confirming 

successful chloromethylation of PSf-0 [20]. Cloromethyl group would 

substitute for Ha positions where the carbon atoms had the highest electron 

density because chloromethylation was electrophilic substitution reaction [20]. 

The degree of chloromethylation (DC) of Cl-PSf-0 was estimated by the 

following equation: DC=2A(He)/A(Hd), where A(He) and A(Hd) were the 

integral area of the He and Hd peak. 

After the azidation of Cl-PSf-0, a new single peak appears at 4.28 ppm and 

the peak at 4.53 ppm completely disappeared in Figure 2 (c), which was 

attributed to the upshift of Hf proton in azidomethyl group [21]. These results 

indicated the successful synthesis of N3-PSf-0 and complete conversion from a 

chloromethyl group to an azidomethyl group. 

The synthesis of side chains was carried out using DSDAD, DEB, and CuI 
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through click reaction as shown in Figure 3. In this reaction, excess DEB was 

used to make ethynyl group located at both chain ends. The SC-Xs with 

different length were obtained by adjusting the feed ratio of DSDAD to DEB. 

The length of SC-X was calculated by comparing the integral area of the 

proton peak (H1) in ethynyl groups and the integral area of the proton peak (H2) 

in triazole ring in Figure 4 (a). The resultant products were SC-3 and SC-7 of 

which molecular weights were 2100 and 4800 g mol
-1

, respectively. 

After synthesizing SC-X, ethynyl groups were located at both chain ends. One 

of the chain ends should be capped with a capping agent to prevent cross-

linking. Capping process of SC-X was carried out using 4-azidobenzoic acid 

and CuI via click chemistry as shown in Figure 2. The possibility of cross-

linking was minimized by adding 1.3 equiv of 4-azidobenzoic acid. After the 

reaction, the proton peak (H1) in ethynyl groups of SC-cap-X decreased to 40 % 

of the proton peak at H1 of SC-X as shown in Figure 4. However, the product 

solution was composed of mixture containing SC-cap-X capped at one of the 

chain ends, SC-cap-X capped at both chain ends, and SC-X which did not react 

with a capping agent. 

 Comb-X polymer was prepared by the click reaction between SC-cap-X and 

N3-PSf-0. Excess SC-cap-X was used in this reaction to make all the azide 

groups react with SC-cap-X. 

 Residual SC-cap-X and SC-X were removed during precipitation in methanol 

because SC-cap-X and SC-X were dissolved in methanol. SC-X which did not 

react with a capping agent induced cross-linked polymer after reacted with N3-

PSf-0. Thus, cross-linked polymer was filtered by air-filtration before 
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membrane casting because it was not dissolved in any solvents. The structure 

of Comb-3 and N3-PSf-0 was confirmed by FT-IR spectroscopy as shown in 

Figure 6. The peak of azido group at 2100 cm
-1

 was observed in N3-PSf-0. No 

azido group signals was observed in FT-IR spectra of Comb-3 membrane, 

which suggested that all the azido groups in N3-PSf-0 reacted with ethyl group 

at the end of SC-cap-X. 

Acid-base interactions in the polymer were difficult to observe due to the 

overlap of the absorption peaks. In this study, acid-base interaction between 

triazole rings and sulfonic acid groups was investigated by comparing the FT-

IR spectra of Comb-3-Na (Comb-3 in the sodium form) and Comb-3-H 

(Comb-3 in the proton form). Figure 6 showed the spectral changes of an 

asymmetric O=S=O peak that were due to the presence of the acid-base 

interaction in Comb-3-H. The broad absorption band near 1200 cm
-1

 was 

attributed to an asymmetric O=S=O stretching vibration of the –SO3
-
 groups 

[22]. The absorption band at 1238 cm
-1

 in Comb-3-Na representing asymmetric 

O=S=O stretching was split into two bands at 1199 and 1234 cm
-1

 in Comb-3-

H due to the interaction between sulfonic acid and triazole [2].  
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Figure 1. Synthesis and modification of PSf-0 

 

 

 

 

 



１５ 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

Figure 2. 1H NMR of (a) PSf-0, (b) Cl-PSf-0 and (c) N3-PSf-0 
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Figure 3. Synthesis of SC-X and end-capping of SC-X 

 

 

 

 



１７ 

 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

Figure 4. 1H NMR of (a) SC-X and (b) SC-cap-X 
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Figure 5. Attachment of SC-cap-X to N3-PSf-0 
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Figure 6. FT-IR spectra of N3-PSf-0, Comb-3-Na, Comb-3-H and 

SC-10 
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[3.1.2 Thermal stability] 

 A high thermal stability of the PEMFC membranes is one of important 

properties that determine the durability under fuel cell operating condition. In 

this study, thermal stability of Comb-X, PSf-0 and SC-10 membranes was 

examined by TGA at a heating rate of 10 
o
C/min under nitrogen atmosphere. 

The non-sulfonated polymers (PSf-0) showed excellent thermal stability as 

shown in Figure 7. PSf-0 exhibited single step degradation, and 5 % weight 

loss temperature (Td5) was above 450 
o
C. In the TGA curves of Comb-X 

polymers, a three-step weight loss profile was observed. All Comb-X 

polymers displayed a similar weight loss behavior, which differed slightly in 

terms of total percentage weight loss. The first-stage weight loss around 250-

300 
o
C was caused by the decomposition of the sulfonic acid [23]. The 

second-stage weight loss appearing at around 300-800 
o
C was attributed to the 

side chain decomposition and the main chain decomposition. Td5 of the 

membranes was summarized in Table 1. Comb-X had higher Td5 than SC-10, 

and Td5 of the Comb-X decreased gradually from 248 
o
C to 242 

o
C with the 

IEC values from 1.95 to 2.27 mequiv g
-1

. Comb-X had an appropriate thermal 

stability to endure in fuel cell operating condition. 
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Figure 7. TGA curves of PSf-0, Comb-3, Comb-7 and SC-10 
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Sample 
Td5 

(oC) 

Tensile strength 

(MPa) 

Elongation at break 

(%) 

Young’s modulus 

(MPa) 

PSf-0 478 90.4 5.73 8219 

Comb-3 242 90.9 6.85 9651 

Comb-7 248 87.3 6.77 10110 

SC-10 232 - - - 

Nafion 212 - 27.6 112 423 

Table 1. The thermal and mechanical properties of PSf-0, Comb-3, 7, 

SC-10 and Nafion 212 

 

 

 

 

 

 

 

 

 



２３ 

[3.2.5 Morphology] 

  Well-defined ionic clusters in the membranes play an important role in 

enhancing proton conductivity, because continuous ionic channels provide 

the pathways for proton transport [24]. The phase structures of Comb-x were 

characterized by AFM. AFM images of Comb-X, PSf-0, and SC membranes 

were shown in Figure 8. The dark regions represented localized hydrophilic 

domains, and bright one represented hydrophobic domains. The size and 

continuity of these two regions had great influence on the transport 

properties of membranes [25]. As shown in Figure 8, the phase separation 

was more distinct with the higher IEC values. For Comb-3 membrane, small 

and uniform hydrophilic ion clusters could be observed due to its low 

sulfonation content. Therefore, the membrane showed lower water uptake 

and proton conductivity. In case of Comb-7, the higher sulfonation content 

caused the formation of bigger ionic and the connectivity of ionic clusters 

was significantly improved. This morphology was caused by the large 

difference in polarity between the sulfonated hydrophilic units and the 

hydrophobic backbones, which was expected to cause an effective proton 

transport through hydrophilic ionic channels. 
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Figure 8. AFM phase images (500 nm X 500 nm) of (a) Comb-3 and 

(b) Comb-7, dark and bright regions represent hydrophilic domains  

and hydrophobic domains, respectively 
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[3.2.3 Ion exchange (IEC), water uptake, and swelling ratio] 

IEC represents the amount of exchangeable proton in membranes, and 

significantly affects the proton conductivity of PEM. Theoretical IEC (IECth) 

and experimental IEC (IECtit) measured by a titration method were listed in 

Table 2. The IECtit values increased from 1.95 mequiv g
-1

 to 2.27 mequiv g
-1

 

as the number of repeat units in a side chain (X) increased from 3 to 7. The 

IECtit values were very close to the IECth values, which indicated that the 

side chain containing sulfonic acid group was successfully grafted to the 

polymer backbone by click reaction. 

Water uptake and swelling ratio are the critical factors which affect proton 

conductivity, and mechanical properties. A proper amount of water in 

membranes can facilitate proton transport, but excessive water absorption 

leads to undesired side effects such as membrane swelling and deterioration 

of mechanical strength. Therefore, an appropriate water uptake is required 

for the PEM application. In this study, while hydrophilic side chains formed 

ionic clusters to absorb water and conduct protons, rigid and hydrophobic 

polymer main chains enhanced mechanical strength and maintained 

dimensions. The water uptake and swelling ratio of the membranes were 

listed in the Table 2. As expected, the water uptake and swelling ratio 

increased with increasing the length of the side chain and IEC values. Water 

uptake of Comb-7 with a higher IEC value was 63 % at 30 
o
C and 113.3 % at 

80 
o
C, and Water uptake of Comb-3 with a lower IEC value was 52 % at 30 

o
C, and 88 % at 80 

o
C. The high water uptake of Comb-X could be attributed 

to the formation of large and continuous ion networks in sulfonated polymers 
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which was in good agreement with the AFM results as shown in Figure 8. 

Good dimensional stability of membrane is also crucial for PEM in fuel cell 

devices. As expected, the swelling ratio of Comb-X membranes followed the 

same trend with water uptake and IEC values. The swelling ratio of Comb-X 

membranes was much lower than that of SC-10 membrane, because 

hydrophobic the main chains of Comb-X polymers maintain dimensional 

stability [26]. However, all the Comb-X membranes exhibited a higher 

swelling ratio than Nafion 212 in the tested temperature range. This high 

swelling ratio and water uptake of Comb-X membranes could be ascribed to 

a number of sulfonated units and the introduction of side chains. The side 

chains forced each polymer chains apart to provide large free volume for 

accommodating water molecules [27]. It was clear that the swelling ratio of 

the Comb-X membrane with high IEC value needed to be restricted at high 

temperatures. 
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Sample 
IEC (mequiv g-1) 

Water uptakeb 

(%) 

Swelling ratio 

(%) 

Theoretical Experimentala 30 oC 80 oC 30 oC 80 oC 

Comb-3 1.84 1.95 51.9 88.2 31.9 58.2 

Comb-7 2.16 2.27 63.0 113.3 33.7 87.4 

SC-10 3.30 3.19 118.1 166.67 107.7 146.46 

Nafion 212 0.92 0.78 16.0 28.3 25.1 37.0 

Table 2. Water behavior of membranes 

a Measured by titration method 

b Measured under fully hydrated state (in water) 
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 [3.2.4 Proton conductivity] 

 Proton conductivity is a critical property of proton exchange membrane, 

since high conductivity is necessary for their effective utilization in fuel cell 

devices. As shown in Figure 9, proton conductivities of the Comb-X 

membranes were measured in the range of 40-90% relative humidity at 30 
o
C 

and 80 
o
C. For comparison, the conductivity of Nafion 212 and SC was 

obtained under the same condition. The proton conductivities of all the Comb-

X membranes increased when temperature changes from 30 
o
C to 80 

o
C, 

because the charge transport was enhanced at an elevated temperature. 

Furthermore, Comb-7 showed higher proton conductivity than Comb-3, which 

indicated conductivities of these polymer membranes were highly influenced 

by IEC values. Proton conductivity of Comb-3 membrane was in the range of 

2.63   10
-4

 – 2.34   10
-2

 S cm
-1

 at 30 
o
C and 4.00  10

-4
 – 8.48   10

-2
 S 

cm
-1

 at 80 
o
C. The Comb-7 membrane with the higher IEC value exhibited 

proton conductivity in the range of 7.60   10
-4

 – 6.60   10
-2

 S cm
-1

 at 30 
o
C 

and 1.17   10
-3

 – 2.01   10
-1

 S cm
-1

 at 80 
o
C.  

Figure 9 showed the relative humidity dependence of proton conductivity for 

Comb-X, SC and Nafion 212 membranes at 30 
o
C and 80 

o
C. Proton 

conductivities of Comb-X’s were more dependent on relative humidity than 

that of Nafion 212. However, all the Comb-X membranes exhibited higher 

conductivity than Nafion 212 in the whole range of relative humidity at 30 
o
C. 

In addition, although Comb-3 membrane showed lower proton conductivity 

than Nafion 212 at 80 
o
C, Comb-7 membrane had higher proton conductivity 

than Nafion 212 in the high humidity (> 50 %) at 80 
o
C.  
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Generally, sulfonated hydrocarbon membrane having a less phase-separated 

structure could not incorporate sufficient water, and less chain mobility 

prevented the formation of interconnected ionic cluster in the membrane [28]. 

However, Comb-X had higher proton conductivity than other sulfonated 

hydrocarbon polymer membranes [4, 29] because comb-shaped polymer 

induced distinct phase separation and well-connected ionic channels as 

observed in the AFM images. 
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(a) 

  

(b) 

 

 

 

Figure 9. Proton conductivity data measured by electrochemical 

impedance spectroscopy of membranes in the humidity range of 40-

90 % (a) at 30 oC and (b) at 80 oC 
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[3.2.6 Mechanical properties] 

 It is essential for PEMs to possess adequate mechanical properties for the 

fabrication of the membrane electrode assembly. The mechanical properties of 

the PSf-0 and Comb-X membranes measured at room temperature were listed 

in Table 2. For comparison, mechanical properties of Nafion 212 were 

measured in the same condition, but SC-10 could not be measured because it 

was too brittle. The unsulfonated polymer, PSf-0, had tensile strength of 90 

MPa at maximum load, Young’s modulus of 8.2 GPa, and elongation at break 

of 5.7 %. The Comb-X membranes showed good mechanical properties with 

tensile strength 87 - 91 MPa, Young’s modulus of 9.7 - 10 GPa, and 

elongation at break of 6.7 - 6.8 %. Compared to the data of Nafion 212 with 

tensile stress of 28 MPa, Young’s modulus of 100 MPa, and elongation at 

break of 329 %, all the Comb-X membranes showed much higher tensile 

strength and lower elongation at break than Nafion 212 due to the high chain 

rigidity of aromatic polymer. Furthermore, Comb-3 membranes showed 

slightly higher tensile strength than PSf-0, and Comb-7 had lower but similar 

tensile strength compared to PSf-0. Generally, comb-shaped polymer has 

10~20 % decrease in mechanical strength than linear main chain polymers 

because side chains inhibit the packing of the main chains.[4, 27] However, 

acid-base interactions in the Comb-X membranes induced a physical cross-

linking that increases mechanical properties and maintained similar tensile 

strength to the linear main chain, PSf-0. The results demonstrated that the 

combination of acid and base groups in the polymer was an effective approach 

for PEM with good mechanical properties. 
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Figure 10. Mechanical properties of membranes (a) Tensile strength, 

(b) Elongation at break and (c) Young’s modulus 
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4. Conclusion 

New comb-shaped polysulfone copolymers containing side chains 

synthesized by click reaction have been prepared from commercially available 

monomer. The Comb-X polymers showed good thermal stability due to 

thermally stable polymer main chain. Since locally sulfonated side chains 

were attached to the polymer main chains, phase separation between the 

hydrophobic domains and the hydrophilic domains was distinctive. Therefore, 

Comb-3 and Comb-7 exhibited high proton conductivity of 8.48 х 10
-2

 S and 

2.01 х 10
-1 

S/cm at 80 
o
C and 90 % relative humidity. Acid-base interaction 

in the side chains of Comb-x polymers induced physical cross-linking 

mechanism that increased mechanical properties. The tensile strength of 

Comb-3 and Comb-7 were 91 and 87 MPa, respectively, which was several 

times higher than Nafion 212. The combination of high thermal stability, good 

proton conductivity and high mechanical strength made Comb-X polymer 

attractive as PEM materials for fuel cells applications. 
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[국문 요약] 
 

 

클릭반응을 통해 친수성의 측쇄를 갖는 폴리술폰을 합성하여 연

료전지에 응용하였다. 클로로메틸레이션과 아지데이션을 통해 폴리

술폰에 작용기를 달아주었다. 아지도기를 갖는 폴리술폰에 클릭반응

을 사용해 합성한 친수성 측쇄를 달아주었다. 얻어진 빗살모양의 고

분자 (Comb-X)는 소수성-친수성의 상분리가 뚜렷하기 때문에 높은 

수소 이온 전도도 값을 가졌다. Comb-7의 경우, 80 
o
C, 90% 상대습도

에서 2.01   10
-1

 S/cm의 전도도 값을 갖고 Nafion보다 높은 값을 나

타냈다. 또한, 측쇄에 존재하는 술폰산기와 트라이아졸링 사이의 산-

염기 상호작용이 물리적 가교를 유도함으로써 기계적 강도를 증가

시킨다. Comb-X 고분자 막은 87 - 91 MPa의 인장강도와 9.7 - 10 GPa

의 영계수와 6.7 - 6.8%의 신장률로 높은 기계적 강도를 갖는다.  

 

 

 

주요어 : 빗살모양 고분자, 클릭반응, 수소이온 교환 막, 폴리술폰, 

트라이아졸, 산-염기 상호작용 
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