
Enhanced ionic conductivity of anion exchange 

membranes by grafting flexible ionic strings on 

multiblock copolymers

Abstract

A new strategy to prepare high-conductivity anion exchange membranes (AEMs) is presented here. 

A series of phenolphthalein-based poly(arylene ether sulfone nitrile) multiblock AEMs has been 

synthesized by selectively grafting flexible ionic strings on hydrophilic segments to form ionic 

regions. Moreover, the phenolphthalein groups are introduced to force chains apart and create 

additional interchain spacing. In addition, the nitrile groups suspended on main chains are aimed at 

enhancing the anti-swelling behavior of as-prepared AEMs. Along these processes, well-defined 

phase separation has been attained, forming excellent ion-transport channels. The effective phase 

separation has been confirmed by atomic force microscopy. Finally, as-prepared AEMs exhibit a 

high hydroxide conductivity, ranging from 40.1 to 121.6 mS cm
−1

 in the temperature range of 30–

80  °C, and superior ionic conductivity to IEC ratio at 80  °C. Furthermore, excellent thermal 

stability and desirable mechanical strength have been rendered by as-prepared AEMs. However, the 

alkaline stability of as-prepared AEMs requires further optimization.
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Introduction

In the past decades, polymer electrolyte fuel cells (PEFCs) have received great attention owing to their high 

efficiency, superior energy density, utilization of renewable fuels and environment-friendly exhaust [1–3]. As 

the most common type of PEFCs, proton exchange membrane fuel cells (PEMFCs) based on acidic 

polyelectrolyte have been broadly researched [4]. However, the high cost of precious metal catalysts, 

predominantly platinum (Pt) and proton exchange membranes, such as Nafion®, hinders the widespread 

commercialization of PEMFCs [5,6]. Anion exchange membrane fuel cells (AEMFCs), which are operated in 

basic conditions, are being developed as an alternative in terms of the faster oxygen reduction kinetics together 

with potential utilization of non-precious metals as catalysts, such as cobalt (Co) and nickel (Ni) [7,8]. Hence, 

the overall cost of PEFCs shall be significantly reduced.

As one of the key components in AEMFCs, anion exchange membranes (AEMs) should prevent the crossover 

of oxidant and fuel and transfer anions from cathode to anode. Polymers such as poly(arylene ether sulfone) [9

,10], poly(ether imide) [11], poly(phenylene oxide) [12], polymerized ionic liquid [13,14], poly(styrene)s [15] 

and poly(arylene ether ketone) [16] have been used to prepare AEMs by incorporating with cationic functional 

groups, such as quaternary ammonium [10–12], sulfonium [9], imidazolium [13–15], guanidinium [17] and 

metal cations [18]. However, current AEMs suffer from insufficient stability and ionic conductivity, limiting 

their applications in AEMFCs [19,20]. The ionic conductivity can be improved by increasing the ion exchange 

capacity (IEC) of AEMs. However, high IEC of AEMs tend to swell seriously and weaken the dimensional 

stability, resulting in a decrease in mechanical strength and failure in practical applications.

Recently, it has been demonstrated that well-defined microphase-separated membrane structures can promote 

the construction of ionic conductive channels and improve hydroxide conductivity [21–23]. Hence, several 

“block-type” AEMs have been prepared by incorporating alkaline functional groups on the hydrophilic 

segments of block copolymers [24–29]. These AEMs exhibit obvious hydrophilic/hydrophobic microphase 

structure and possess relatively high conductivity. Another effective approach to improve the microphase 

separation is to construct “side-chain-type” AEMs, bearing ion-conducting groups on side chains, which are 

separated from polymer main chains [30–34]. Previously, we have reported a series of phenolphthalein-based 

poly(arylene ether sulfone nitrile) side-chain-type AEMs, with imidazolium groups on the pendent stiff cardo 

rings, and demonstrated a well-defined microphase-separated structure with a maximum hydroxide 

conductivity of 81.4 mS cm
−1 at 80 °C (IEC = 1.35 meq g

−1
) [32]. Furthermore, a set of novel side-chain-

type AEMs, possessing flexible side chains, have been developed to enhance the mobility of ion-conducting 

groups [35–39]. In these AEMs, the ionic groups tend to self-assemble and form larger ionic clusters, which 

can enhance the microphase separation ability and anion conductivity. For instance, FPAES-Im-x AEMs 

exhibited favorable hydroxide conductivity, ranging from 48.5 to 83.1 mS cm
−1 at 80 °C with IEC of 1.35–

1.92 meq g
−1

 [37]. Recently, some “ionic string-type” AEMs, with multiple ion-conducting groups on flexible 

side chains, have been reported to further enhance the aggregation of ionic conductive groups for high 

performance [40–42].



Herein, inspired by appealing characteristics of the above mentioned architectures, we aimed to combine the 

advantages of block-type and ionic string-type structures to construct high-performance AEMs. In this study, a 

quaternization reagent, with a quaternary ammonium cation and a tertiary ammonium group on a single chain, 

has been synthesized by reacting bromoethane with N,N,N′,N′-tetramethyl-1,6-hexanediamine (TMHDA). 

Meanwhile, a series of tetramethyl-containing phenolphthalein-based poly(arylene ether sulfone nitrile) 

multiblock copolymers have been synthesized, further brominated and quaternization to fabricate AEMs. 

Along these processes, a single ionic string side chain has been charged with two quaternary ammonium 

cations and selectively grafted on the tetramethyl-phenolphthalein unit as hydrophilic segment, facilitating the 

construction of phase−separated structure and ion-transport channels. Furthermore, phenolphthalein groups, 

which containing rigid and bulk cardo groups, have also been introduced to force chains apart and generate 

additional interchain spacing for water storage and OH
−

 transport [43]. In addition, nitrile groups with strong 

polar were introduced to enhance the dimensional stability of membranes [43,44]. Then, the influence of ionic 

strings content has been systematically investigated by structure−property analysis.

Experimental

Materials

TMHDA (98.0%, TCI, Japan), bromoethane (99.0%, Adamas, China), phenolphthalein (98%, Sigma-Aldrich, 

USA), toluene (99.8% HPLC, Adamas, China), 2,6–difluorobenzonitrile (DFBN, 99%, TCI, Japan), N,N–

dimethylacetamide (DMAc, 99.8% SafeDry, Adamas, China), dimethyl sulfoxide (DMSO, 99.7% SafeDry, 

Adamas, China) and N-bromosuccinimide (NBS, 99%, Aladdin, China) were used as received. Benzoyl 

peroxide (BPO, 97%, Alfa Aesar, UK) was purified by chloroform-assisted recrystallization. All other reagents 

were obtained from Sinopharm Group Chemical Reagent and used directly.

Preparation of AEMs

Synthesis of 6-(dimethylamino)-N-ethyl-N,N-dimethylhexan-1-aminium bromide (TMHQA) 

monomer

TMHQA was synthesized from TMHDA and bromoethane (Scheme 1), as described elsewhere [40]. Briefly, 

TMHDA (6.4 mL, 30 mmol), bromoethane (1.5 mL, 20 mmol) and 50 mL ethanol were added into a 150 mL 

three−necked flask. The mixture was stirred at room temperature (RT) for 48 h under nitrogen. Then, the 

ethanol was removed using a rotary evaporator and residues were poured into 30 mL diethyl ether to get a 

precipitate. The precipitate was filtered and thoroughly washed with acetone, followed by vacuum drying at 

60 °C for 24 h. The as-obtained product was recrystallized from acetone/diethyl ether mixture (1:1), resulting 

in pure TMHQA (yield: 61%).

alt-text: Scheme 1

Scheme 1



Synthesis of hydroxy–terminated telechelic oligomer(oligomer–OH)

The oligomer–OH was prepared through polycondensation reaction, as shown in  Scheme 2 . In a typical 

reaction, a 150 mL three−necked flask equipping with a Dean–Stark trap, a magnetic stirrer and a gas inlet 

was charged with phenolphthalein (3.3424 g, 10.5 mmol), DFBN (1.3910 g, 10 mmol), K
2
CO

3
 (3.4553  g, 

25 mmol), 30 mL DMAc and 15 mL toluene. Under N
2
 atmosphere, the mixture was refluxed at 140 °C for 

3 h and at 165 °C for another 12 h. Finally, additional 10 mg phenolphthalein was added to assure the end-

capping. After cooled at RT, the mixture was precipitated in 60  °C methanol/water (350  mL, v/v  =  1/1) 

solution. The obtained copolymer was kept stirring for 4 h, filtered, followed by Soxhlet extracting for another 

6 h with methanol. Then a white-colored solid product was obtained after vacuum drying at 65 °C for 24 h. 

Moreover, the oligomer–F was prepared as previous described [ 43 ].

Synthesis of TMHQA.

alt-text: Scheme 2

Scheme 2



Synthesis of multiblock phenolphthalein–based poly(arylene ether sulfone nitrile) (MPPESN)

The typical process of MPPESN synthesis is schematically illustrated in  Scheme 2 . Briefly, equimolar amounts 

of oligomer–OH and oligomer–F were mixed with DMAc, toluene and K
2
CO

3
, and reacted at 145 °C for 4 h 

and at 165 °C for another 20 h under N
2
 atmosphere. Finally, the reaction solution was diluted by additional 

DMAc. The mixture was poured into a methanol aqueous solution and collected by filtration. Then, the as-

obtained copolymer was washed repeatedly using methanol by Soxhlet extracting and dried at 65  °C under 

vacuum to attain MPPESN.

Synthesis process of oligomer–OH, MPPESN, BrPPESN−x  and QPPESN−x .



Bromination of MPPESN

The bromination reaction of MPPESN is shown in Scheme 2. In general, 2  g of MPPESN (containing 

8.43 mmol of –CH
3
) was dissolved in 25 mL of 1,1,2,2-tetrachloroethane (TCE) under stirring. Then, 0.046 g 

of BPO (0.19 mmol) and 0.675 g of NBS (3.79 mmol) were added into the above mixture. The mixture was 

reacted at 85 °C for 4.5 h in a N
2
 atmosphere. Then the reaction solution was dropped into a methanol solution 

(300  mL). The obtained precipitate was collected and washed by using a Soxhlet extractor, followed by 

vacuum drying at 65 °C, which resulted in a yellow solid of BrPPESN−2, where Br represents the bromination 

reaction. In addition, BrPPESN−x, with different bromination degrees, was synthesized by varying the 

feeding ratio of NBS to MPPESN.

Synthesis of quaternized phenolphthalein–based poly(arylene ether sulfone nitrile) (QPPESN−x) 

and membrane preparation

Quaternization of BrPPESN−x was performed by using TMHQA as quaternization reagent (Scheme 2). 

Briefly, 1 g of BrPPESN–2 (containing 1.26 mmol of −CH
2
Br) was dissolved in 20 mL of DMSO under 

agitation. Subsequently, 0.421  g of TMHQA (1.5  mmol) was slowly added into the above mixture. The 

solution was kept stirring at 45 °C for 24 h, then filtered by a PTFE microporous (0.45 μm) filter, cast on a 

glass substrate and dried at 65 °C for 36 h under vacuum. The as-obtained membranes were soaked in KOH 

aqueous solution (1 mol L−1
) for ion exchange and kept in deionized water before use. During this period, the 

AEMs, KOH solution and the deionized water were kept in a chamber which was charged with flowing N
2
 gas 

for protecting from air. The as-prepared AEMs, with a thickness of ~30 μm, were termed QPPESN-2, where Q 

denotes the quaternization.

Characterization

1
H NMR, FT–IR and GPC

1
H NMR spectra were obtained on a Bruker Avance III spectrometer (500 MHz). DMSO‑d

6
 or CDCl

3
 were 

used as deuterated solvents. FT–IR spectra were received by using a Thermo Scientific Nicolet iS50 with an 

accumulation of 32 scans in the range 500–4000 cm
−1

. GPC analysis was conducted on a Waters 1515 system, 

where polystyrene was used as a standard and tetrahydrofuran (THF, HPLC grade) as an eluent 

(1.0 ml min
−1

).

Ion exchange capacity (IEC)

A back–titration method was used to measure the IEC of QPPESN-x AEMs. First, the OH
−

 formed AEMs 

were vacuum dried at 65 °C for 36 h, then soaked into HCl solution (0.1 mol L−1
) for 48 h. Subsequently, the 

back-titration was carried out by using standard KOH solution (0.05 mol L−1
). The IEC value (meq g

−1
) was 

calculated by using Equation (1):

(1)



where m
d

 (g) represents the mass of the dried membrane, and M
o,HCl

 and M
e,HCl

 (meq) refer to the 

milliequivalents of HCl before and after equilibrium, respectively.

Water uptake (WU) and swelling ratio (SR)

To assess the WU and SR, the OH
−

 form AEMs in square shape were soaked into deionized water for 24 h at 

various temperatures. During this period, the AEMs and deionized water were kept in a chamber which was 

charged with flowing N
2
 gas for protecting from air. After being wiped with filter papers, the size (L

wet
) and 

weight (M
wet

) of the hydrated membrane was recorded quickly. Subsequently, the membrane was vacuum 

dried at 65 °C for 36 h to record the corresponding size (L
dry

) and weight (M
dry

) of dried membrane. Then, 

Equations (2) and (3) were used to calculate WU and SR, respectively.

The hydrated number (λ) represents the amount of absorbed H
2
O per functional group and can be determined 

by Equation  (4) :

Atomic force microscopy (AFM) and ionic conductivity

The AFM morphology of AEMs was observed by using AFM5500 (Agilent Technologies, Inc.) under ambient 

conditions and tapping mode. Prior to AFM observations, the samples were equilibrated at 25 °C and 60% 

relative humidity (RH) for 24 h.

A two–electrode AC impedance spectroscopy method was used to measure the resistance of the membranes on 

a Parstat 2273 electrochemical system (Ametek Inc., USA). The testing was performed on the OH
−

 form 

membranes in deionized water at various temperatures from 30 °C to 80 °C in a chamber. The chamber was 

charged with flowing N
2
 gas during the measurement. The hydroxide conductivity values (σ, mS·cm

−1
) were 

calculated by using Equation  (5) :

(2)

(3)

(4)



where l (cm) refers to the measured distance of the adjacent electrodes, R (Ω) and A (cm
2
) refers to the 

resistance and cross–sectional area of the membrane, respectively.

Mechanical characterization, thermal and alkaline stability

The mechanical property of each membrane was measured at 25 °C and 60% RH with a stretching speed of 

5 mm min
−1

 by using WD-300K universal material testing system. Prior to testing, the membranes, with a 

width of 15 mm, were kept in deionized water at 25 °C for 24 h.

The thermal stability was assessed by carrying out thermogravimetric analysis (TGA, SHIMADZU DTG-60H) 

under N
2
 atmosphere at a heating rate of 10 °C·min

−1
. Prior to thermogravimetric analysis, the membranes 

were vacuum dried at 65 °C for 36 h.

The alkaline stability was examined at 80  °C for 360  h by soaking the membrane (OH
−

 form) in KOH 

aqueous solution (1 mol L−1
). During this period, the solution was kept in a chamber which was charged with 

flowing N
2
 gas for protecting from air. The change in IEC and ionic conductivity of the membranes has been 

investigated during the immersion period.

Single cell assembly and measurement

An ionomer solution of QPPESN-2 (5 wt% in DMF) was sprayed onto a 4 cm
2
 catalyst-loaded carbon paper 

(1 mg cm
−2 Pt, Johnson Matthey Co.) to prepare the electrodes and diffusion layer. The membrane electrode 

assembly (MEA) was prepared by sandwiching the QPPESN-2 membrane between two pieces of carbon 

papers and hot-pressing at 60 °C and 0.5 MPa for 8 min. The H
2
/O

2
 single cell measurement was conducted 

on a fuel cell test system (TE201, Kunshan Sunlaite, China) with O
2
 (cathode, 100 mL min

−1
) and H

2
 (anode, 

100 mL min
−1

) at 80 °C under 100% RH.

Results and discussion

Synthesis and characterization of TMHQA and oligomer–OH

TMHQA was synthesized by reacting bromoethane with TMHDA in ethanol at RT for 48 h and the chemical 

structure was characterized by 
1
H NMR. As shown in  (supporting information), the signals at 2.15 and 

2.96  ppm can be ascribed to the methyl of tertiary amine and quaternary ammonium, respectively. By 

comparing the integrated areas of the above two peaks (peaks 1 and 8 in ), the chemical structure of 

TMHQA with a tertiary ammonium group and a quaternary ammonium cation on a single chain was 

confirmed. The signals at 2.31 and 3.19 ppm can be assigned to the methylene adjacent the tertiary amine and 

quaternary ammonium, respectively. The peaks at ~1.32, 1.44 and 1.70 ppm can be indexed to other methylene 

protons on TMHQA. The peak at 4.70 ppm can be assigned to D
2
O. The successful synthesis of TMHQA is 

thus confirmed.

(5)

Fig. S1

Fig. S1



The oligomer–OH was synthesized through polycondensation reactions and the chemical structure was 

characterized by using 
1
H NMR. As shown in  (supporting information), the signals at 7.45 and 

7.24 ppm can be associated with oxy-phenylene rings protons (Hi and Hj), whereas the peaks at 7.08 and 

6.77  ppm can be associated with OH−terminated phenylene rings (Hi' and Hj'), which appears at higher 

magnetic fields by an electron-donating effect of hydroxyl groups. These analyses suggest the successful 

synthesis of oligomer–OH. The polymerization degree of oligomer–OH was n = 17 from GPC ( , 

supporting information). The synthesis of oligomer–F is described elsewhere [43] and the polymerization 

degree was found to be m = 19.

Synthesis and characterization of MPPESN and BrPPESN-x

Block copolymers (MPPESN) were synthesized through the copolycondensation reaction. The 
1
H NMR 

spectrum of MPPESN is presented in  (supporting information). The signals at ~2.05 ppm can be 

ascribed to the protons of benzylmethyl groups on hydrophilic segments (a in ) of MPPESN. The 

characteristic signals of phenolphthalein group have been observed at 7.99, 7.78 and 7.66–7.58 ppm (b, c, d 

and e in ), respectively. In addition, the other signals can be well-assigned to the aimed copolymer 

structure, and the end–group peaks assigned to the telechelic oligomers disappear. These results confirm the 

successful synthesis of the target block copolymers. Furthermore, MPPESN shows a sufficient molecular 

weight (Mn > 84 kDa, ) for membrane formation.

The brominated block copolymers (BrPPESN-x) were prepared through bromomethylation reaction. 

 (supporting information) presents 
1
HNMR spectrum of BrPPESN-2 as a typical example. A 

comparison between  (a) and (b) illustrates that new clear signals around 4.18–4.35  ppm can be 

ascribed to bromomethyl groups (a' in ), and the related signals of benzylmethyl groups decreased in 

size (a in ). These results confirm the successful conduct of bromination reaction. The bromination 

degree can be given as: Bromination degree = 3S
1
/(3S

1
+2S

2
), where S

1
 represents the integrated area of 

bromomethyl groups (–CH
2
Br, two protons) and S

2
 represents the integrated area of remained benzylmethyl 

groups (–CH
3
, three protons). Then the bromination degree of BrPPESN-x was found to be ca. 22.6%, 33.1% 

and 41.5% at x = 1, 2 and 3, respectively, as summarized in Table 1.

Fig.  S2

Table S1

Fig. S3(a)

Fig. S3(a)

Fig. S3(a)

Table S1

Fig.  S3(b)

Fig.  S3

Fig. S3(b)

Fig. S3
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Table 1

Key properties of BrPPESN-x  and QPPESN-x  AEMs.

BrPPESN-x Bromination degree (%) 
a

 AEMs

IEC (meq g
−1

) λ 
d

 

Theo. 
b

 Exp. 
c
 30 °C 60 °C 80 °C

BrPPESN-1 22.6% QPPESN-1 1.54 1.37 10.7 11.8 12.7

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



Table Footnotes

Membrane formation and FT–IR spectrum

The QPPESN-x membranes were prepared by using BrPPESN-x as the base copolymers, and TMHQA as a 

quaternization reagent. 
1
H NMR spectrum of QPPESN-2 ( , supporting information) clearly shows 

characteristic peaks at ~4.65 ppm and 2.97 ppm, which can be associated with protons of N–CH
2
–Ar (a'' in 

) and N–CH
3
 (H

1
 in ), respectively. In addition, the other characteristic peaks from H

2
 to H

5
 

can be assigned to methyl and methylene protons of TMHQA, confirming the successful introduction of 

TMHQA into AEMs.

The chemical structure of QPPESN-x was further determined by FT−IR spectroscopy.  (Supporting 

information) presents FT−IR spectra of BrPPESN-2 and QPPESN-2. The characteristic signals at 2227 cm
−1

 

and 1240 cm
−1

 can be ascribed to symmetric stretching vibrations of nitrile groups and asymmetric stretching 

vibrations of C–O bonds, respectively. In the case of QPPESN-2, the characteristic broad absorption signals at 

~3393 cm
−1

 can be assigned to −OH bonds and the peaks at 1685 cm
−1

 can be attributed to the vibrational 

mode of C–N bonds. Both FT−IR and 
1
H NMR spectra confirmed the successful preparation of QPPESN-x 

AEMs.

IEC, WU and SR of QPPESN-x AEMs

IEC reflects the concentration of exchangeable ion groups in membranes, which significantly influences the 

ionic conductivity of AEMs. The theoretical IECs can be calculated from the copolymer structure, assuming 

that the benzyl bromide groups are totally reacted with TMHQA groups and Br
−

 are exchanged for OH
−

. The 

experimental IECs were estimated by back− titration method. As shown in  Table 1 , the experimental IECs 

ranged from 1.37 to 2.12 meq g
−1

, which are lower than the corresponding theoretical IECs. The discrepancy 

between experimental and theoretical values can be ascribed to the incomplete quaternization, which is caused 

by high steric hindrance effects of the long alkylene chains and phenolphthalein groups in hydrophilic 

segments.

Water molecules can act as ion carriers for OH
−

 transport in AEMs and thus play a critical role in improving 

ionic conductivity. However, excessive water uptake induces severe swelling and leads to inferior mechanical 

strength. Thus, maintaining a suitable level of water uptake in AEMs is crucial for both desirable mechanical 

strength and high ionic conductivity of AEMs. As shown in  Fig. 1 , both WU and SR of QPPESN-x AEMs 

raised with increasing temperature and IEC. For instance, the WU increased from 26.3% to 44.2% at 30  °C 

BrPPESN-2 35.1% QPPESN-2 2.17 1.86 11.2 12.8 14.1

BrPPESN-3 44.5% QPPESN-3 2.58 2.12 11.6 14.3 15.6

a
Calculated from 

1
H NMR spectra.

b
Determined from bromination degree and composition of BrPPESN-x .

c
Measured by back−titration method, and.

d
Calculated from Exp. IECs and WU of AEMs.

Fig.  S4

Fig. S4 Fig. S4

Fig. S5



and 31.3%–59.6% at 80 °C for QPPESN-1 to QPPESN-3, whereas the corresponding SR raised from 8.5% to 

13.7% at 30 °C and 10.3%–19.2% at 80 °C. The AEMs with higher IEC values tend to be more hydrophilic 

and thus higher water uptake. The hydrated number (λ) was also calculated to compare the water uptake 

among various membranes. As listed in Table 1, λ for QPPESN-x ranged from 10.7 to 11.6 at 30 °C and 12.7 

to 15.6 at 80 °C.

The relationship between swelling ratio (80  °C) and IEC values of QPPESN-x with the main-chain type 

AEMs, such as DQRPES-2.4OH (random) [ 26 ], QPAE-a (random) [ 45 ], QPAES–X20Y8 (block) [ 24 ], QA-

(PS140-PDVPPA60-PS140) (block) [ 25 ], MM-PES-1.5-1 (block) [ 27 ] and side-chain type AEMs, such as 

PES-PPH-Py(OH)-100 [ 30 ], QBz-PEEK-70.2% [ 31 ], C18BQAPPO-3 [ 35 ] and FPAES-Im-52 [ 37 ] is 

presented in  Fig. 2 . The QPPESN-x membrane with a similar level of IEC exhibited a much lower swelling 

ratio, which demonstrates the as-prepared AEMs possess high dimensional stability and anti−swelling 

properties. It can be due to the introduction of phenolphthalein and nitrile groups in copolymers ( Scheme 3 ). 

The rigid and bulky cardo groups on phenolphthalein units could force chains apart and generate additional 

interchain spacing, which is beneficial for storage of water molecules. Meanwhile, the nitrile groups with 

strong polarity could strengthen the intra/interchain interaction and restrict the membrane swelling [ 43 , 44 ].

alt-text: Fig. 1

Fig. 1

WU and SR of QPPESN-x  AEMs at different temperatures.

alt-text: Fig. 2

Fig. 2



Ionic conductivity and morphology study

The ionic conductivity of QPPESN-x membranes at various temperatures is presented in  Fig. 3 . In the given 

temperature range, QPPESN-x AEMs exhibited high ionic conductivity above 10 mS cm
−1

, which is a critical 

requirement for fuel cell application [ 46 ]. Moreover, the hydroxide conductivity increased with increasing 

temperature as a result of improved ionic migration and water diffusion. In addition, when the ionic string 

content is increased (QPPESN-1 to QPPESN-3), the hydroxide conductivity increased from 40.1 to 

66.7 mS cm
−1

 at 30 °C and 85.7 to 121.6 mS cm
−1

 at 80 °C owing to the higher IEC and WU. To study the 

ion conduction of QPPESN-x in detail, the conductivity data have been presented in the form of Arrhenius plot 

and apparent activation energy (Ea) is calculated. As shown in  (Supporting information), Ea of 

QPPESN-x membranes decreased with increasing ionic string content and ranged from 13.86 to 

11.45 kJ mol
−1

. Moreover, the Ea values of QPPESN-x membranes are much lower than the reported block-

type membranes [ 26 , 28 ].

Swelling ratio of QPPESN-x  and previously reported membranes as a function of IEC at 80 °C.

alt-text: Scheme 3

Scheme 3

The schematic structure of QPPESN-x  membranes.

Fig.  S6
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Furthermore, QPPESN-x membranes are found to possess higher ionic conductivity at similar levels of IEC.  

Fig. 4  compares the ionic conductivity (80 °C) of QPPESN-x with some recently reported AEMs as a function 

of IEC. It can be readily observed that QPPESN-x membranes render higher ionic conductivity at similar 

levels of IEC values. Similar phenomenon has also been observed in the comparison of conductivity and WU 

of the AEMs, as shown in  (Supporting information). This can be ascribed to the formation of inter-

connected ionic transport channels from the well–defined microphase–separated structure, as demonstrated by 

AFM. As shown in  Fig. 5 ， the dark and cluster-like areas in the AFM images correspond to the water-

contained hydrophilic phase, and the corresponding bright areas represent the hydrophobic phase of copolymer 

backbones [ 25 ]. It can be readily observed that QPPESN-x membranes displayed clear 

hydrophilic/hydrophobic phase–separated morphologies originated from the multiblock and flexible side-chain 

structures ( Scheme 3 ). When the ionic string content increased, the quaternary ammonium groups on the 

flexible side chains of TMHQA tend to concentrate and aggregate, resulting in larger ionic domains. Thus, 

QPPESN-3 exhibited more pronounced ionic domains and superior microphase separation ability to QPPESN-

1. Consequently, larger and abundant inter-connection-transport channels have been formed, which are highly 

desirable for OH
−

 transport, resulting in a lower activation energy and higher conductivity. Therefore, it can 

be concluded that the proposed membrane design, consisting of flexible ionic strings grafted on the 

hydrophilic segments together with the phenolphthalein and nitrile groups, which are suspended on the 

backbones of multiblock copolymers, can effectively enhance ionic conductivity and retain dimensional 

stability of AEMs.

The ionic conductivity of QPPESN-x  membranes at various temperatures.

Fig. S7
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Mechanical characterization and thermal stability

The mechanical properties of AEMs are also considered for practical applications. As listed in  Table 2 , 

QPPESN-x membranes exhibited a tensile strength of 37.1–29.3 MPa and tensile elongation of 13.6–10.5% at 

25 °C under 60% RH. Both tensile strength and elongation decreased with increasing IEC values, which can 

be explained by higher WU and SR of QPPESN-x membranes at higher levels of IEC. The water molecules in 

the membranes can render a plastic effect and restrain the mechanical properties [ 47 ].

Ionic conductivity of QPPESN-x  and previously reported membranes as a function of IEC at 80 °C.
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Fig. 5

AFM phase images of (a) QPPESN-1 (b) QPPESN-2 and (c) QPPESN-3 membranes.
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i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



As shown in  Fig.  6 , the thermal stability of QPPESN-x (OH
−

 form) was evaluated by TGA under N
2
 

atmosphere. The QPPESN-x membranes exhibited three distinct thermal degradation stages: (1) the 1st weight 

loss occurred in the range of 30–200 °C, which can be due to the evaporation of bonded water; (2) the 2nd 

weight loss has been observed from 200 to 400 °C, which can be attributed to the degradation of quaternary 

ammonium groups; and (3) the 3rd weight loss occurred above 400 °C, which can be assigned to the cleavage 

of backbones. Furthermore, the 1st and 2nd weight loss fractions of QPPESN-x are approximately equal to the 

content of ionic strings in the membrane matrix. In general, QPPESN-x membranes exhibited excellent 

thermal stability below 200 °C.

Alkaline stability

The alkaline stability of as-prepared AEMs was investigated by soaking QPPESN-2 membrane in 80 °C KOH 

aqueous solution (1 mol L−1
) and measuring the changes in ionic conductivity and IEC. As shown in  Fig. 7 , 

QPPESN-2 membrane retained ~52% (28.3 mS cm
−1

) of the initial ionic conductivity after being immersed 

for 360 h, whereas the corresponding IEC decreased from 1.86 to 0.81 meq g
−1

. This can be attributed to the 

decomposition of quaternary ammonium cation on TMHQA under alkaline conditions, which may be caused 

by Hofmann elimination and nucleophilic substitution [ 40 , 41 ]. Furthermore, the low hydration levels of the as-

Mechanical properties of QPPESN-x  membranes.

Membrane Tensile strength (MPa) Elongation at break (%)

QPPESN-1 37.1 ± 0.6 13.6 ± 0.4

QPPESN-2 33.8 ± 0.5 12.5 ± 0.3

QPPESN-3 29.3 ± 0.5 10.5 ± 0.3

alt-text: Fig. 6

Fig. 6

TGA curves of QPPESN-x  membranes.



prepared AEMs (Table 1) may be also partly responsible for the low stability. Recent researches showed a 

major degradation of materials (both at molecular levels as well as ionomeric levels) while tested at low 

hydration levels as compared to the high hydration levels in the alkaline environment [48–51]. However, the 

alkaline stability of as-prepared AEMs can be further improved. For instance, Shahi et al. [41] have reported 

that AEMs, with the same functionality but longer alkyl chain length on quaternary ammonium groups, exhibit 

better alkaline stability. Moreover, it has been found that methyl-based quaternary ammonium groups show 

much higher stable than ethyl-based QAs (regardless if it is mono, di, or tri ethyl) [49–51]. Recently, it has 

been also reported that AEMs bearing N-spirocyclic quaternary ammonium cations, e.g., pyrrolidinium and 

piperidinium cations, demonstrate superior alkaline stability [52–54]. These studies can serve as a baseline to 

improve the alkaline stability of as-prepared QPPESN-x membranes in future work.

Single cell performance

The QPPESN-2 membrane was chosen as a typical candidate for the MEA preparation and H
2
/O

2
 single cell 

test. As shown in  Fig.  8 , an open circuit voltage (OCV) of 0.93  V and a maximum power density of 

76.3 mW cm
−2

 can be achieved for the single fuel cell under 100% RH at 80 °C. Furthermore, there is still 

room to enhance the single cell performance by optimizing the electrode architecture, MEA fabrication 

method and operating conditions [ 55 , 56 ]. Further work will focus on the optimization of these factors.
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Fig. 7

Alkaline stability of QPPESN-2 in 80 °C KOH aqueous solution (1 mol L−1
).

alt-text: Fig. 8

Fig. 8



Conclusions

In summary, a series of novel AEMs has been prepared by selectively grafting flexible ionic strings on 

phenolphthalein-based poly(arylene ether sulfone nitrile) multiblock copolymers. Owing to the high mobility 

and density of ionic strings on hydrophilic segments and the introduction of bulky phenolphthalein groups and 

strongly polar nitrile groups on hydrophobic segments, as-prepared QPPESN-x membranes rendered 

well−defined hydrophilic/hydrophobic microphase separation, resulting in the formation of inter-connected 

ion-transport channels and endowing anti-swelling properties. The IEC of QPPESN-x membranes ranged from 

1.37 to 2.12 meq g
−1

, whereas the water uptake ranged from 26.3 to 44.2% at 30 °C and 31.3–59.6% at 80 °C. 

Correspondingly, the swelling ratio of QPPESN-x membranes ranged from 8.5 to 13.7% at 30 °C and 10.3–

19.2% at 80  °C. Furthermore, QPPESN-x membranes rendered high hydroxide conductivity, ranging from 

40.1 to 121.6 mS cm
−1

 in the temperature of 30–80 °C, respectively, and superior ionic conductivity to IEC 

ratio at 80 °C. Moreover, the as-prepared QPPESN-x membranes exhibited desirable mechanical properties, 

excellent thermal stability below 200  °C and optimizable alkaline stability. A single H
2
/O

2
 fuel cell using 

QPPESN-2 showed an open circuit voltage of 0.93 V and a peak power density of 76.3 mW cm
−2

 at 80  °C. 

The current work presents an effective strategy of synthesizing high-conductivity AEMs, while the QPPESN-x 

membranes have the potential application for the AEM materials in AEMFCs. However, the controlled 

polymerization for the synthesis of block copolymers is still a challenge for the industrial production. Thus, 

our further work will focus on optimizing the synthetic process and alkaline stability of AEMs, MEA 

fabrication and fuel cell testing condition.
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