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Abstract 

Vinylbenzyltrimethylammonium hydroxide (VBA) and styrene (St) cografted poly(ethylene-

co-tetrafluoroethylene) anion exchange membranes (VBA/St-AEM) were prepared by the 

radiation-induced graft polymerization of chloromethylstyrene and St and sequential 

quaternization and anion exchange reactions. Increasing the St content in the grafts to 63% 

resulted in a gradual 21% and 34% decrease in the conductivity and water uptake, respectively, 

compared to those in the VBA-homo-grafted AEM. AEMs with a higher St content (81%) 

showed a 9% and 18% higher conductivity and water uptake, respectively. Small-angle neutron 

scattering showed that the sudden growth of “water puddles” consisting of water-rich nano-

domains dispersed randomly in phase-separated hydrophilic ion channels enhanced the 
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conductivity and water uptake. In the alkaline durability test of VBA/St-AEM in 1 M potassium 

hydroxide at 80 °C for 720 h, the loss of the conductivity was suppressed from 43% to 8%, 

when the St contents in the grafts were increased from 0% to 63%. 

 
1. Introduction 

Anion exchange membranes (AEMs) have attracted considerable attention because non-

precious metals, such as nickel, cobalt, and iron, can be used to prepare anion exchange 

membrane fuel cells instead of expensive platinum.[1-4] However, compared to proton exchange 

membranes (PEMs), AEMs have several issues, such as lower power-generation efficiency, 

low durability, and mechanical stability.[5-7] In particular, the chemical stability of AEMs can be 

improved under alkaline conditions. Many researchers have focused on AEMs consisting of 

quaternary alkylammonium[8-10] and imidazolium[11-15] groups. Unfortunately, solving the chemical 

stability in alkaline solution at a high temperature (80 °C) is still a challenge. Understanding 

the degradation mechanisms of AEMs in alkaline solutions is important for improving their 

chemical stability. On the other hand, there are still limited examples to reveal the degradation 

mechanism of AEMs. For example, hydroxide ions attack benzyltrimethylammonium and 

imidazolium cations to produce benzyl alcohol and ring-opening products in alkaline solutions 

at high temperatures, respectively. Moreover, AEMs with hydrogen atoms at the b-positions 

from nitrogen atoms of ammonium and imidazolium groups are subjected to the Hoffmann 

elimination reaction in alkaline solutions at high temperatures.[16-20] Although base polymers 

should be important components to improve the chemical stability of AEMs,[21-24] it is important 

to improve their alkaline stability; hence, ionic groups should be designed.  

One promising method to improve the durability to alkaline environments is incorporating a 

hydrophobic alkyl spacer next to the ionic groups. Hibbs et al. reported improvements in 

alkaline stability when the ionic groups are separated from the polymer backbone by an alkyl 

spacer.[25] The conductivity of poly(phenylene)-based AEMs was decreased by 33% after 
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immersion in 4 M aqueous potassium hydroxide (KOH) for two weeks at 90 °C. In contrast, 

poly(phenylene)-based AEM with an alkyl spacer decreased by only 5% under the same 

conditions, i.e., the alkaline stability of poly(phenylene)-based AEM was enhanced by 

introducing an alkyl spacer. Wan et al. reported a spindle-shaped AEM based on poly(arylene 

ether ketone) having quaternary ammonium hydroxide via a hexyl side chain. The spindle-

shaped AEM retained 64.8% of its initial conductivity after immersion in a 1 M sodium 

hydroxide (NaOH) solution for 15 days at 60 °C. The alkyl side chain between the polymer 

backbone and quaternary ammonium hydroxide improved the alkaline stability.[26] Bae et al. 

synthesized polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene triblock copolymers 

functionalized with alkyl-substituted quaternary ammonium groups and compared various 

cations on the vinyl polymer backbone: trimethyl, piperazine, dicylcohexyl, diisopropyl, and 

hexyl moieties.[27] These AEMs remained chemically stable for four weeks in 1 M aqueous 

NaOH at 60 °C and 80 °C.  

The authors have concentrated on developing graft-type PEMs and AEMs by radiation-

induced graft polymerization.[28-38] The advantage of radiation-induced graft polymerization is the 

introduction of ionic groups containing graft polymers into mechanically and thermally tough 

polymers, such as poly(ethylene-co-tetrafluoroethylene) (ETFE) and poly(ether ether ketone), 

while maintaining these properties.[31-33] Therefore, these graft-type PEMs and AEMs composed 

of a mechanically and thermally tough crystalline substrate and ionic grafts will solve the 

problem of low alkaline stability. A previous study reported alkylammonium-containing 

membranes, poly(vinylbenzyltrimethylammonium hydroxide)-grafted ETFE (VBA-AEM), 

with ion-exchange capacities (IECs) of 1.35–2.35 mmol/g. VBA-AEM with a high IEC broke 

into several pieces after only three days in 1M KOH at 80 °C.[35,37] A similar problem has been 

observed by other groups. In particular, graft-type AEMs with a high water uptake (WU) of 

127% did not maintain their shape in 10 M NaOH at 60 °C.[39] The high basicity of 



  

4 
 

tetramethylammonium hydroxide might cause the decomposition of ETFE or the grafted 

chains. 

The IEC affects the conductivity, WU, and dimensional stability. Previously reported VBA-

AEMs with IECs of 1.35–2.35 mmol/g have a high WU, leading to low alkaline stability caused 

by the nucleophilic attack of hydroxide ions. As mentioned above, introducing hydrophobic 

alkyl groups is an effective way to improve the alkaline stability. The ionic groups are separated 

from the polymer backbone by a long alkyl spacer and are sterically crowded with a long alkyl 

chain. Thus, the introduction of hydrophobic groups to graft chains would improve the alkaline 

stability of graft-type AEM. On the other hand, the effects of hydrophobic substitutes in the 

grafts have not been investigated systematically for VBA-AEMs.  

This paper reports the synthesis of poly(vinylbenzyltrimethylammonium hydroxide-co-

styrene)-grafted ETFE membrane (VBA/St-AEM) by the radiation-induced graft 

polymerization of chloromethylstyrene (CMS) and styrene (St), followed by quaternization and 

ion-exchange reactions. To understand the effects of hydrophobic St in the graft chain, this 

study examined the conductivity, WU, mechanical property, and alkaline stability of AEM in 1 

M KOH at 80 °C as a function of the St contents in the AEMs. Furthermore, the microscopic 

structures of VBA/St-AEM equilibrated in water were also investigated by small-angle neutron 

scattering (SANS).  

 
2. Results and discussion 

2.1. Preparation and characterization of graft-type AEMs 

The ETFE films were pre-irradiated with 10–30 kGy in the presence of nitrogen gas at room 

temperature, according to the procedure reported elsewhere.[35] Subsequently, the films were 

immersed in a 50 vol% solution of CMS and St in xylene or neat at 60 °C for 1–48 h. (Scheme 

1 (a) and Table S1). Poly(chloromethylstyrene-co-styrene)-grafted ETFE (ETFE-g-CMS/St) 

with grafting degrees (GDs) of 31–153% was prepared by the radiation-induced graft 
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polymerization of CMS and St with varying volume ratios (CMS/St = 10/0, 8/2, 7/3, 5/5, 4/6, 

and 2/8). The molar ratio of CMS and St in the graft polymers could not be estimated simply 

by nuclear magnetic resonance (NMR) spectroscopy because the graft-type ETFE films 

prepared by radiation-induced graft polymerization were insoluble in organic solvents. 

Therefore, the estimated molar ratio of CMS and St will be discussed in detail in the 

characterization of the final AEMs. 

 

 

 

Scheme 1. Preparation procedure of VBA/St-AEM. (a) Radiation-induced graft polymerization 

of CMS and St into the ETFE film; (b) Quaternization by TMA and ion-exchange reaction by 

KOH. 

 

A previous study reported the quaternization of the ETFE-g-CMS in a 30% trimethylamine 

(TMA) aqueous solution at room temperature for 10 h to give 
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poly(vinylbenzyltrimethylammonium chloride)-grafted ETFE (the chloride form of VBA-

AEM) in almost quantitative yield.[35] Given that the quaternization of ETFE-g-CMS/St 

proceeded quantitatively, the molar ratio of CMS and St in the graft chain could be estimated 

from the gravimetric changes before and after quaternization (see Supporting Information). 

When the quaternization of ETFE-g-CMS/St with GDs of 31–153% was conducted under the 

same conditions for 24 h (Scheme 1 (b)), the estimated molar ratios of CMS/St of the ETFE-g-

CMS/St were 100/0, 91/9, 65/35, 46/54, 37/67, and 19/81 in the graft chain (Table S2). The 

chloride ion contents, i.e., a millimolar amount of chloride ions per 1 g of the dry chloride form 

of VBA/St-AEM (IECCl), were estimated to be 0.94–1.33 mmol/g from the weight change 

(Table S2). The IECCl of VBA/St-AEM (Cl form) with different GDs were similar, which was 

advantageous in comparing the effects of St in the graft chain. The chloride form of VBA/St-

AEM was converted to the hydroxide form to obtain the VBA/St-AEM.  

The completion of quaternization of ETFE-g-CMS/St and ion-exchange reaction from the 

chloride to hydroxide form in VBA/St-AEM was confirmed by scanning electron microscopy–

energy-dispersive X-ray spectroscopy (SEM-EDX) analysis of cross-sections of these 

membranes. The SEM-EDX spectrum of a cross-section of ETFE-g-CMS/St (5/5) with a GD 

of 43% indicated that chloride ions were distributed homogeneously in the grafted film; i.e., the 

graft polymerization of CMS proceeded in the perpendicular direction of the ETFE film. This 

behavior concurs with a previous report showing a homogeneous distribution of graft chains 

according to SEM-EDX.[29] 

A new peak at 2.63 eV corresponding to chloride atoms appeared in the SEM-EDX spectrum 

of ETFE-g-CMS/St (5/5) with a GD of 43%, along with fluorine, silicon, and gold atoms 

derived from the substrate and sample preparation (Figure 1). As shown in Scheme 1 (b), there 

were no significant changes in the SEM-EDX spectra by quaternization. In particular, the peak 

for chloride atoms derived from the counter anion was also observed at 2.63 eV. The chlorine 

peak at 2.63 eV disappeared in the SEM-EDX spectrum of a cross-section of VBA/St-AEM 
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(5/5) with an IEC of 0.84 mmol/g, indicating the ion-exchange reaction proceeded very quickly 

and quantitatively in 3 h (Figure 1).  

 

 

Figure 1. SEM-EDX spectra of (a) ETFE-g-CMS/St with a GD of 43%, (b) chloride form of 

VBA/St-AEM (5/5) with an IECCl of 1.02 mmol/g, (c) VBA/St-AEM with an IEC of 0.84 

mmol/g, and (d) chloride form of VBA/St-AEM (5/5) with an IECCl of 1.03 mmol/g. 

 

2.2. Electrolyte properties of graft-type AEMs 

The chloride form of VBA-AEM and VBA/St-AEM with IECCl values ranging from 0.94 to 

1.33 mmol/g showed conductivities of 3.9–11 and 14–26 mS/cm at 20 °C and 60 °C, 

respectively (Table S2). The WU of the chloride form of VBA-AEM and VBA/St-AEM ranged 

from 11% to 19% at 20 °C (Table S2). The conductivities of VBA/St-AEM were measured in 

N2 bubbled water because the hydroxide form of the AEM is converted quickly to the 

bicarbonate form in non-N2 bubbled water (i.e., water containing dissolved CO2). As shown in 

Table 1, VBA/St-AEM with IEC values ranging from 0.78 to 1.06 mmol/g showed 

conductivities of 45–59 and 70–97 mS/cm at 20 °C and 60 °C, respectively. The yields of the 

conversion of VBA/St-AEM from the chloride to hydroxide were 77–89% as determined by 
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titrimetric analysis, as shown in Table 1. In a previous paper, the conversion of VBA-AEM 

was 88‒92%. Specifically, the IEC of the membrane was approximately 90% based on the 

expected IEC calculated using a millimolar amount of quaternary ammonium salt in a unit 

weight (1 g) of the AEM.[35] However, the IECs of VBA/St-AEM were slightly lower than those 

of previously reported membranes, even though SEM-EDX did not show a chlorine peak. A 

possible explanation for the lower IEC may be the hydrophobicity of St in the graft chain that 

results in an incomplete ion-exchange reaction from hydroxide to the chloride ion. 

The conductivity and WU of these AEMs at 60 °C and room temperature were plotted as a 

function of the St content (Figure 2). The AEMs showed a steady decrease in conductivity from 

89 to 70 mS/cm with increasing St content in a graft chain from 0% to 63%. The WU of AEMs 

also decreased slightly from 44% to 29% with increasing St content up to 63%. Interestingly, 

both the conductivity and WU of the AEMs increased suddenly and significantly (97 mS/cm 

and 52%, respectively) at a St content of 81%. Note that the chloride form of the VBA/St-AEM 

membranes, where the counter anion is Cl−, exhibited a similar trend (Table S2).  

 

 

Figure 2. WU measured at 20 °C (red closed circle) and conductivities measured at 60 °C (blue 

closed circle) for VBA/St-AEM as a function of the molar ratio of St in the graft chains. 
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Generally, an increase in St content in a graft chain increases the hydrophobicity of the graft-

polymer chain. Therefore, a suppressed conductivity and WU for the membranes appear 

rational. This was the case when the St content was less than 63%. However, further increases 

in St content showed an opposite result, which contravenes the typical correlations of the 

conductivity and WU with the hydrophobicity of the membranes. A random distribution of 

CMS and St in the graft component might prevent the separation of the two monomer units into 

hydrophilic and hydrophobic domains, leading to dilution and an increase in the hydrophilic 

region. This may be related to the increase in free volume by the introduction of  more St groups, 

resulting in structural rearrangement of the ion channels.  

 

2.3. Structural analysis on VBA/St-AEM with different St contents 

The microscopic structures of these VBA/St-AEMs equilibrated in heavy water (D2O) were 

compared using the SANS method to quantify the structural features as a function of the 

hydrophobicity of the membrane, which cannot be explained simply by the difference in the 

chemical structures of the AEM.[40-42] The SANS intensity profiles, I(q), of these VBA/St-AEMs 

with different St contents equilibrated in D2O were plotted as a function of the scattering vector, 

q, as shown in Figure 3.  
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Figure 3. SANS profiles measured for VBA/St-AEM (10/0, 9/1, 6/4, 5/5, and 2/8) with 

different St contents equilibrated in D2O at room temperature. The best-fitted theoretical solid 

lines based on hard-sphere (HS) liquid model analysis are also shown. Inset: St concentration 

dependence of Rs obtained from the HS liquid model. 

 

A previous study concluded that all the hydrated graft-type AEMs might have structural 

commonalities in that microphase separation between conducting and non-conducting phases 

based on the morphological features of the radiation-grafted AEMs with graft copolymers of 2-

methyl-N-vinylimidazolium and styrene (2MNVIm/St-AEMs).[41,43] In that system, the 

conducting phase was made from graft polymers and water. The non-conducting phase 

consisted of fluorinated base polymers and a small fraction of graft polymers embedded in the 

base polymers. This microphase separation was observed over the entire range of GDs and IECs 

of the graft-type AEMs. The length scale of the conducting/non-conducting phases depends on 

the original alternating crystalline/amorphous domains in the base polymers. In the ETFE-based 

graft-type AEMs, a broad peak originated from conducting/non-conducting microphase 

1

10

0.4 0.6 0.8 1 3 5 7

I (
q)

 (c
m

-1
)

q (nm-1)

0.5

1

1.5

2

2.5

0 20 40 60 80

R
s 

(n
m

)

St (%)

VBA/St-AEM
10/0
9/1
6/4
5/5
2/8



  

11 
 

separation at q < 0.8 nm−1 (real space, d = 8 nm). The d value shifted slightly to a longer distance 

with increasing GDs and IECs.[41,43] In the SNAS profiles of graft-type AEMs, the GDs and IECs 

of the AEMs significantly affected the microstructures in the hydrophilic conducting phase on 

a length scale of 3−5 nm.[41,43] Therefore, this study focused on structural analysis of the SANS 

profiles at q > 0.8 nm−1, as shown in Figure 3, and discussed the microstructures of VBA/St-

AEM by comparing them with those of previously reported graft-type ETFE-based AEMs.  

A clear scattering maximum at 1 nm−1 < q < 4 nm−1 was observed for all AEMs, which is the 

so-called ionomer peak, indicating the formation of ionic clusters in the presence of water. The 

peak position, qm, shifted toward a small-q range, and the peak intensity, Im, increased 

continuously with increasing St content. A similar phenomenon was observed in previous 

studies on 2MNVIm/St-AEMs when the St content (hydrophobicity) of the graft polymers was 

increased to more than 60%.[41,43] Therefore, a similar structural analysis was performed on the 

ionomer peak, assuming that the peak is related to the water-rich nano-domains like “water 

puddles” dispersed randomly and phase-separated from the homogeneous graft/water domains. 

The hard-sphere (HS) liquid model was used to fit the profiles. The theoretical curves were well 

fitted to the profiles at the higher q region, as shown by solid lines in Figure 3. Table 2 lists 

the average radius of the spherical water puddles (Rs) in the conducting regions from the best 

fitting results. The inset in Figure 3 shows Rs as a function of the St content. A steady increase 

in Rs was observed when the St content was less than 60%, and Rs then increased quickly. This 

indicates the tendency of the size change in water puddles. This ionomer peak was never 

observed in the dry AEMs, by either SANS or small-angle X-ray scattering techniques because 

of the poor contrast between the graft polymers and the ionic head.  

In addition to the change in puddle size, more information on the water distribution over the 

entire membrane was also expected. Therefore, the exact volume fractions of water in puddles 

(fw_puddle) and in other conducting layers with the graft polymers (fw_graft) should be determined 
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quantitatively. When the sphere fraction of a water puddle (fs) is defined as the ratio of fw_puddle to 

the total volume fraction of the conducting phase (fcon), fw_puddle can be expressed simply as 

Equation (1): 

 

f!_#$%%&' = 	𝑓+ ×	f-./ (1) 

 

fcon is the sum of the volume fractions of the graft polymers in the conducting phase (fcon_graft) 

and water (fw), as follows: 

 

f-./ = 	f-./_01234 + 	f! (2) 

 

fw is calculated using Equation (3): 

 

𝜙7 =	

𝑊𝑈/100(1 + 𝐺𝐷/100)
𝑑7

1
𝑑BCDB

+ 𝐺𝐷/100𝑑EFGHI
+ 𝑊𝑈/100(1 + 𝐺𝐷/100)𝑑7

 (3) 

 

where dETFE, dgraft, and dw are the mass densities of ETFE base film, grafts, and water, being 1.7, 

1.0, and 1.0 g/cm3, respectively.[40-43] Therefore, fw can be estimated in terms of GD and WU for 

each AEM, as listed in Table 2. This study took advantage of the fact that the volume ratio of 

conductive graft polymers to the total graft polymers (fcon_graft/fgraft) is close to the IECexp./IECcal. ratio 

to obtain the fcon_graft values. According to Table 1, IECexp./IECcal. for all AEMs was ~0.8. Therefore, 

it can be reasonably assumed that 
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f-./_01234 = 	 0.8	 × 	f01234 (4) 

 

fgraft is calculated using Equation (5).  

 

𝜙EFGHI = 	

𝐺𝐷/100
𝑑EFGHI

1
𝑑BCDB

+ 𝐺𝐷/100𝑑EFGHI
+ 𝑊𝑈/100(1 + 𝐺𝐷/100)𝑑7

 (5) 

 

Combining Equations (1)–(5), fw-puddle and fw-graft (= fw-fw-puddle) can be estimated for each AEM, as 

listed in Table 2. The water distribution in the membranes can be visualized by plots of fw, fw-

puddle, and fw-graft as a function of the St content, as shown in Figure 4.  

 

 

Figure 4. Plots of fw, fw_puddle, and fw_graft as a function of the St content. 
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0.34 (~25% net increase) at St contents higher than 63%. Although the total water volume fw 

was relatively constant at St contents lower than 63%, two components, fw-puddle and fw-graft, increased 

and decreased with increasing St content, respectively, to cancel each other. The significant 

increase in fw with increasing St content from 63% to 81% appeared to result from only the 

increase in fw_puddle (15‒22%) but not fw_graft (13‒13%). A previous study on 2MNVIm/St-AEMs 

revealed a homogeneous water distribution in graft polymers at St contents lower than 60%.[41] 

However, the conducting phase in VBA/St-AEM caused phase separation of the heterogeneous 

water-puddle structures from the graft/water coordinate matrix, even for the VBA-AEM, which 

has no hydrophobic St unit. This is probably due to the strong basicity of ammonium hydroxide 

compared to the imidazolium group in 2MNVIm/St-AEMs, being capable of more water 

association in the membranes. The number density of water puddles (npuddle) in the AEM relevant 

to VBA-AEM (10/0) was estimated to determine how the water puddles associate with one 

another in the membrane as a function of the St content, as follows: 

 

𝑛#$%%&'
𝑛#$%%&',NO = 	

f!_#$%%&'𝑅Q,N
R

f!#$%%&',N𝑅Q
R  (6) 

 

where npuddle,0, Rs,0, and fw_puddle,0 represent the number density, average radius, and volume fraction 

of the water puddles in VBA-AEM (10/0), respectively. The resulting npuddle/npuddle,0 showed a 

continuous decrease with increasing St content (Table 2). npuddle/npuddle,0 decreases to 0.2 when the 

St content was increased to 83%. This result shows that the water puddles may coalesce and 

grow larger with increasing St content, as illustrated in Figure 5. 
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Figure 5. Illustrations of water puddles distributed in VBA/St-AEM with different St contents. 

 

The enhancement of the ionomer peak with increasing St content is due mainly to the increase 

in the volume fraction of water puddles, as shown in Figure 3. The water distribution with the 

graft polymers (fw-graft) decreased continuously because of the increase in hydrophobicity of the 

graft polymers, which is always true no matter how the heterogeneity of the matrix varies. The 

sudden increase in fw at St contents > 60% was because the rapid increase in fw-puddle outweighs 

the slight decrease in fw-graft. According to a previous study, this was partially due to the stronger 

hydrophilic/hydrophobic segregation power between the graft polymers and water[41] and 

partially due to the formation of an extra conducting phase made from graft polymers outside 

of the crystalline stacks because of the extremely high GD over 100%.[44] This different grafting 

phase extends beyond the original semi-crystalline frames and behaves less constrained, which 

weakens the chemical and dimensional stabilities of the membrane and easily holds water.[40] 

 

2.4. Thermal and mechanical properties of graft-type AEMs 

The effects of St on the thermal and mechanical properties of AEMs were examined by 

thermogravimetric analysis (TGA) and tensile testing. The chloride form of VBA-AEM and 
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VBA/St-AEMs was used because the hydroxide form of the AEM is converted easily to the 

bicarbonate form. The thermal and mechanical stabilities of AEMs with the chloride form are 

generally higher than those of the corresponding hydroxide forms but are relatively parallel. 

Hence, it is reasonable to discuss the effects of St on the thermal stability of the AEMs with the 

chloride forms. The chloride form of VBA-AEM with a calculated IECCl of 1.14 mmol/g showed 

a three-step degradation process (Figure S1). This is a similar profile to previous data of the 

chloride form of VBA-AEM.[35] The first weight loss was observed at approximately 202 °C 

(determined as the onset temperature by extrapolation) (Table S3). A previous study reported 

the decomposition mechanism of the chloride form of VBA-AEM by TGA-mass 

spectroscopy.[35] The first decomposition was assigned to the degradation of the ionic group, i.e., 

the elimination of TMA. The second and third weight losses observed at approximately 376 °C 

and 494 °C were assigned to the degradation of the graft polymers and the ETFE substrate, 

respectively.[31,35,37]  

The St-cografted VBA/St-AEM chloride form showed similar decomposition behavior to 

VBA-AEM except for the different ratios of weight losses between the ionic groups and graft 

polymers. The chloride form of VBA/St-AEM (5/5) with an IECCl of 1.02 mmol/g and VBA/St-

AEM (2/8) with an IECCl of 0.96 mmol/g exhibited a lower decomposition temperature than the 

chloride form of VBA-AEM, despite its similar IEC. The first degradation temperature 

decreased from 199 °C to 178 °C with increasing St molar ratio in the graft chain, probably 

because of a change in the segmental motion of the graft chains. In particular, the low glass 

transition temperature of the polystyrene (PSt) units in the graft chains decreased the 

decomposition temperature of VBA/St-AEM. The effects of the St contents on the 

decomposition temperatures of the AEMs were also supported by derivative differential thermal 

analysis (DDTA) of the chloride form of VBA-AEM and VBA/St-AEM (Figure S2). The 

temperatures at the inflection point of the chloride form of VBA/St-AEM (203‒229 °C) were 

lower than those of VBA-AEM (233‒241 °C). Accordingly, the St units in the graft chain 



  

17 
 

affected the thermal stability of the graft-type AEMs. DDTA analysis provided information on 

the stability of ETFE base polymers. The temperature at the inflection points of VBA-AEM 

and VBA/St-AEMs at approximately 260 °C, which was attributed to the melting point of the 

ETFE units, was relatively constant, even by changing the GDs and the St contents.[45,46] Hence, 

the introduction of PSt and ionic ammonium hydroxide group did not affect the ETFE.[31] 

Therefore, the introduction of a PSt graft chain and ionic ammonium hydroxide group did not 

affect the thermal properties of the ETFE-based polymer units in the AEMs.  

The tensile strength and the elongation at break of the chloride form of VBA-AEM with an 

IECCl of 1.24 mmol/g and VBA/St-AEM (5/5) with an IECCl of 1.25 mmol/g were measured 

under atmospheric conditions to understand the effects of St in the graft chain on the mechanical 

properties, which is one of the critical properties for preparing the membrane electrode 

assemblies and the long-term stability during fuel cell operation. The chloride form of VBA-

AEM and VBA/St-AEM (5/5) showed high tensile strength (43 and 44 MPa, respectively) 

(Table S4). The chloride forms of VBA-AEM and VBA/St-AEM (5/5) exhibited elongation at 

breaks of 100% and 70%, respectively. Pure PSt has a relatively low elongation at break (<5%). 

The increases in the PSt unit in the graft chain decrease the elongation at break of the VBA/St-

AEMs. The introduction of St in the graft chain decreased the elongation at break. 

 

2.5. Alkaline stabilities of graft-type AEMs 

The effects of hydrophobic St in the graft chain on the alkaline durability of the AEMs were 

evaluated by comparing the stabilities of VBA/St-AEM with VBA/St ratios of 5/5 and 4/6 and 

IECs of 0.84 and 0.85 mmol/g with a VBA-AEM with a similar IEC (0.97 mmol/g). As a metric 

of the alkaline stability, the changes in the conductivities of the AEMs in 1 M KOH at 80 °C 

were monitored and plotted as a function of the immersion time (h), as shown in Figure 6. The 

conductivity of VBA-AEM, which has no hydrophobic St unit in the grafts, decreased with 

increasing immersion time in a 1 M KOH solution at 80 °C and decreased to 60% of the initial 
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level at 720 h. In contrast, hydrophobic St cografted VBA/St-AEMs (5/5) and (4/6) maintained 

their initial conductivities, even after 720 h (Figure 6).  

 

 

Figure 6. Time course of the conductivities of VBA-AEM with an IEC of 0.97 mmol/g (black 

open circles), VBA/St-AEM (5/5) with an IEC of 0.84 mmol/g (red closed circles), and 

VBA/St-AEM (4/6) with an IEC of 0.85 mmol/g (blue closed square) after immersion in a 1 M 

KOH aqueous solution at 80 °C, measured at 20 °C in nitrogen-saturated deionized water. 

 

Table 3 lists the IECs of the tested AEMs after the 720 h alkaline stability test. The IEC of 

VBA-AEM retained 64% of the initial IEC value. The AEMs with higher St contents in the 

grafts retained higher initial IEC values, i.e., VBA/St-AEMs (5/5) and (4/6) exhibited IECs 

with initial values of 83 and 89%, respectively. Accordingly, the hydrophobic St units in the 

graft chain improved the alkaline stability. They suppressed the degradation of the anion-

conducting group (ammonium cation) of the graft-type AEMs, resulting in improved alkaline 

stability. This is a similar effect to the alkyl-substituents on ammonium group and alkyl spacer 

between the polymer backbone and the ammonium group, as mentioned in the introduction.[25-27]  
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Similar to monitoring the IECs of the post samples after the alkaline stability test for 720 h, 

the effects of St in the graft chain on the mechanical properties of graft-type AEMs under 

alkaline conditions was examined (Table S4). VBA-AEM with an IECCl of 1.24 mmol/g and 

VBA/St-AEM (5/5) with an IECCl of 1.25 mmol/g were converted from the hydroxide to 

chloride form by immersion in 0.5 M hydrochloric acid for five days before measuring the 

tensile strength and elongation at break. The tensile strength of the chloride form of VBA-AEM 

and VBA/St-AEM (5/5) decreased from 43 and 44 MPa to 18 and 21 MPa, respectively, in 1 

M KOH at 80 °C for 720 h. These values were less than 50% of the initial levels. The elongation 

at break also decreased to 11% and 6% of the initial values, respectively. Unfortunately, the 

mechanical properties of VBA/St-AEM (5/5) decreased in 1 M KOH at 80 °C. Recently, 4-

vinylimidazolium/styrene-cografted AEMs were also reported to show decreases in tensile 

strength to 63% of the initial level in 1 M KOH at 80 °C for 24 h.[47] In contrast to the effects on 

the IEC changes, the introduction of hydrophobic St units in the grafts had no positive effect 

on enhancing the mechanical properties of the AEMs in alkaline environments, suggesting 

degradation with a structural change in the base polymer ETFE in an alkaline solution at high 

temperatures.  

The degradation mechanism of the graft-type AEM in an alkaline solution at the molecular 

level was examined by observing the structural changes to VBA-AEM with an IECCl of 1.24 

mmol/g and VBA/St-AEM (5/5) with an IECCl of 1.25 mmol/g before and after the alkaline 

stability test for 720 h by FT-IR spectroscopy using the potassium bromide method (Figure 7). 

The chloride forms were used for FT-IR analysis because of the stability of the AEMs, as 

mentioned in the previous section. For VBA-AEM, the intensity of the absorbance at 

approximately 1490 cm−1, corresponding to the quaternized ammonium group, decreased. The 

absorbance corresponding to the quaternized ammonium group of the post-tested VBA/St-

AEM (5/5) showed a slight decrease. These results are in good agreement with the IEC changes 

after the alkaline stability test, i.e., the decreases in IECs and conductivities of the AEMs were 
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attributed to the degradation of the quaternized ammonium group, similar to the conventional 

degradation manner (Figure 8). The St in the graft chain suppressed the attack of the hydroxide 

anion and enhanced the alkaline stability.  

 

   

Figure 7. FT-IR spectra of the (a) chloride form of VBA-AEM with an IECCl of 1.24 mmol/g 

and (b) chloride form of VBA/St-AEM (5/5) with an IECCl of 1.25 mmol/g before and after 

immersion in 1 M KOH at 80 °C for 720 h. 

 

 

Figure 8. Proposed degradation mechanism of the graft-type AEM in 1 M KOH at 80 °C. 
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The decreases in the tensile strength and elongation at break might be due to the 

decomposition of ETFE by the attack of hydroxide ions in VBA-AEM, which is a strong base, 

even though no spectral changes in ETFE were not observed in the FT-IR spectrum after 

immersion in 1 M KOH at 80 °C for 720 h. Pristine ETFE, which exhibits a tensile strength of 

53 MPa and elongation at breaks of 103%, was stable in a 1 M KOH solution at 80 °C for 720 

h with no changes in the mechanical properties (Table S4). One explanation for the above 

stability of ETFE under alkaline conditions is that the polymer chains of ETFE were stable 

under the above alkaline stability test conditions for at least a few days. On the other hand, they 

were unstable in the hydrated graft-polymer phase containing tetraalkylammonium hydroxide, 

which is one of the strongest organic bases, at 80 °C.  

The following tests support this hypothesis. Even in pure water at 80 °C, VBA-AEM with an 

IEC of 1.54 mmol/g exhibited similar degradation behavior to that observed in 1 M KOH. 

Although there was no change in conductivity, the tensile strength of the chloride form of VBA-

AEM decreased from 47 to 38 MPa (19% decrease). In particular, the elongation at break 

decreased drastically from 78 to 44% (44% decline) for only 12 h. The ETFE base polymers in 

the AEMs were decomposed by the attack of hydroxide ions, as observed in the other 

fluorinated PEMs, i.e., the elimination reaction of hydrogen fluoride (HF) molecules, because 

graft chain decomposition and ETFE were not observed in the 13C solid-state NMR and FT-IR 

spectra.[48,49] 

 

3. Conclusion  

VBA/St-AEMs with similar IECs of 0.78‒1.06 mmol/g were prepared by the radiation-

induced graft polymerization of CMS with hydrophobic St as the comonomer and successive 

quaternization and anion-exchange reactions for assessing the influence of the hydrophobicity 

of the graft chain on the conductivity, WU, and alkaline stability. Increasing the molar ratio of 
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St in the graft chain from 0% to 63% resulted in a 21% and 34% decrease in conductivity and 

WU of VBA/St-AEM, respectively. On the other hand, the AEM with an 81% molar ratio of St 

exhibited 9% and 18% higher conductivity and WU, respectively, than the non-St-cografted 

one. SANS analysis showed that this phenomenon was due to the formation of water-rich nano-

domains like “water puddles” dispersed randomly and phase-separated homogeneous graft 

chain/water domains. TGA revealed a decrease in the degradation temperature of the chloride 

form of VBA/St-AEM with increasing St molar ratio in the graft chain. 

In the alkaline durability test of VBA/St-AEM in 1 M KOH at 80 °C for 720 h, the loss of 

conductivity was suppressed from 43% to 8% at the initial level because of the remaining IEC 

from 36% to 11% when the St contents in the grafts were increased from 0% to 63%. This 

suggests that hydrophobic St in the graft chain has a positive effect on the alkaline stability of 

the graft-type AEM. In contrast, the tensile strength and elongation at break of the AEM 

decreased to approximately 50% and 10% of the initial value, respectively. The hydrophobic 

St in the graft chain improved the alkaline stability, but St had no effects on the mechanical 

properties. The decomposition of ETFE by the attack of hydroxide ions, i.e., the elimination 

reaction of HF molecules, similar to the dehydrofluorination in polyvinylidene difluoride, might 

occur in 1 M KOH at 80 °C. Overall, these findings will be useful for the further design and 

synthesis of AEMs.  

 

Supporting Information Summary 

The experimental procedures for the synthesis and characterization of VBA/St-AEMs are 

provided in the Supporting Information. 
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Table 1. GD, anion exchange, experimental and calculated IECs, conductivities, and WU of VBA-

AEM and VBA/St-AEM  

Entry GD 
(%) 

Molar ratio in 
the graft chain Anion 

exchange 
(%) 

IECexp. 
(mmol/g) 

IECcal. 
(mmol/g) 

Conductivity 
(mS/cm) WU 

(%) 
CMS St 20 °C 60 °C 

VBA-AEM 24 100 0 84 0.97 1.16 55 89 44 

VBA/St-AEM (9/1) 31 91 9 77 1.06 1.37 53 82 43 

VBA/St-AEM (6/4) 30 65 35 79 0.83 1.05 45 76 40 

VBA/St-AEM (5/5) 43 46 54 81 0.84 1.04 52 76 38 

VBA/St-AEM (4/6) 50 37 63 89 0.85 0.96 47 70 29 

VBA/St-AEM (2/8) 153 19 81 80 0.78 0.98 59 97 52 
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Table 2. Parameters from water-puddle model analysis for the AEMs equilibrated in water 

Entry Rs (nm) fs fw fw_puddle fw_graft npuddle/npuddle,0 

VBA-AEM (10/0) 0.9 0.21 0.306 0.103 0.203 1 

VBA/St-AEM (9/1) 1.1 0.24 0.301 0.125 0.176 0.66 

VBA/St-AEM (6/4) 1.2 0.25 0.286 0.127 0.159 0.52 

VBA/St-AEM (5/5) 1.4 0.26 0.275 0.145 0.13 0.37 

VBA/St-AEM (2/8) 2.0 0.28 0.342 0.215 0.127 0.19 
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Table 3. Molar ratio of CMS and St in the graft chain and the decrease in IEC values for 

VBA-AEM and VBA/St-AEM after immersion in 1 M KOH at 80 °C 

 GD (%) Molar ratio of CMS/St 
in the graft chain 

IEC (mmol/g) 
Decline (%) 

0 h 720 h 

VBA-AEM (10/0) 24 100/0 0.97 0.62 36 

VBA/St-AEM (5/5) 43 46/54 0.84 0.70 17 

VBA/St-AEM (4/6) 50 37/63 0.85 0.76 11 
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