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2

ABSTRACT Research in anion exchange membranes (AEM)s has continued with the 

development of materials bearing base stable cations. Designing AEMs that microphase separate 

into hydroxide conductive, hydrophilic domains within a hydrophobic and mechanically robust 

matrix has been shown to be successful for improving AEM performance. A series of multiblock 

polysulfone-poly(diallylpiperidinium hydroxide) copolymers (PSf-PDApipOH) of similar 

hydrophobic/hydrophilic composition were prepared in which the molecular weight of the 

hydroxide conducting PDApipOH segments was varied. The variable hydrophilic segment 

molecular weight was designed to assess the impact on microphase separation, hydroxide 

conductivity, and water management. The multiblock copolymers investigated were prepared by 

condensation polymerization of preformed 4-fluorophenyl sulfone terminated 

poly(diallylpiperidinium hexafluorophosphate) (PDApipPF6) oligomers with polysulfone 

monomers. The structure-property relationship between the molecular weight of the conductive 

PDApipOH segments and AEM performance was demonstrated by evaluation of the microphase 

separation, water uptake, and hydroxide conductivity. Membranes fabricated from the 

polysulfone-poly(diallylpiperidinium hexafluorophosphate) (PSf-PDApipPF6) multiblock 

copolymers were shown to form well-connected conductive domains by SAXS and atomic force 
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3

microscopy experiments. The PSf-PDApipOH membranes were highly conductive with the 

maximum hydroxide conductivity reaching 62.9 mS·cm-1 at 60 °C and 95 % relative humidity. 

Furthermore, it was demonstrated that the conductivity increased with increasing PDApipOH 

segment molecular weight. 

INTRODUCTION

Over the past decade, the electricity produced in the United States by renewable energy 

sources including wind and solar increased to 20% and coupled with technological and 

manufacturing advances renewable energy is now cost competitive with legacy fossil fuel 

electricity generation.1 The increased deployment and reduced cost of renewable energy has 

significantly increased interest in hydrogen as a clean energy source and industrial feed stock 

within the global effort to decarbonize energy sectors.  The increased interest in hydrogen 

technology has rapidly increased research efforts for the development of hydrogen 

electrochemical devices including alkaline exchange membrane (AEM) electrolyzers and fuel 

cells.
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4

Research conducted in the last few years in the area of AEM development for alkaline fuel 

cells has produced exciting membrane materials with improved alkaline stability.2–8 The 

advances made in cation stability are enabling new materials to be investigated for AEMs and, 

with their associated hydroxide conductivities, supporting AEM electrochemical devices as 

alternatives to commercialized proton exchange membranes. AEMs for use in electrochemical 

devices including alkaline fuel cells have significant advantages over proton exchange 

membranes because they have potential to utilize platinum group metal (PGM) free catalysts, 

and the oxidation-reduction reaction kinetics are faster at high pH conditions.9–12 However, 

device performance and operational lifetime are dependent on the ionic conductivity and 

chemical durability of the membrane material.

Development of microphase separated AEMs in which hydrophilic hydroxide conductive 

domains form within a hydrophobic and mechanically robust matrix has been shown to be a 

successful strategy for improving AEM performance.13 Research conducted on phase-separated 

materials for AEMs has produced hydrophobic-hydrophilic copolymers of different architectures 

including block,14,15,24–29,16–23 graft,30–38 and comb.39–41 The resulting AEMs display nanoscale 

morphological features ranging from spheres to lamellae. It has been shown that AEMs forming 
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5

hydrophilic conductive domains have higher conductivity compared to random copolymers of 

similar structure and composition.42,43 Furthermore, microphase-separated AEMs have enhanced 

water management characteristics, resulting in improved swelling behavior.44–46 

Multiblock is another type of copolymer architecture that has been shown to produce phase-

separated membranes.47,48,57–61,49–56 An advantage of designing multiblock hydrophilic-

hydrophobic copolymers is that high molecular weight copolymers can be prepared from a range 

of molecular weights in the component materials. Research conducted on multiblock polysulfone 

(PSf) materials has produced copolymers from a variety of bisphenol monomers.62–66 

Manipulation of the multiblock composition and the molecular weight of the component 

segments can tune the microphase separation.13 Additionally, multiblock PSf copolymers have 

been produced with a large range in ion exchange capacities (IECs) and composition of 

hydrophobic-hydrophilic segments. Due to the good properties of PSf and its incorporation into 

charged block copolymers, PSf-based membranes are of ongoing interest in ion exchange and 

fuel cell applications.43,67 It is therefore important to understand the properties of these materials. 

However, there are only a few investigations of the structure-property relationships between the 

component molecular weight at a constant IEC and the multiblock AEM performance.62,63,68–71 
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6

Poly(diallylpiperidinium hydroxide) (PDApipOH) has been demonstrated to be an 

exceptionally base stable cationic polymer.4,5,7 Initial evaluation of PDApipOH incorporated into 

crosslinked poly(phenylene oxide) membranes indicated high hydroxide conductivity with high 

water uptake.5 We have recently demonstrated the first example of hydrophobic-hydrophilic PSf-

PDApipOH block copolymers.4 The PSf-PDApipOH multiblock copolymers display properties 

of high ionic conductivity along with relatively low water uptake in addition to their base 

stability. Initial studies of the PSf-PDApipOH membranes in model fuel cells demonstrated 

reasonable peak power densities and durability.7

In the current work, we have designed a series of multiblock PSf-PDApipOH copolymers of 

similar IEC (Figure 1) in which the molecular weight of the hydrophilic hydroxide conducting 

PDApipOH segments was varied to assess the impact on AEM performance. Employing the 

previously established synthetic methods,4 -4-fluorophenyl sulfone terminated PDApipPF6 

oligomers were prepared with different molecular weights and subsequently copolymerized with 

PSf monomers to generate PSf-PDApipPF6 multiblock copolymers. The solution processable 

PSf-PDApipPF6 multiblock copolymers were then drop cast to produce AEMs. Ion exchange of 

the PF6 counterion was then performed to produce PSf-PDApipOH membranes. The hydrophilic 
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PDApipOH segments were selected to serve as the conductive phase of the AEM materials 

owing to their previously established conductivity, chemical and thermal stability, and the 

regularity of their compact repeat unit structure. The synthetic design produced different PSf-

PDApipOH multiblock copolymers that were similar in composition and IEC but varied in the 

molecular weight of the PDApipOH segments. Membranes were evaluated for the impact of 

PDApipOH block molecular weight on their morphological characteristics, water uptake, and 

hydroxide conductivity. 

Figure 1. PSf-PDApipOH multiblock copolymer.

EXPERIMENTAL

Materials. Allyl chloride (98%) was purchased from Sigma-Aldrich and was distilled under 

nitrogen prior to use. N,N-dimethylacetamide (DMAc) (99.9%, HPLC grade) was purchased 

from Sigma-Aldrich and distilled from phosphorous pentoxide. Bisphenol A (97%) and bis(4-

fluorophenyl) sulfone (99%) were purchased from Sigma-Aldrich and crystallized twice from 
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8

toluene. Piperidine (99%), allyl bromide (99%), 4-fluorothiophenol (98%), and potassium 

peroxymonosulfate (Oxone) were obtained from Sigma-Aldrich and were used as received. 

Acetonitrile-d3, DMSO-d6, and deuterium oxide were purchased from Sigma-Aldrich. All other 

chemicals and solvents were used as received from commercial sources.

Synthesis. Synthesis of the photoiniferter bis(4-fluorophenyl) disulfide (BFPDS), monomer 

N,N-diallylpiperidinium chloride, and -4-fluorophenyl sulfone terminated PDApipPF6 

oligomers were prepared as previously reported.4 The variation in molecular weight of the -

4-fluorophenyl sulfone terminated PDApipPF6 oligomers was accomplished by changing the 

ratio of BFPDS to N,N-diallylpiperidinium chloride as follows: A 25 mL stock solution of 2.5 M 

N,N-diallylpiperidinium chloride in water:methanol (3:1) was prepared in a volumetric flask. 10 

mL test tubes containing a magnetic stir bar were charged with 40.7 mg (0.16 mmol), 50.8 mg 

(0.20 mmol), or 68.7 mg (0.27 mmol) BFPDS photoiniferter and 8 mL (20 mmol) of the stock 

N,N-diallylpiperidinium chloride solution. The molar ratio of BFPDS to N,N-diallylpiperidinium 

chloride for each polymerization was calculated to be 1:75, 1:100, and 1:125. The test tubes were 

sealed with a rubber septum, cooled in an ice bath, and purged with N2 gas for 20 min. Once 

purged, the test tubes were placed into a 60 °C oil bath, stirred for 20 min and then exposed to 
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constant UV light (254 nm) while stirring for 24 hours. The 4-fluorophenyl sulfide terminated 

PDApipCl oligomers were isolated by precipitation into acetone, redissolving the obtained solid 

mass in methanol (~10 % wt./vol.) and precipitating again into acetone. The 4-flurophenyl 

sulfide terminated PDApipCl oligomers were collected by vacuum filtration and dried overnight 

at 80 °C under vacuum. The end group oxidation to 4-fluorophenyl sulfone, and ion exchange to 

hexafluorophosphate were completed as previously described.4 

Synthesis of multiblock PSf-PDApipPF6 copolymers. The synthesis of PSf-PDApipPF6 

multiblock copolymers was designed to achieve maximum molecular weight while targeting an 

IEC of ~ 2.0 in the hydroxide form. To generate the desired multiblock copolymer composition 

from preformed PDApipPF6 oligomers, the weight percent of PSf required was calculated in 

terms of equivalents of bis(4-fluorophenyl) sulfone with respect to the degree of polymerization 

of the PDApipPF6 oligomers. The amount of bisphenol A was calculated to give a 1:1 

stoichiometric ratio of 4-fluorophenyl and phenoxide reactive species. A representative 

procedure (PSf-PDApipPF61) is as follows: a 25 mL 3-neck round bottom flask fitted with an 

overhead stir motor, Dean-Stark trap prefilled with toluene, condenser, and a N2 inlet was 

charged with bisphenol A (0.575 g, 2.52 mmol) and potassium carbonate (0.418 g, 3.02 mmol). 
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The solids were dissolved in DMAc (10.8 mL) with toluene (3 mL) added to azeotropically 

remove water. The reaction mixture, under a N2 atmosphere, was then heated in a 150 °C oil bath 

for 3 hours and then cooled to room temperature. 4-fluorophenyl sulfone terminated 

PDApipPF61 (1.50 g, 0.066 mmol) and bis(4-fluorophenyl) sulfone (0.624 g, 2.45 mmol), were 

then added to the reaction mixture. The solution was heated in a 160 °C oil bath overnight, after 

which time the solution viscosity increased significantly. The viscous solution was diluted with 

DMAc (10 mL), cooled to room temperature, and precipitated into 200 mL of methanol. The off-

white fibers were collected by filtration and boiled in water for 30 minutes to remove residual 

salts. The polymer fibers were then collected by filtration, and dried in a vacuum oven at 80 °C 

to a constant mass (2.35g, 93 % yield). 

Membrane fabrication. PSf-PDApipPF6 membranes were generated by solution casting the 

multiblock copolymers in the hexafluorophosphate form. Multiblock PSf-PDApipPF6 

copolymers were dissolved in DMAc to generate a 15 % w/v solution and were deposited onto a 

glass substrate. The glass was then heated to 75 °C and allowed to dry overnight. The PSf-

PDApipPF6 membrane was removed from the glass substrate by submersion in water. The final 

PSf-PDApipPF6 membrane was then dried under vacuum overnight.
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Ion exchange to hydroxide. The PSf-PDApipPF6 membranes were first exchanged to the 

bromide form and then to hydroxide. Ion exchange from hexafluorophosphate to bromide was 

accomplished by submerging the PSf-PDApipPF6 membranes in a saturated aqueous solution of 

ammonium bromide and soaking at room temperature for 72 hours. Following ion exchange to 

bromide, the polysulfone-poly(diallylpiperidinium bromide) (PSf-PDApipBr) membranes were 

then washed twice with deionized water to remove excess ammonium bromide. Soaking the PSf-

PDApipBr multiblock copolymer membranes in 1 M KOH for 48 hours completed ion exchange 

to hydroxide. The final PSf-PDApipOH membranes were then soaked in N2 purged 18 MΩ water 

until the washings were neutral pH. 

Characterization

NMR Spectroscopy. 1H NMR spectroscopy was performed using a JEOL ECA-500 

spectrometer. Chemical shift values () were referenced from residual solvent signals associated 

with acetonitrile-d4 or DMSO-d6. Average degree of polymerization (DP) values were 

determined by integrating peaks associated with end groups relative to integrated peaks from 

backbone protons over multiple spectra and taking the average value.
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Atomic Force Microscopy. Tapping mode atomic force microscopy (TM-AFM) was used to 

elucidate PSf-PDApipBr membrane surface morphology. The phase images were obtained with 

an Oxford Instruments AFM 3D utilizing a 42 N · m-1 Pointprobe AFM tip from Nanoworld. 

PSf-PDApipBr membranes were cut into 1 cm2 membranes and adhered to glass microscope 

slides with double sided tape. The membranes were then heated to 60 °C at 95 % RH for 1 hour 

and subsequently dried under vacuum at room temperature for 24 hours. The images were 

collected with a driving amplitude of 1 V and the amplitude set point ratio of 0.50 under ambient 

temperature and humidity.

Small angle X-ray scattering (SAXS). Synchrotron small-angle X-ray scattering experiments 

were performed at the Advanced Photon Source, Argonne National Laboratories. Experiments 

were conducted at sector 12-ID-B with the X-ray energy was fixed at 13.3 keV. Using a custom 

built environmental chamber and previously established measurement techniques,72,73 scattering 

experiments were conducted at 60 °C at both 0 % and 95 % relative humidity.  The PSf-

PDApipBr membranes were measured in the bromide form and 2D scattering patterns were 

obtained. The azimuthally integrated 2D scattering experiments were graphically analyzed by 

plotting the intensity as a function of the scattering vector magnitude, q, where
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𝑞 [Å ―1] =  
4𝜋 sin (𝜃)

𝜆

 is 1.03 Å and 2 is the scattering angle. The Bragg domain spacing, d, was calculated from the 

equation d = 2π/q. 

Ion Exchange Capacity (IEC). The ion exchange capacity of the PSf-PDApipOH membranes 

was determined from the back-titration method.74  PSf-PDApipBr membranes were ion 

exchanged from bromide to hydroxide in 1 M KOH.  The PSf-PDApipOH membranes were then 

washed with N2 purged 18 MΩ water until the washings were at neutral pH. The PSf-PDApipOH 

membranes were then neutralized in 20 mL of standardized HCl (0.02501 M) for 48 hours and 

subsequently vacuum dried at 80 °C for 48 hours. The dry mass of the membranes was 

approximately 0.04 g in the chloride form. The IEC for each membrane was determined, in 

triplicate, by titrating 3 mL samples of the membrane HCl solution with standardized NaOH 

(0.004690 M) to determine the amount of unreacted HCl. The IEC was calculated from the 

following equation:

𝐼𝐸𝐶 [𝑚𝑚𝑜𝑙·𝑔 ―1] =  
𝐻𝐶𝑙𝑖 ― 𝐻𝐶𝑙𝑓

𝑀𝑎𝑠𝑠𝑑
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14

where HCli is the millimoles (mmol) of HCl added to neutralize the membrane, HClf is the 

determined mmol of unreacted HCl after 48 hours and Massy is the dry mass (g) of the 

membrane in the chloride form.

Water Uptake. The percent water uptake (WU%) of each PSf-PDApipBr membrane was 

determined by dynamic vapor sorption (DVS) with a Surface Measurement Systems DVS 

Advantage at 60 °C and 95 % relative humidity (RH). The membranes were converted from the 

hexafluorophosphate form to the bromide form and dried under vacuum at 80 °C for 48 hours. 

The membranes were then placed in the DVS environmental chamber and were cycled between 

dry and hydrated conditions at 60 °C three times. The soaking time for each step in the 

measurement was 120 minutes. Following the measurements, the dry masses and the hydrated 

masses were averaged, and water uptake percent (WU) was calculated from the following 

equation:

𝑊𝑈 [%] =  
𝑀𝑎𝑠𝑠ℎ ― 𝑀𝑎𝑠𝑠𝑑

𝑀𝑎𝑠𝑠𝑑
 ×  100

where Massh and Massd are the hydrated and dry masses for the membrane.
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Hydroxide Conductivity. The hydroxide conductivity for the PSf-PDApipOH membranes was 

determined by electrochemical impedance spectroscopy (EIS) using a Biologic VMP3 

potentiostat. In-plane conductivity measurements were made using a Teflon 4-point probe cell 

with platinum electrodes in a TestEquity environmental chamber set to 60 °C and 95 % RH. 

Membranes were prepared by cutting approximately 2 mm wide strips and ion exchanging from 

bromide to hydroxide. The PSf-PDApipOH membranes were then washed in N2 purged 18 MΩ 

water until the washings were neutral pH. The membranes were then quickly loaded into the test 

cell and placed in the environmental chamber. EIS measurements were made in the frequency 

range of 100 Hz to 300 kHz. A minimum of 15 loops were obtained for each membrane to allow 

for equilibration. Nyquist and Bode plots of the obtained data were analyzed to obtain the high 

frequency resistance intercept, which was taken as the membrane resistance. The hydroxide 

conductivity was then determined from the following calculation:

𝜎 [𝑆· 𝑐𝑚 ―1] =  
𝑑

𝑊 ×  𝑇 ×  𝑅

where d (cm) is the distance between the reference electrodes, W (cm) and T (cm) are the 

width and thickness of the membrane and R is the measured resistance (Ω). The membrane 

dimensions were determined in the hydrated state. 
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RESULTS AND DISCUSSION 

The objective of this research was to investigate the influence of hydrophilic segment 

molecular weight on the performance of multiblock copolymer anion exchange membranes of 

similar composition. The multiblock copolymers were designed to contain segments composed 

of aliphatic spirocyclic repeat units of which various molecular weight prepolymers were 

incorporated in multiblock copolymer preparations. Reports have indicated that the hydroxide 

conductivity of AEMs is strongly affected by the phase separation and morphology.43,75,76 We 

hypothesized that the hydroxide conductivity of multiblock PSf-PDApipOH copolymers would 

vary depending on the molecular weight of the hydrophilic PDApipOH segments. In this 

investigation, we designed and synthesized a series of PSf-PDApipOH multiblock copolymer 

membranes of similar composition and IEC in which the molecular weight of the conductive 

PDApipOH segments were varied.

Synthesis of 4-fluorophenyl sulfone terminated PDApipPF6 oligomers. Disulfides have 

been employed in radical polymerizations to control the molecular weight of the resulting 

polymer by degradative chain transfer processes (Scheme 1).77–79 In the present work, our design 
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was to produce a series of -4-fluorophenyl sulfone PDApipPF6 oligomers of varying 

molecular weight to be subsequently incorporated in a polysulfone synthesis. Polymerization 

reactions were completed in a 3:1 methanol/water solvent system with monomer:initiator ratios 

of 75:1, 100:1 and 125:1. Following polymerization, the 4-fluorophenyl sulfide oligomers 

were oxidized with Oxone to the 4-fluorophenyl sulfone derivatives and ion exchanged to the 

PF6 form. In our previous work, 4-fluorophenyl sulfone terminated PDApipPF6 oligomers were 

produced from a single monomer:initiator ratio of 100:1 and the resultant polymers were 

confirmed to be difunctional by their ability to produce high molecular weight multiblock PSf-

PDApipPF6 copolymers.4 By extension, using the same polymerization conditions with different 

monomer:initiator feed ratios, different -functionalized oligomers should be produced.
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Scheme 1. UV initiated cyclopolymerization of N,N-diallylpiperidinium chloride in the presence 

of BFPDS disulfide photoiniferter.
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1H NMR spectroscopy was used to determine the polymer structure and evaluate the number 

average molecular weight (Mn) of the 4-fluorophenyl sulfone terminated PDApipPF6 oligomers. 

The 1H NMR spectrum (Figure S1) confirmed the formation of 5-member rings, resulting in 

spirocyclic repeat units, and the presence of 4-fluorophenyl sulfone end groups. The polymer 

structure and peak assignment are supported by existing literature investigating the 

cyclopolymerization of diallylammonium monomers.4,80,81 Advantageous to determining 

molecular weight, the 4-fluorophenyl sulfone end groups have spectroscopically unique peaks in 

the 1H NMR spectra associated with the aromatic ring. The molecular weight of the 4-

fluorophenyl sulfone terminated PDApipPF6 oligomers was determined by calculating the degree 

of polymerization (DP). The DP was obtained by comparing integrals associated with the 4-

fluorophenyl sulfone end groups (8 ppm, 4H) and the PDApipPF6 repeat units (3-4 ppm, 2H) for 

each of the synthesized oligomers (Figure 2). The molecular weights for the 4-fluorophenyl 

sulfone terminated PDApipPF6 oligomers are reported in Table 1. Additionally, the 

concentration of 4-fluorophenyl sulfone end groups per known mass of polymer was determined 

from the 1H NMR spectra. The addition of a known mass of methylene bromide to NMR 

samples containing a known mass of polymer produced NMR spectra with a spectroscopically 
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unique standard peak. The mass of 4-fluorphenyl sulfone end groups per mass of polymer was 

then determined by comparison of the integral values associated with the 4-flurophenyl sulfone 

end groups and the methylene bromide. It was assumed that determination of the 4-fluorophenyl 

sulfone end group concentration by directly measuring it from NMR spectroscopy, as described, 

was more accurate compared to calculating the concentration in a known quantity based on the 

molecular weight determined from the NMR spectra. The molecular weight determined from 

NMR spectroscopy assumes that each chain is difunctional therefore the ratio of end groups to 

repeat units gives the DP and a molecular weight estimation. However, the molecular weight 

determined by this method would not account for a mixture of counterions so, it was assumed to 

be a less reliable description of end group concentration. Furthermore, for simplicity the 

molecular weights presented below are all calculated in the hydroxide form, not only because 

hydroxide is the counter ion for the application it is also directly measured and supports 

copolymer composition.
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Figure 2. 1H NMR spectra of PDApip prepolymers. The signal at 8 ppm corresponds to the four 

aromatic protons adjacent to the sulfone and the signals at 3-4 ppm correspond to the 8 protons 

adjacent to the quaternary ammonium.

Table 1. Molecular weight characterization of PDApip oligomers

Sample

[BFPDS]:

[DApip]

DPa Mn
 b

[g·mol-1]
Conversio
[%]

PDApip1 1:75 35 6,400 22

PDApip2 1:100 73 13,300 37
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PDApip3 1:125 94 17,200 27

a) Determined from 1H NMR spectra; b) calculated in the hydroxide form.

PDApipPF6 oligomers with increasing DP were produced by the UV initiated 

cyclopolymerization of N,N-diallylpiperidinium chloride by increasing the monomer to initiator 

ratio. The molecular weights of the oligomers were calculated from the DP (Table 1). The 

molecular weights of the oligomers depend on the identity of the counterion, with different 

molecular weights for the repeat unit of a given oligomer in the PF6 (311.25 g·mol-1) versus the 

hydroxide (183.30 g·mol-1) form. The molecular weights of the oligomers in the PF6 form were 

determined to be 10,900, 22,700, and 29,200 g·mol-1 for PDApip1, PDApip2, and PDApip3, 

respectively and 6,400, 13,300 and 17,200 g·mol-1 for the three oligomers when calculated in the 

hydroxide form. 

Synthesis of PSf-PDApip multiblock copolymers. Multiblock copolymers were produced by 

condensation polymerization of the preformed 4-fluorophenyl sulfone functionalized PDApipPF6 

oligomers with the polysulfone monomers, bisphenol A and bis(4-fluorophenyl) sulfone. The 

objective of the polymerizations was to produce a series of PSf-PDApip multiblock copolymers 
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with consistent weight fraction of PDApipOH (targeted at 40 wt. %) from the different molecular 

weight PDApipPF6 starting materials. PSf-PDApip multiblock copolymers with the same weight 

fraction of PDApipOH regardless of the PDApipOH oligomer molecular weight would have the 

same IEC and allow for the determination of property differences related to the hydroxide 

conducting segment molecular weight. The copolymerizations produced materials in yields 

greater than 90 %. The mole percent of PDApip incorporated into the PSf-PDApip copolymers 

was calculated from the 1H NMR spectra. Compositions of the PSf-PDApip multiblock 

copolymers were determined by comparing peak integrals associated with the PSf repeat unit (B, 

4H) and the PDApip repeat unit (downfield E, 2H at 3.8 ppm) (Figure 3) (1H NMR spectra for all 

three samples in Figure S2). It was assumed that the contribution of the PDApip end groups to 

the B peak associated with the PSf repeat units was negligible. The weight percentage of PDApip 

in the copolymers was determined by calculation using the molecular weight of the oligomers in 

the hydroxide form (Table 2).

Table 2. Summary of PSf-PDApipOH multiblock copolymer compositions
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Sample DPa

PDApipOH 

Mn
a [g·mol-1]

PDApipOHa 

mol.%

PDApipOHb 

wt.%

PSf-PDApip1 35 6,400 58.6 36.9

PSf-PDApip2 73 13,300 61.0 39.3

PSf-PDApip3 94 17,200 59.6 37.9

a) Determined from the 1H NMR spectrum b) Calculated from the mole percent (based on 

hydroxide

Figure 3. 1H NMR spectrum of PSf-PDApip3.
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Membrane formation and ion exchange to hydroxide. The PSf-PDApip multiblock copolymers 

were fabricated into AEMs by solvent casting followed by ion exchange. The multiblock 

copolymers were dissolved in DMAc and the solutions were drop cast onto glass slides held at 

75 °C. The resulting membranes were found to be colorless and transparent. The PSf-PDApipPF6 

multiblock copolymer membranes were ion exchanged to hydroxide following an ion exchange 

first to bromide. Ion exchange from PF6 to chloride by heating PSf-PDApipPF6 membranes in a 

saturated solution of ammonium chloride at 100 °C was reported in our earlier work.4 In this 

study, ion exchange to bromide under milder conditions was found to be an effective 

intermediate step and was completed by soaking the membranes in saturated ammonium bromide 

at room temperature over 72 hours followed by repeated washings to remove the excess salt. Ion 

exchange to hydroxide was then accomplished by soaking the PSf-PDApipBr membranes in 1 M 

KOH and rinsing the membranes with N2 purged 18 MΩ water. 

Physical properties: IEC and water uptake. Back-titration of hydroxide in the PSf-

PDApipOH multiblock copolymer membranes was completed to determine the complete 

removal of PF6 and to characterize the IEC of each membrane. Removal of PF6 from the PSf-

PDApipPF6 membranes is important for the accurate characterization of the water uptake and 
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hydroxide conductivity due to the increased hydrophobic character and bulk of the PF6 

counterion. The membranes were neutralized in a standardized HCl solution. Following 

neutralization, the remaining acid solutions were titrated five times to obtain the IEC for the 

membranes (Table 3). The IEC values determined by back-titration of hydroxide are shown to be 

in close agreement with the IEC values estimated from the composition for the PSf-PDApipOH 

multiblock copolymers determined by NMR spectroscopy. The slightly lower IECs obtained by 

titration compared to the values obtained by NMR spectroscopy could be attributed to 

incomplete ion exchange.

Table 3. Characterization of PSf-PDApip multiblock copolymer membranes.

Membrane

IEC 1H NMRa 

[mmol·g-1]

IEC [HO-]b 

[mmol·g-1]

Water Uptakec 

[wt.%]

c

 mS·cm-1]

PSf-PDApip1 2.02 1.86 ± 0.04 17.0 ± 0.010 37.5 ± 0.3

PSf-PDApip2 2.14 1.99 ± 0.07 21.8 ± 0.015 47.4 ± 0.6

PSf-PDApip3 2.07 1.71 ± 0.07 19.4 ± 0.012 62.9 ± 1.9
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a) Determined from the 1H NMR spectrum composition and calculated in the hydroxide form. b) 

Measured by back-titration of hydroxide. c) Water uptake  by DVS in the bromide form measured 

at 60 °C and 95 % RH. d) hydroxide conductivity measured at 60 °C and 95 % RH.

Water uptake is an important factor that affects ionic conductivity in AEMs. Evaluation of the 

water uptake using humidified air rather than liquid water is important for a more accurate 

assessment of membrane performance in applications that utilize humidified gases e.g., alkaline 

fuel cells. Water absorbed in AEMs is known to dissociate the cationic groups of the membrane 

material and facilitate hydroxide transport.46,48,68,82 Membranes that exhibit higher water uptake 

tend to have higher hydroxide conductivity compared to membranes with lower water uptake. 

However, as demonstrated by previous characterization of PSf-PDApipOH membranes in model 

fuel cells, excessive water uptake can also have the deleterious effects of diluting the cations in 

the membrane material, which decreases the volumetric IEC and mechanical strength.7 In this 

study, the water uptake for the PSf-PDApip membranes was evaluated at 60 °C and 95 % relative 

humidity in the bromide form by dynamic vapor sorption (DVS) (Table 3). The PSf-PDApipBr 

multiblock copolymer membranes showed low water uptake values of 17.0, 21.8, and 19.4 wt.% 

for PSf-PDApip1, PSf-PDApip2 and PSf-PDApip3 membranes, respectively. Evaluation of the 

water uptake was completed in the bromide from to eliminate the effects of carbonate and 
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bicarbonate formation during the measurements. Minimal variability was observed in the water 

uptake measurements due to the membranes having similar IECs. However, the slight variation 

in the composition of the three multiblock copolymer samples resulted in the PSf-PDApip2 

membrane demonstrating the highest water uptake, which corresponded with the highest IEC. 

The modest water uptake values for the PSf-PDApipBr membranes were considered to be a 

result of the multiblock copolymer phase separation into hydrophobic glassy PSf and hydrophilic 

domains. The low water uptake values determined by DVS for the hydrophobic-hydrophilic PSf-

PDApipBr copolymer membranes are similar to the low water uptake values of other 

hydrophobic-hydrophilic block copolymer membranes produced in our group.83 

Hydroxide conductivity. For alkaline fuel cell application, the hydroxide conductivity is of 

particular interest. Although the effect of the relative piperidinium content on the properties of 

multiblock polysulfones has been examined,4,7 studies which specifically investigate the 

influence of block length on polymer performance are rare. It has been reported that AEMs 

derived from diblock copolymers of similar compositions with varying hydrophilic block lengths 

(prepared by controlled-living radical polymerization techniques) show an increase in hydroxide 

conductivity with increasing hydrophilic block length. This finding was attributed to the 
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membrane morphology.84,85 The PSf-PDApipOH multiblock copolymer membranes were 

evaluated for their hydroxide conductivity at 60 °C and 95 % RH. The results of the in-plane EIS 

experiments (Figure 4) indicate that the hydroxide conductivity was strongly dependent on the 

segment length of the PDApipOH. While there was some variation in the multiblock copolymer 

IEC, the variation in IEC and the concomitant water uptake (Table 3) had a minimal impact on 

the conductivity compared to the segment length of the PDApipOH segments. Illustrating this 

effect, the PSf-PDApip1 membrane (IEC = 1.86), which was synthesized from PDApip1 (DP = 

35; Mn = 6,400 g·mol-1) had a hydroxide conductivity of 37.5 mS·cm-1. In contrast, the PSf-

PDApip3 membrane (IEC = 1.76), which was synthesized from PDApip3 (DP= 94; Mn = 17,200 

g·mol-1) had a hydroxide conductivity of 62.9 mS·cm-1. These results indicate that the nanoscale, 

conductive domains in the PSf-PDApip membranes are largely responsible for the membrane 

performance. With respect to multiblock PSf copolymer AEMs, there are reports in which the 

composition of materials has been investigated and by extension, membranes with similar 

composition but different segment molecular weights.62,63,68–71 Hu et al. produced a series of 

benzyltrimethyl ammonium functionalized membranes (titrated IEC ~ 1.3) wherein the 

hydroxide conductivity at 60 °C increased from 15.4 to 29.4 mS·cm-1 as a result of increasing the 
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hydrophilic segment molecular weight.68 However, the phase separation of the membranes was 

not investigated. In contrast, there are several studies of multiblock PSf copolymer AEMs 

wherein no discernable trend in the relationship between segment molecular weight and 

hydroxide conductivity was observed.62,63,69 

 

Figure 4. Plot of hydroxide conductivity vs. PDApipOH segment molecular weight.

Membrane phase separation. Developing AEMs with hydrophobic-hydrophilic phase separated 

morphology is important for the formation of well-connected hydroxide conducting domains. 

SAXS characterization of AEMs has been employed to determine the Bragg spacing between 

formed ionic clusters within the phase separated morphology of the bulk material.48,64 The 

multiblock copolymer PSf-PDApipBr membranes were investigated by SAXS in order to 
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characterize the phase separation. The SAXS profiles for the PSf-PDApipBr membranes were 

obtained at 60 °C under both dry and 95 % RH conditions. The scattering peaks exhibited by the 

PSf-PDApipBr membranes are attributed to the aggregation of PDApipBr segments 

corresponding to hydrophilic domains and their average spacing. Shown in Figure 5A, the PSf-

PDApip2 and PSf-PDApip3 membranes exhibited strong scattering peaks corresponding to 

domain spacings of 24 and 25 nm, respectively. The PSf-PDApip1 membrane showed a weaker 

scattering peak corresponding to a smaller domain spacing of 18 nm. The general trend of 

smaller domain spacing for copolymers with shorter PDAPip segments was expected due to the 

corresponding lower molecular weight PSf segments in the copolymer.  Because of the in-situ 

multiblock synthesis method used, smaller length PDApip oligomers result in shorter PSf 

segments, i.e., a greater number of shorter blocks of each component comprise the copolymer.  

Shorter PDApip oligomers should result in smaller aggregated domains and the shorter PSf 

blocks should produce a smaller separation of the hydrophilic PDApipBr domains. 

When the RH was increased to 95% (Figure 5B), the scattering intensity decreased for all the 

PSf-PDApipBr membranes. The decrease in the intensity of the scattering peaks with increased 

humidity indicated that the water uptake disrupted the PDApipBr domains. However, the domain 
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spacing did not change appreciably with the increase of RH, which indicated that the swelling 

was minimal and that the membranes exhibit dimensional stability. Lastly, the absence of 

secondary scattering peaks in the SAXS profiles indicates that the PSf-PDApipBr membranes 

did not form long-range, well-ordered morphological features. 

Domain spacing correlates somewhat with the hydroxide conductivity; however, PSf-PDApip2 

and PSf-PDApip3 show similar SAXS profiles, yet significantly different hydroxide conductivity.  

The possibility of dissolution of differing amounts of one component into the other and how that 

may be affected by the number of sequence changes and molecular weight of component blocks 

could have a greater impact on conductivity than the aggregation of the bulk of the ionic 

component as measured by SAXS.
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A B

Figure 5. SAXS profile for PSf-PDApipBr membranes at 60 °C and 0 % RH (A) and at 60 °C and 

95 % RH (B).

Phase separation and the corresponding domain spacing for each of the PSf-PDApipBr 

membranes was indicated by SAXS and demonstrates that while the membranes are comprised 

of copolymers with similar hydrophilic to hydrophobic content and similar IEC and water 

uptake, notable differences are observed in the scattering plots. Further investigation of the phase 

separation was done by TM-AFM on the PSf-PDApipBr membranes to elucidate the surface 

morphology. Phase images were generated from membranes treated at 60 °C and 95 % RH prior 

to measurement such that membrane phase separation would correlate closely to the SAXS and 
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hydroxide conductivity measurements. The phase images produced (Figure 6) clearly indicate 

hydrophobic-hydrophilic phase separation and the absence of well-ordered structures. 

While it is difficult to accurately correlate differences in the phase images with the different 

properties of the membranes, the phase images seem to indicate that increasing molecular weight 

in the PDApipBr segments improves the connectivity of domains. This is most obvious between 

PSf-PDApip1 (Figure 6A) and PSf-PDApip3 (Figure 6C) where the darker domains appear to 

make longer connected paths (it has previously been determined that the dark phases correspond 

to the cationic polymer segments.4)  An improved connectivity of hydrophilic conductive 

pathways in the AFM images would support the increase of the hydroxide conductivity with 

increasing PDApipOH segment length. It is important to note that the AFM images are 

examining the surface morphology while the SAXS analysis is attributed to the bulk 

morphology. 
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A B C

Figure 6. AFM phase images for PSf-PDApip1 (A), PSf-PDApip2 (B), and PSf-PDApip3(C) taken 

under ambient temperature and humidity.

CONLUSIONS

This study investigated the structure-property relationships between ion conductive segment 

molecular weight, morphology, and AEM performance for multiblock PSf-PDApipOH copolymer 

membranes. The work implemented photoinitiated degradative chain transfer cyclopolymerization 

to produce 4-fluorophenyl sulfone terminated PDApipPF6 oligomers of different molecular 

weights. The oligomers were subsequently incorporated into PSf-PDApipPF6 multiblock 

copolymers by polycondensation reactions in the presence of PSf monomers. Using the different 

molecular weight oligomers, the PDApip to PSf composition was maintained to result in 

copolymers with similar IECs so that the differences in performance could be measured and 
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attributed to the variation in block length of the PDApip segments. The resulting multiblock PSf-

PDApipPF6 copolymers were fabricated into membranes and after ion exchange to the bromide 

form, each of the membranes exhibited similar properties of low water uptake under conditions of 

95% RH. SAXS and TM-AFM were employed to elucidate the morphology of the copolymer 

membranes, and it was observed that the membranes with different PDApip segment lengths 

exhibited different characteristics.  Ion exchange to hydroxide and measurement of the hydroxide 

conductivity showed that increasing PDApipOH segment length, resulted in a significant increase 

in ionic conductivity and that the ionic conductivity is potentially correlated to the phase 

morphology.  While only a specific set of multiblock PSf-PDApip copolymers were examined, the 

results are significant in demonstrating that the AEM properties are dependent on factors beyond 

IEC and composition.  PDApip oligomers with larger segment lengths were not evaluated and so 

it is unknown if the general trend of increasing segment length continues to correlate with a higher 

ionic conductivity or if the increases in conductivity are due to other factors that may result from 

the variation of segment length.  However, the results encourage further investigation into the 

structure property relationships of multiblock AEM materials and that block segment length of 

hydrophilic segments can have a significant impact on the properties.
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