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ABSTRACT 

 

Alkaline fuel cells (AFCs) using anion exchange membranes (AEMs) as electrolyte have 

recently received considerable attention. AFCs offer some advantages over proton exchange 

membrane fuel cells, including the potential of non-noble metal (e.g. nickel, silver) catalyst on 

the cathode, which can dramatically lower the fuel cell cost. The main drawback of traditional 

AFCs is the use of liquid electrolyte (e.g. aqueous potassium hydroxide), which can result in the 

formation of carbonate precipitates by reaction with carbon dioxide. AEMs with tethered cations 

can overcome the precipitates formed in traditional AFCs. 

Our current research focuses on developing different polymer systems (blend, block, 

grafted, and crosslinked polymers) in order to understand alkaline fuel cell membrane in many 

aspects and design optimized anion exchange membranes with better alkaline stability, 

mechanical integrity and ionic conductivity. A number of distinct materials have been produced 

and characterized. A polymer blend system comprised of poly(vinylbenzyl chloride)-b-

polystyrene (PVBC-b-PS) diblock copolymer, prepared by nitroxide mediated polymerization 

(NMP), with poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) or brominated PPO was studied for 

conversion into a blend membrane for AEM. The formation of a miscible blend matrix improved 

mechanical properties while maintaining high ionic conductivity through formation of phase 

separated ionic domains. Using anionic polymerization, a polyethylene based block copolymer 

was designed where the polyethylene-based block copolymer formed bicontinuous 

morphological structures to enhance the hydroxide conductivity (up to 94 mS/cm at 80 °C) while 

excellent mechanical properties (strain up to 205%) of the polyethylene block copolymer 

membrane was observed. A polymer system was designed and characterized with monomethoxy 
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polyethylene glycol (mPEG) as a hydrophilic polymer grafted through substitution of pendent 

benzyl chloride groups of a PVBC-b-PS. The incorporation of the hydrophilic polymer allows 

for an investigation of the effect of hydration on ionic conductivity, resulting in the increase in 

membrane water affinity, enhancement of conductivity and reduced dependence of conductivity 

on relative humidity. A study of crosslinking of block copolymers was done wherein the 

crosslinking occurs in the non-matrix phase in order to maintain mechanical properties. The 

formation of a cationic crosslinked structure improves the mechanical integrity of the membrane 

in water while showing little deleterious effect on ionic conductivity and mechanical properties.  
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CHAPTER 1 INTRODUCTION AND BACKGROUND 

 

 

1.1 Introduction 

Over the last few decades, the demand for alternatives to produce clean and efficient 

energy has dramatically increased. The limited availability of fossil fuels, including coal, oil, and 

natural gas, provides only a short-term solution for energy. Environmental concerns of reducing 

greenhouse gas emission and air pollution also motivate the development of renewable energy. 

On top of this, the incorporation of renewable or non-polluting sources in current energy 

production becomes unavoidable based on an energy security point of view. Currently, a variety 

of renewable energy solutions are being developed through using solar, wind, and biofuels to 

produce clean energies. However, current technologies cannot completely replace fossil fuels 

and research in all areas of renewable energy is demanded. 

Among the various methods to solve energy issues, fuel cells offer a promising solution 

for application in transportation, stationary power, and portable devices.[1-6] This technology 

enables the direct conversion of energy from fuels into electrical energy at high efficiency, as 

fuel cells convert energy electrochemically and are not subject to the limitations of Carnot’s 

cycle. A fuel cell is able to use the fuel from a renewable source (such as hydrogen) to generate 

zero emissions with only water and heat as byproducts, reducing greenhouse gas emissions and 

other pollution. Unlike a battery, a fuel cell does not require recharging as long as the fuel is 

supplied and it provides much longer operating time than batteries because of the higher energy 

density and lighter weight than an equivalent battery system.  
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However, high cost, low durability, and other engineering issues are preventing fuel cell 

from broad application. The electrolyte is one of the main components in a fuel cell. It separates 

the fuel from the electrodes and selectively transports ions between the electrodes to complete a 

circuit. A solid-state electrolyte (polymer membrane) is the preferred electrolyte for use in 

current fuel cells. In order to enhance the performance, extend the lifetime, and lower the cost of 

fuel cells, a polymer membrane electrolyte has to possess distinct properties. The desired 

polymer electrolyte needs to be an electron insulator and efficient ionic conductor. The 

membrane must also possess high chemical, thermal and mechanical stability under the fuel cell 

operating conditions. Last, but not the least, the ideal polymer membrane material needs to be 

inexpensive to lower the overall cost of a fuel cell. 

Fuel cells can be classified into three types depending on their operation temperatures. 

One is the high temperature fuel cells, which comprise the solid oxide fuel cell (SOFC) and 

molten carbonate fuel cells. Phosphoric acid fuel cell (PAFC) is another type of fuel cell that 

usually operates at intermediate temperature. The other main type is the low temperature fuel 

cells including proton exchange membrane fuel cell (PEMFC) and alkaline fuel cell (AFC) with 

operation temperature usually lower than 120 °C.[7, 8] Polymer membrane can be incorporated 

in the low temperature fuel cells as electrolyte and this review focuses on polymer membrane 

materials for AFC application.  

 

1.2 Alkaline Fuel Cells 

The AFC is the first fuel cell technology to be applied toward practical applications in the 

20th century. In the 1950s, NASA began to use AFCs for spacecraft and equipped the Gemini 
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and Apollo spaceships with this technology.[8] In the AFC, fuel is oxidized on the anode and 

generates the electrons to flow through the external circuit, whereas electrons reduce the oxygen 

on the cathode, where hydroxide ions are produced and conduct from cathode to anode (Figure 

1.1).  

 

Figure 1.1   Scheme of a hydrogen fueled alkaline fuel cell. 

The overall hydrogen fueled AFC reactions are given by: 

Anode reaction             2H2 + 4OH
-
 → 4H2O + 4e

- 

 
                                     Cathode reaction          O2 + 2H2O + 4e

-
 → 4OH

- 

 
                                      Overall reaction           2H2+ O2 → 2H2O 

AFCs offers many advantages over proton exchange membrane fuel cells (PEMFCs) 

resulting in the popularity of AFCs in the US space program.[8-11] The primary benefit AFC 

offered over PEMFC is better electrochemical kinetics on the anode and cathode under the 

alkaline environment, which results in the ability to use non-precious metal catalyst in this type 



 4

of fuel cell to reduce the total costs.[12-15] An AFC usually operates at relatively low 

temperature (roughly 60 °C),[11] offering a lower possibility of thermal and chemical 

degradation. 

 

1.2.1 Traditional Alkaline Fuel Cell 

Although AFCs offers several benefits, the traditional AFC commonly uses aqueous 

potassium hydroxide (KOH) as electrolyte,[9, 16] which results in several drawbacks for AFC 

technology that prohibit extensive application in other than space applications. The main 

drawback associated with the aqueous KOH electrolyte is the precipitation of potassium 

carbonate that can form by reaction with carbon dioxide impurities in the fuel and air.[17, 18] 

The carbon dioxide in the air or fuel reacts with hydroxide to decrease the number of hydroxide 

ions available for reaction at the anode, thus reducing the fuel cell performance. Furthermore, the 

formation of a metal carbonate can result in a precipitate that blocks pores in the electrodes, 

resulting in a further decrease in AFC performance.[8-11]  

Another disadvantage of traditional AFC is related to the use of caustic liquid electrolyte. 

Corrosion management is a problem during the operation because the electrolyte can degrade 

most materials. Fuel cell materials that come in contact with the electrolyte need to be highly 

alkaline stable, which also leads to higher cost. The amount of liquid electrolyte also affects the 

performance, as the electrode can suffer from drying due to the lack of liquid electrolyte, while 

excess of liquid electrolyte can lead to the flooding of the electrode. 

 



 5

1.2.2 Anion Exchange Membrane Fuel Cell (AEMFC) 

Anion exchange membranes have been known for decades in water treatment 

applications such as electrodialysis,[19-21] but recent research has been directed toward making 

solid polymer electrolytes for AFCs to overcome the issues in traditional liquid electrolyte 

AFCs.[8, 11, 22] The anion exchange membrane serves as electrolyte and has less sensitivity to 

carbon dioxide compared to aqueous KOH due to the absence of free cation in the polymer 

membrane. As a result, the anion exchange membrane prohibits the carbonate precipitation 

problem while still maintaining many other advantages of the AFC. Although hydroxide ions are 

still present in the anion exchange membrane fuel cell (AEMFC), this technology does not have 

the same corrosion and leakage problems. AEMFCs still has disadvantages compared to 

PEMFCs. The ion conducted in AEMFC is hydroxide, which is a larger ion than a proton and 

results in slower ion transport properties from a decreased mobility.[23] Another drawback of 

AEMFC is its high dependence of ionic conductivity on environmental humidity, which also 

limits its wide application.[24]  

Overall fuel cell performance can be influenced by many factors, and the anion exchange 

membrane in AEMFCs is one core component. To be effective, the polymer membrane must 

possess certain desired properties that are directly linked to the fuel cell performance. Foremost, 

the cationic functional group for hydroxide conduction must be thermally and chemically stable 

under the AFC operating conditions. It is required that the polymer backbone has adequate 

mechanical, thermal, and chemical stability to maintain membrane durability under the alkaline 

conditions. Another important requirement is high ionic conductivity, since the main role of 

polymer electrolyte is to transport hydroxide from cathode to anode. The ionic conductivity must 

be high under different temperature and humidity conditions and should not vary. Moreover, the 
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anion exchange membrane should work as a barrier to prevent electron conduction and fuel 

crossover in the membrane. Additionally, low cost of the membrane preparation and fabrication 

is also desired.  

A wide range of cationic functional groups and polymer backbones have been studied as 

anion exchange membranes, and extensive reviews of anion exchange membrane materials are 

available.[8-11, 22, 25] A few of the important classes of polymer electrolytes studied for use in 

anion exchange membrane fuel cells (AEMFC) are reviewed here as background information.  

 

1.2.2.1 Polymer Membranes based on Quaternary Ammonium Cation 

Functionalization of a polymer backbone with a quaternary ammonium group is the 

simplest and most widely studied way to introduce a tethered cationic group to form an anion 

exchange membrane.  Among the different types of quaternary ammonium cations, 

benzyltrimethylammonium [BTMA] is one of the most frequently studied due to the absence of a 

β-hydrogen in the chemical structure leading to a moderate thermal and chemical stability.[26-29] 

More prominently, the functionalization of a polymer chain with a [BTMA] cation is relatively 

straightforward through substitution of a pendent chlorobenzyl group with trimethylamine.  The 

substitution can be done on many different polymers that are functionalized with a chlorobenzyl 

group, therefore a wide variety of polymer backbones can be studied. Examples of different 

polymer systems are presented below. 

Polystyrene is a readily synthesized material that is considered to be stable in alkaline 

conditions leading toward its study in alkaline anion exchange membranes. In addition, 

polystyrene can be incorporated with a variety of functional groups to obtain desired membranes. 
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The majority of polystyrene based membranes have incorporated quaternary ammonium cation 

functional groups to conduct hydroxide. Many research groups have taken advantage of this 

versatile platform to produce various materials for anion exchange membranes.[24, 30-42] 

Some early polystyrene based anion exchange membranes were prepared from styrene 

and divinylbenzene polymer networks. The membrane is obtained by copolymerization of both 

monomers, followed by chloromethylation and then a trimethylamine quaternization reaction.[30] 

These membranes exhibited high electrical resistance, however, the brittle nature of polystyrene 

materials cannot be ignored. 

In order to enhance the mechanical properties of styrene-based anion exchange 

membranes, Zeng, Chen and coworkers prepared an anion exchange membrane based on 

commercially available polystyrene-poly(ethylene-co-butylene)-polystyrene (SEBS) 

copolymer.[37, 42] Chloromethylation of the polystyrene block and trimethylamine 

quaternization were subsequently performed on this polymer (Figure 1.2). Instead of using 

highly carcinogenic chloromethyl methyl ether, excess formaldehyde and hydrochloric acid gas 

were used as chloromethylating reagents.[37] The membrane displayed relatively low hydroxide 

conductivity on the order of 9.37 mS/cm at 80 °C with a low ion exchange capacity (IEC) of 0.3 

meq/g and water uptake (12%). Sangeetha and coworkers reported a similar anion exchange 

membrane modified through a similar synthetic strategy,[38] but after the chloromethylation 

reaction the polymer was quaternized with triethylamine. The obtained membranes were reported 

to be flexible, and thermally and mechanically stable. The IECs exhibited a linear relationship 

with hydroxide conductivity and water uptake. However, the hydroxide conductivity was only 

0.69 mS/cm at room temperature for a polymer with an IEC of 0.578 mmol/g.  
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Figure 1.2   Chloromethylation, quaternization, and alkalization reaction of SEBS. 

Vinylbenzyl chloride is a styrene derivative monomer containing the benzyl chloride 

functional group, which can be readily converted to ammonium groups by reaction with tertiary 

amine reagent without a chloromethylation step. Poly(vinylbenzyl chloride) was radiation 

grafted into fluorinated or partially fluorinated polymer membranes to prepare an anion exchange 
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membrane and the properties were extensively studied by researchers at the University of Surrey 

(Figure 1.3).[24, 31, 32, 34, 35] In their early studies, vinylbenzyl chloride was grafted onto 

partially fluorinated films of poly(vinylidene fluoride) (PVDF) and fully fluorinated films of 

poly(tetrafluoroethene-cohexafluoropropylene) (FEP) followed by quaternization and 

alkalization to prepare anion exchange membrane.[31, 32, 34] Degradation was observed in 

anion exchange membranes prepared by PVDF, which prohibits this type of membrane for fuel 

cell application. Nonetheless, FEP film based anion exchange membranes exhibited desired 

performance in structural stability and hydroxide conductivity of 0.02 S/cm at room temperature. 

The same graft and functionalization strategy was applied to poly(ethylene-co-

tetrafluoroethylene) (ETFE) film leading to a promising hydroxide conductivity of 0.034 S/cm at 

50 °C in water.[24, 35] The ETFE based membranes provide higher mechanical properties and 

lower water uptake than FEP based anion exchange membranes due to a higher crystallinity of 

ETFE compared to FEP 

 

Figure 1.3   The radiation grafting of vinylbenzyl chloride onto PVDF, FEP, AND ETFE 
polymer films and followed by quaternization and alkalization 

 

Alternative to the grafting modification of commercial copolymer films, vinylbenzyl 

chloride can be readily incorporated into a polymer backbone to synthesize copolymers with 

other film forming materials. A polymer membrane was designed based on poly(methyl 
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methacrylate-co-butyl acrylate-co-vinylbenzyl chloride) (PMBV) random copolymer to study the 

alkaline fuel cell properties (Figure 1.4).[36] The copolymer was quaternized by trimethylamine 

in DMF and an anion exchange membrane was prepared from the amphiphilic material. 

Changing the amount of vinylbenzyl chloride in the copolymer varied the ultimate IEC obtained 

in the membranes. The methyl methacrylate and butyl acrylate provide the membrane with high 

mechanical stability and flexibility, although the alkaline stability of the ester groups is expected 

to be quite low. The increased conductivity is associated with the increase in IEC, however, the 

quaternized membrane with best hydroxide conductivity (13.5 mS/cm in fully hydrated 

conditions) shows incredibly high water uptake of 239%. 

 

Figure 1.4   Quaternized membrane from poly(methyl methacrylate-co-butyl acrylate-co-
vinylbenzyl chloride) 

 

 

Figure 1.5   Semi-interpenetrated polymer network by crosslinking reaction 
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Although high water uptake is also associated with high conductivity, the durability of 

membranes can be dramatically decreased by excessive water uptake and the formation of what 

approximates a hydrogel. In order to solve this problem, crosslinking steps are commonly 

involved.  It has also been shown that crosslinks in anion exchange membranes can greatly 

enhance the thermal stability and mechanical durability. Researchers from the same group that 

produced the PMVB polymers developed a semi-interpenetrated network (s-IPN) based on 

poly(methyl methacrylate-co-vinylbenzyl chloride) (PMV) random copolymer by polymerization 

of divinylbenzene in the presence of quaternized PMV solution. The resulting membrane 

eliminated the butyl acrylate in the copolymer and incorporated crosslinks in the membrane 

(Figure 1.5).[41] The obtained anion exchange membrane (10 wt% DVB crosslinker of the 

quaternized PMV membrane) displayed much lower water uptake (63.1%) compared to the non-

crosslinked membrane (PMBV based membrane). A durability test under actual fuel cell 

conditions demonstrated the positive effect on mechanical properties from the formation of 

crosslinking and removal of butyl acrylate. The conductivity of the crosslinked membrane was 

determined to be lower than the non-crosslinked version, although still on the order of 10-2 S/cm. 

Polysulfones are a class of poly(aryl ether) materials that have been widely studied for 

use in nanofiltration,[43-45] gas separation,[46, 47] and PEMFC.[48, 49] Because of their 

generally good properties and their ready capability for functionalization to introduce cationic 

groups, a large number of poly(aryl ether) based anion exchange membranes have been 

developed for potential application in AEMFCs.[23, 50-58]. The high alkaline stability of 

polysulfone has been demonstrated by soaking the polymer in 40% NaOH at 70-80 °C for 300 

hours, where no degradation was observed.[59] Polysulfones are commonly modified by 

chloromethylation, followed by quaternization to yield benzyltrimethylammonium groups.  
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Hibbs and coworkers copolymerized bisphenol with bis(dichlorodiphenyl) sulfone by 

nucleophilic aromatic substitution polymerization to form a polymer precursor. The obtained 

polymer was chloromethylated and solvent cast to prepare a membrane. Quaternization with 

trimethylamine and alkalization were subsequently performed on the membrane to yield an anion 

exchange membrane in the hydroxide counterion form (Figure 1.6).[23] The chloromethylation 

reaction took place on the biphenol repeat units and the IEC of the membrane was varied from 

0.69 meq/g to 1.89 meq/g depending on the degree of functionalization on the polymer backbone. 

Increased conductivity was associated with an increase in IEC and in water uptake. The 

membranes demonstrated hydroxide conductivity up to approximately 35 mS/cm at 30 °C with a 

water uptake of nearly 100%.  

 

Figure 1.6   Post-modification of polysulfone by chloromethylation, quaternization, and 
alkalization 
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Bisphenol A copolymerized polysulfone was also prepared as anion exchange membrane 

by a similar post-modification method. The chloromethylation reaction was studied to optimize 

the extent of chloromethyl group functionalization, and it was found that the degree of chloro-

methylation is a function of temperature and time.[51] Instead of only using trimethylamine as 

quaternization reagent, other tertiary amines (triethylamine, dimethylethylamine, dimethyl-

isopropylamine, and tetramethylethylenediamine) were also incorporated into the study of the 

quaternization reaction. The chloromethylated membrane reacting with tetramethylethylene-

diamine (TMEDA, difunctional crosslinker) and bromoethane produced highest hydroxide 

conductivity (73 mS/cm at 90 °C) and measured stability in alkaline conditions (Figure 1.7).[51] 

 

Figure 1.7   TMEDA and bromoethane quaternization of polysulfone 

 

Researchers at Georgia Institute of Technology studied the polysulfone anion exchange 

membranes based on bisphenol AF (Figure 1.8), which provide fluorenyl functionality in the 
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polymer backbone to enhance the durability and mechanical stability of fuel cell membrane.[53, 

55, 58] In their early study, a high functionality of ammonium cations (as measured by IEC) in 

their polymer membrane was achieved, which resulted in a high carbonate conductivity of 63 

mS/cm at 70 °C.[53] The higher IEC led to an increase in ionic conductivity, however, the high 

IEC samples also resulted in a high water uptake and low membrane dimensional stability. More 

recently, researchers from the same group developed a crosslinked polysulfone to overcome the 

high water uptake issue. An excess of bisphenol AF was designed to ensure phenol end 

functional groups on polysulfone and an epoxy functional group (tetraphenylol ethane glycidyl 

ether) was introduced and used to crosslink the polysulfone.[55] The crosslinked structure 

controlled the water uptake and swelling, and the water uptake decreased from 225% to 50% 

going from the non-crosslinked membrane to the crosslinked material. However, the hydroxide 

conductivity of the non-crosslinked membrane was found to be unstable in 1 M hydroxide 

solution at 50 °C indicating the degradation of quaternary ammonium cation. 

 

Figure 1.8   Bisphenol AF based polysulfone 

 

As discussed above, the chloromethylation reaction commonly involves with the use of 

highly carcinogenic chloromethyl methyl ether. Hickner and coworkers developed a less toxic 

synthetic pathway by incorporating tetramethylbisphenol A as a comonomer in a polysulfone 

(Figure 1.9).[54] The benzyl methyl groups in the polymer enabled a bromination reaction using 

N-bromosuccinimide to yield bromomethyl groups on the polysulfone backbone. The 
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quaternization reaction was performed by both heterogeneous and homogeneous methods. The 

membrane from heterogeneous amination displayed a higher conductivity than the membrane 

from the homogeneous method. The membrane in hydroxide form was exposed to air to study 

the carbon dioxide effect on membrane conductivity. The membranes after 4 days of carbon 

dioxide exposure reached a similar conductivity to the membrane directly ion exchanged to 

bicarbonate. A conductivity of 27 mS/cm was obtained for a membrane in bicarbonate form. 

 

Figure 1.9   Preparation of quaternary ammonium anion exchange membrane based on 
tetramethylbisphenol A polysulfone 

 

Although the majority of synthetic procedures prepare benzyltrimethylammonium cations 

through the amination with trimethylamine, alternative methods to functionalize a polysulfone 

have been examined.  Benzylamine functionalized polymers can be synthesized using a 
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benzyldimethylamine functionalized monomer and then reacted with methyl iodide to form 

quaternary ammonium cations in the polymer. (Figure 1.10).[52] The functionalized monomer 

offered control over IEC and cationic group position on the polymer backbone. All membranes 

showed conductivity on the order of 10-2 S/cm at room temperature and the highest hydroxide 

conductivity reached 80 mS/cm. 

 

Figure 1.10  Anion exchange membrane by tertiary amine functionalized bisphenol polysulfone 

 

Poly(ether imide)s are another class of polymer backbone that has been used in numerous 

application areas due to their high thermal, chemical and mechanical stability. The sequence of 

Chloromethylation and subsequent trimethylamine quaternization has also been used to convert 

poly(ether imide)s to anion exchange membranes.[60-62] Wang and coworkers developed a 
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poly(ether imide) based membrane through this process (Figure 1.11) but the hydroxide 

conductivity was found to be low, ranging from 2.28 to 3.51 mS/cm. Moreover, the poly(ether 

imide) are potentially susceptible to degradation under alkaline conditions due to possible 

hydrolysis of the imide group 

 

Figure 1.11  Poly(ether imide) for anion exchange membrane[60] 

 

Polyethylene has been studies as membrane material for AEM due to its good chemical 

and mechanical stability as well as its ease of processing.[63-65] An anion exchange membrane 

was produced by direct reaction on the polyethylene backbone (Figure 1.12).[66] The 

sulfonchlorination reaction was performed on a polyethylene film in the presence of sulfur 

dioxide and chlorine. The diamine reagent was used to substitute the chloride and further 

quaternized by bromomethane. Although the conductivity of this type of membrane was not 

reported, the research provided a feasible method for functionalization of polyethylene to 

produce anion exchange membranes. 

 

Figure 1.12  Polyethylene derived anion exchange membrane 
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Coates research group has reported several studies on polyolefin-based membranes, 

which can be further hydrogenated to form polyethylene based anion exchange membranes.[67-

69] Polymer precursors were synthesized by ring opening metathesis polymerization (ROMP) 

using the Grubbs’ second generation catalyst due to the high tolerance of various functional 

groups. A random copolymer was prepared from non-functionalized cyclooctene and 

tetraalkylammonium functionalized cyclooctene (Figure 1.13).[68] The IEC varied with the 

monomer feed ratio in the copolymerization. The unsaturated polymer precursors were 

hydrogenated by hydrogen gas in the presence of Crabtree’s catalyst. The conductivity of 

hydrogenated membranes reached 65 mS/cm at 50 °C with an IEC of 1.50 mmol/g and water 

uptake of 132%. 

 

Figure 1.13  Polyethylene based anion exchange membrane 

 

A crosslinked polyethylene based anion exchange membranes were designed with 

membranes reportedly prepared through the slow evaporation during the polymerization. A 

tetraalkylammonium-functionalized cross-linkers (two benzyltrimethyl-ammonium groups per 

monomer) is synthesized to copolymerize with cyclooctene (Figure 1.14).[69] The membranes 

retained high mechanical properties and conductivities of bromide, chloride, bicarbonate, 

carbonate, and hydroxide forms were compared and hydroxide exhibited the highest conductivity 

among all counterions as expected. The crosslinked membrane showed competitive hydroxide 
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conductivity under hydrated condition, which reached up to 68.7 mS/cm at 20 °C and 111 

mS/cm at 50 °C. 

 

Figure 1.14  Crosslinked anion exchange membrane by functionalized monomer crosslinker 

Poly(phenylene oxide) (PPO) is a high performance engineering polymer with high 

stability. More importantly, the availability of benzyl methyl groups in PPO enable the post 

functionalization by bromination. PPO based anion exchange membranes have been widely 

studied by Xu and coworkers.[70-82] The early work on PPO based anion exchange membrane 

focused on the bromination condition to control the bromine function position.[70] The 

brominated materials were functionalized to cationic functional groups for different applications. 

Anion exchange membranes were prepared by blending chloroacetylated PPO (CPPO) with 

brominated PPO (BrPPO) to form a crosslinked network (Figure 1.15).[76] After 

functionalization by reaction with trimethylamine, the conductivity showed a proportional 

relationship with IEC as well as the amount of BrPPO. The water uptake was controlled by the 

extent of crosslinking reaction between chloroacetyl groups and aromatic ring, and the extent of 

crosslinking in the membrane was dependent on the amount of CPPO.  
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Figure 1.15  Two crosslinking structures in BPPO/CPPO blend membrane 

 

Quaternary ammonium cations other than benzyltrimethylammonium have also been 

investigated in anion exchange membranes based on PPO. Hickner and coworkers synthesized a 

series of quaternized PPO containing long alkyl chain quaternary ammonium cations (Figure 

1.16).[82] PPO polymer was functionalized through varying degrees of bromination. A series of 

BPPO polymers were quaternized by N,N-dimethylhexylamine, N,N-dimethyldecylamine, and 

N,N-dimethyl-hexadecylamine to compare with the BPPO aminated by trimethylamine. The 

membranes aminated by dimethylhexylamine exhibited the highest conductivity up to 43 mS/cm, 

which is almost 2 times higher than the membrane with similar IEC in benzyltrimethyl-

ammonium cation. Quaternary ammonium cation with long alkyl chains also showed higher 

alkaline stability than the membranes in benzyltrimethylammonium cation although degradation 

was reported for all membranes. Quaternized PPOs with multiple alkyl chains displayed 

significantly lower water uptake due to the increased hydrophobicity resulting from multiple 

alkyl chains. 
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Figure 1.16  Quaternized PPO containing (1) benzyldimethylhexylammonium cation; (2) 
benzyldimethyldecyl ammonium cation; and (3) benzyldimethylhexadecylammonium cation 

 

 

Figure 1.17  Poly(phenylene) based anion exchange membrane 

Poly(phenylene) polymer has not been widely studied for anion exchange membrane fuel 

cell, however, researchers in Sandia National Lab synthesized poly(phenylene) based anion 

exchange membranes through Diels-Alder reaction (Figure 1.17).[83] Various tetramethyl-

poly(phenylene) homopolymers and copolymers were prepared and functionalized to yield a 

range of IECs. The repeat unit with benzyl methyl groups could undergo bromination by reaction 

with N-bromosuccinimide initiated by benzoyl peroxide. The resulting bromomethyl groups 

were subsequently aminated by trimethylamine. The membranes had water uptakes that range 
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from 23 to 122% with hydroxide conductivity up to 50 mS/cm in water. In addition, the alkaline 

stability was studied on poly(phenylene) based anion exchange membrane indicating the material 

is alkaline stable in 4M NaOH at 60 °C. 

Anion exchange membranes containing alkyl spacers were also prepared by Friedel–

Crafts acylation of 6-bromo-1-hexanoyl chloride on the poly(phenylene) backbone materials 

(Figure 1.18).[84] The chloride conductivity of membranes with a six-carbon side chain reached 

17 mS/cm. The quaternized membrane containing ammonium cations with alkyl side chains was 

exposed to 4 M KOH at 90 °C for 14 days and no noticeable degradation was observed. The 

alkaline stability of these membrane displayed improved results compared to the 

poly(phenylene) membrane tethered by other cations in the same test condition. 

 

Figure 1.18  Quaternary ammonium cations containing six-carbon side chain 

 

1.2.2.2 Polymer Membranes based on Other Cations 

In addition to quaternary ammonium cations, other cations have also been incorporated to 

produce anion exchange membranes for fuel cells. Quaternary phosphonium cations have 

demonstrated good ion conduction properties and high stability in alkaline conditions. Yan and 
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coworkers developed a tris(2,4,6-trimethoxyphenyl) phosphine to tether to a bisphenol A 

polysulfone,[85, 86] through chloromethylation and chloro substitution with the phosphine. The 

trimethoxy groups were proposed in this study to increase the stability by reducing the attack by 

the hydroxide ion. The quaternary phosphonium membrane produced a high ionic conductivity 

and good fuel cell performance. The conductivity and water uptake were also proportional to 

IEC in the phosphonium-based membrane. The highest hydroxide conductivity reached 45 

mS/cm at 20 °C in water.  

The tris(2,4,6-trimethoxyphenyl) phosphine functionalized polysulfone was also reacted 

with benzyl chloride functional polysulfone to produce self-crosslinking structures at relatively 

low temperature (Figure 1.19).[87] The crosslinked membrane efficiently reduced the water 

uptake while mostly retaining hydroxide conductivity of 38 mS/cm under fully hydrated 

condition at 20 °C. 

 

Figure 1.19  Quaternary tris(2,4,6-trimethoxyphenyl) phosphonium cation based anion exchange 
membrane 
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Another type of phosphonium cation, tetrakis(dialkylamino)phosphonium cation, was 

attached to cyclooctene to prepare polyethylene based anion exchange membrane by the Coates 

research group (Figure 1.20).[88] The alkaline stability of tetrakis(dialkylamino)-phosphonium 

model compound was evaluated and directly compared with benzyltrimethyl-ammonium cations. 

The membrane tethered by tetrakis(dialkylamino)phosphonium displayed superior alkaline 

stability in 15 M KOH at 22 °C and 1 M KOH at 80 °C. Although the cation synthesis required 

multiple steps, the membrane produced good hydroxide conductivity of 22 mS/cm at 22 °C and 

high alkaline stability. 

 

Figure 1.20  Tetrakis(dialkylamino)phosphonium functionalized polyethylene membrane 

 

Guanidinium cation has also been used in anion exchange membrane with speculation 

that the high basicity can effectively conduct hydroxide ion. Wang and coworkers incorporated 

guanidinium cation onto biphenol polysulfone backbone and the membranes showed high 

hydroxide conductivity of 45 mS/cm at 20 °C and 74 mS/cm at 60 °C at an IEC of 1.89 meq/g 

(Figure 1.21a).[89] More recently, Xu and coworkers incorporated guanidinium cation onto PPO 

to produce guanidinium PPO (GPPO) membrane in order to study the properties. The GPPO 

membrane displayed extraordinary hydroxide conductivity of 71 mS/cm at room temperature 

(Figure 1.21b).[90] The study proposed good chemical stability of the guanidinium cation in 

hydroxide solution for a short duration (1 M NaOH at 60 °C over 48 hr). Hibbs and coworkers 
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also studied the alkaline stability of quaternary guanidinium caition tethered on poly(phenylene) 

(PMGTMPP) membrane. The PMGTMPP membrane exhibited low stability under basic 

conditions and the ionic conductivity largely decreased after only 24 hours in 4 M KOH at 

90 °C.[84]  

 

Figure 1.21 Guanidinium functionalized (a) polysulfone and (b) poly(phenylene oxide) 

 

Imidazolium has also been employed in anion exchange membranes as a hydroxide 

conducting group. Imidazolium can be either prepared in the polymer backbone as poly-

benzimidazolium or as pendent cationic group tethered onto the polymer backbone. Poly-

benzimidazole was methylated to generate the cation functional polymer and produce anion 

exchange membrane (Figure 1.22a).[91-93] However, the poor stability of polybenzimidazolium 

in alkaline condition has impeded application. The similar unstable behavior of imidazolium in 

alkaline condition was also observed in poly(phenylene) based polymer membrane. The 

hydroxide conductivity of imidazolium membrane decreased by almost 60% after one day 

soaking in 4 M KOH solution at 90 °C. In order to increase the alkaline stability of 

polybenzimidazolium, adjacent bulky groups were designed in polybenzimidazole synthesis 

(Figure 1.22a). The improved membrane showed hydroxide conductivity of 13.2 mS/cm while 
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possessing increased alkaline stability, which could correspond to the steric hindrance to 

hydroxide nucleophilic attack.  

Recently, a pendent imidazolium functionalized membrane was prepared based on 

tetramethylbisphenol A polysulfone block copolymer (Figure 1.22b).[94] The polysulfone 

polymer was brominated and then functionalized with imidazolium homogeneously. The 

membrane with an IEC of 1.45 meq/g exhibited high hydroxide conductivity of 100 mS/cm at 

80 °C with a reasonable water uptake. The alkaline stability was also investigated with only a 

slight decrease in hydroxide conductivity observed after immersing in 2 M NaOH solution at 

60 °C for 7 days. 

 

Figure 1.22  Imidazolium functionalized anion exchange membrane 

 

Numerous synthetic strategies have been employed to synthesize cationic functional 

groups and polymer backbones for potential application as anion exchange membrane fuel cells. 

While various cationic functional groups and polymer backbones can be selected, enhanced ionic 

conductivity commonly associates with increased water uptake, correlating to the increase in IEC. 

However, the high water uptake results in undesirable swelling leading to poor mechanical 
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integrity of the membrane in water or fuel. Therefore, it is necessary to balance the relationship 

between membrane ionic conductivity and mechanical performance.  

Although benzyltrimethylammonium cation is not the most stable cation for alkaline fuel 

cell application, the relative ease of synthesis and acceptable ion conducting properties make the 

benzyltrimethylammonium popular in anion exchange membrane research. Improved cationic 

functional groups still need to be investigated in order to produce highly conductive materials 

with improved thermal, and chemical stability through a facile synthetic pathway. 

 

1.3 Phase Separated Materials 

Research has demonstrated that the ionic conductivity of polymer electrolyte can be 

enhanced by the formation of conduction pathways in the membrane through the formation of 

phase-separated morphology.[25, 95-97] The anion exchange membrane comprises hydrophilic 

ionic conduction component and a hydrophobic component, where the two parts are not 

compatible with each other leading to potential phase separated morphology. Additionally, the 

balance between membrane ionic conductivity and mechanical stability in water is paramount, 

therefore, the control of phase separation in anion exchange membrane needs to be taken into 

account to optimize this balance. Most of the reported research on anion exchange membranes 

deals with random copolymers and the cationic functional groups are randomly distributed 

through the polymer, which limits microphase separation between hydrophilic and hydrophobic 

portions. Polymer materials with ordered phase separated morphologies or with the potential for 

forming ordered phase separation will be presented in the following content.   
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1.3.1 Perfluorinated Polymer 

In the research of Nafion™ as proton exchange membrane, phase separation behavior has 

been extensively investigated.[95, 96] The hydrophilic side chains constitute the ionic 

conducting channel while the hydrophobic perfluorinated backbone forms the mechanical 

component of the membrane material. Although Nafion is a proton exchange membrane material, 

the material concept provides an example of controlling or manipulating the phase separation in 

anion exchange membrane to enhance ion exchange membrane properties. 

 

Figure 1.23  Quaternized piperazinium functionalized perfluorinated anion exchange membrane 
based on Nafion™ 

 

Recently, Nafion™ based materials were converted to anion exchange membranes in 

order to take the advantage of the outstanding membrane performance, and the modified ionomer 

is expected to provide phase separation behavior.[98-100] A Nafion™ based membrane was 

functionalized by dimethylpiperazine cations and ion exchanged to hydroxide (Figure 

1.23).[100] The cationic modified Nafion™ membranes in both fluoride and hydroxide forms 

show an ionic peak in small angle x-ray scattering (SAXS), which is attributed to the ordered 
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phase separation in membrane. However, the Nafion™ modified anion exchange membrane 

displays lower hydroxide conductivity than chloride, due to the neutralization of hydroxide by 

carbon dioxide, or more likely the instability of the resulting cation to a nucleophilic hydroxide.  

 

1.3.2 Multi-block Copolymers 

Nucleophilic aromatic substitution polymerization has been employed to synthesize 

multi-block polysulfone copolymers to investigate the membrane properties and their phase 

separation behavior.[56, 57] A series of mutiblock polymer membranes containing hydrophobic 

polysulfone block and quaternary ammonium functionalized hydrophilic block were designed by 

Watanabe and coworkers.[56] In this work, 4,4′-(9-fluorenylidene)diphenol was copolymerized 

in the polymer for subsequent chloromethylation and the capacity to incorporate a greater 

number of cationic functional groups. The phase separation between hydrophobic and 

hydrophilic components was confirmed in the multiblock membrane by scanning transmission 

electron microscopy (STEM) in Figure 1.24. The ionic conductivity of multiblock membrane 

outperformed the corresponding random membrane as characterized by electrochemical 

impedance spectroscopy. The multiblock membranes exhibited hydroxide conductivity up to 144 

mS/cm at 80 °C in water.  

    

Figure 1.24  STEM images of (a) random copolymer and (b) multiblock copolymer 



 

1.3.3 Block Copolymers 

The phase separation behavior of block copolymers with two chemically incompatible 

blocks has been investigated,[25, 

1.25.[103] The lamellar (a), gyroidal (b), and cylindrical (c)

interests in the anion exchange membrane design due to their continuous structures that can 

provide continuous ionic conduction pathways. The phase separated block copolymer can lead to 

a tunable morphology and domain by contro

Controlled block copolymers can be synthesized by a variety of polymerization techniques 

including living ionic polymerizations and controlled radical polymerizations. 

research has been recently directed toward the design of anion exchange membranes with 

controlled phase separated morphology that could potentially lead to favorable ionic transport 

and high conductivity.  

Figure 1.25  Morphology illustration of block copolymer
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The phase separation behavior of block copolymers with two chemically incompatible 
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including living ionic polymerizations and controlled radical polymerizations. As a result, 
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controlled phase separated morphology that could potentially lead to favorable ionic transport 
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Controlled phase separation behavior was achieved in anion exchange membranes based 

on imidazolium functionalized polystyrene-b-polyvinylbenzyl chloride (PS-b-PVBC) 

synthesized by nitroxide mediated polymerization.[104] Well-defined morphologies of anion 

exchange membrane were obtained by annealing at high temperature after film formation. Small 

angel X-ray scattering (SAXS) and transmission electron microscopy confirmed the formation of 

hexagonal cylinder and cylinder + lamella coexisting morphologies in membranes prepared by 

solvent casting and melt casting (Figure 1.26). The conductivity comparison was performed 

between cylindrical sample, lamellar sample, and the corresponding homopolymer 

(polyvinylbenzylhexyl-imidazolium bis(trifluoromethane-sulfonyl)imide) samples. The 

conductivity of membranes with lamellar morphology displayed approximately 10-fold higher 

values than a cylindrical sample and 5 times lower than corresponding homopolymer.  

 

Figure 1.26  TEM images of (a) cylinders + lamellae phase coexistence by solvent casting; (b) 
cylinders + lamellae phase coexistence by melt casting; and (c) hexagonally packed cylindrical 
phase by melt casting 

 

A similar polymer system, polystyrene-b-poly(vinylbenzyltrimethylammonium 

hydroxide) (PS-b-P[VBTMA][OH]) block copolymers, was prepared by atom transfer radical 

polymerization (ATRP) using benzyltrimethylammonium functionalized monomer in the 

Coughlin research group.[105] The controlled phase separation was also observed in this set of 
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polymers, and the spherical, cylindrical, and lamellar morphologies were confirmed by SAXS in 

Figure 1.27. The conductivity of materials showed strong dependence on IEC, temperature and 

relative humidity, similar to the dependence observed in random copolymer based anion 

exchange membranes. 

 

Figure 1.27  SAXS profiles of PS-b-P[VBTMA][OH] block copolymers 

 

The Winey and Elabd research groups investigated the effect of block copolymer and its 

corresponding random copolymer on ion conducting properties. Block copolymer consisting of 

methyl methacrylate as membrane formation block and 1-(2-methacryloyloxy)ethyl-3-

butylimidazolium hydroxide as ion conduction block were synthesized (Figure 1.28).[106] The 

block copolymer precursor was synthesized by reversible addition-fragmentation chain transfer 

(RAFT) polymerization using imidazolium functionalized monomer.[107] Although the ester 

groups in the polymer could potentially degrade under alkaline conditions, this study 

investigated the membrane properties between block copolymer and random copolymer with the 

same IEC. The block copolymer displayed ordered morphology while random copolymers were 

featureless in the SAXS profile indicating no ordered phase separation. The volume fraction of 

ionic block was tuned by varying the humidity, which leads to changes in morphology. The 

hydroxide conductivity (25 mS/cm at 80 °C and 90% humidity) of block copolymer exhibited 
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one order of magnitude higher value than the random copolymer with the same IEC, which 

further implies the importance of controlled phase separation on membrane ion transport 

property. 

 

Figure 1.28  Imidazolium functionalized block copolymer and random copolymer 

 

 

Figure 1.29  Quaternary ammonium functionalized PPO 

 

Another interesting block copolymer was synthesized based on PPO copolymers. 2,6- 

dimethylphenol and 2,6-diphenylphenol monomers were polymerized to form PPO random and 

block copolymer (Figure 1.29).[108] The block copolymers were functionalized by bromination 

and followed by trimethylamine quaternization. Benzyl methyl groups were functionalized to 

various extents as bromomethyl groups. Although an ordered phase separation behavior was not 
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examined in this study, the block copolymer membrane produced much higher conductivity than 

the random sample. The block copolymer membrane with an IEC of 1.27 meq/g reached highest 

hydroxide conductivity of 84 mS/cm at 80 °C and 95% relative humidity. 

 

1.3.4 Anionic Polymerization for Block Copolymers 

Living anionic polymerization of vinyl monomers is very useful for the formation of 

block copolymers and functionalized polymers. Through the use of living anionic polymerization, 

polymers can be synthesized with controlled molecular weight, composition, and functional 

groups.[109, 110]  The use of living polymerizations provides for the design of polymers for 

specific properties and applications.    

Considerable interest in anionic polymerization of vinyl monomers has continued since 

the 1950's when Michael Szwarc first demonstrated the benefits of a living polymerization. In a 

living anionic polymerization, the reactive site persists throughout the reaction so that no 

termination or chain transfer occurs on the timescale of the reaction.  Because there is no 

termination, monomers can be polymerized sequentially to yield well-defined block copolymers. 

In addition, the reactive sites can be readily terminated with an electrophile to form 

functionalized polymers.  Additional living or controlled polymerization techniques have since 

been developed, but the control afforded by the anionic polymerization of vinyl monomers offers 

significant advantages over the other polymerization methods.  One advantage is that only 

anionic polymerization can control the microstructure of diene (e.g. isoprene, butadiene) 

polymerizations. High 1,4-structured polydiene can be obtained by applying anionic 

polymerization toward diene monomers in non-polar solvents, and it is well known that only the 
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1,4-structured polydienes leads to an elastomeric property. The 1,4-structured polydiene can be 

further hydrogenated to produce semi-crystalline polyethylene material. 

Although the exquisite control over block copolymer synthesis offered by living anionic 

polymerization is well understood, the block copolymer as fuel cell membrane prepared by living 

anionic polymerization has not been investigated to the best of our knowledge. Therefore, living 

anionic polymerization is designed in this thesis to provide a unique technique for the 

preparation of anion exchange membranes with controlled chemical structures and phase 

separated morphologies. 

 

1.4 Conclusion 

Fuel cells are provide a potentially sustainable and energy efficient technology for future 

clean energy solution. Alkaline fuel cells have gained renewed interest since its alkaline 

operating environment and resulting kinetics offer various advantages over proton exchange 

membrane fuel cell, including the ability of running alkaline fuel cells with non-precious metal 

catalyst and low operation temperature. Although the drawbacks in traditional liquid electrolyte 

alkaline fuel cells can be overcome by replacing the liquid electrolyte with anion exchange 

membrane, the polymer electrolyte must meet several distinct requirements for fuel cell 

application. 

A variety of chemistries have been investigated toward improving membranes toward 

high ionic conductivity and low water uptake or swelling while maintaining good mechanical 

and alkaline stability. Some of the polymers produced exhibit promising membrane 

performances that could benefit further anion exchange membrane research. It is found that 
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phase separation plays an important role in optimizing the anion exchange membrane 

performance. The microphase structure control displays a tremendous influence on membrane 

properties, resulting in a good balance between conductivity and mechanical stability. Anionic 

polymerization offers exquisite control over block copolymer synthesis and diene 

microstructures, which could benefit the membrane properties. As a result, future research 

directed toward making anion exchange membrane with controlled phase separated morphology 

should be done. The understanding of anion exchange membrane properties and performance 

related to polymer structure is still demanded and more research toward membrane and cation 

improvements is needed. 

 

1.5 Thesis Statement 

The goal of this thesis is to develop different polymer systems (blend, block, graft, and 

crosslinked polymers) in order to understand alkaline fuel cell membranes in many aspects and 

to design optimized anion exchange membranes with better alkaline stability, mechanical 

integrity and ion conductivity. 

Although basic knowledge on the factors that affect the anion exchange membrane (AEM) 

performance have been determined, the further understanding of AEM design is highly 

demanded and can be significantly improved through answering the following scientific 

questions in this thesis. 

Question 1: Can the formation of miscible blends improve mechanical properties 

while maintaining high ionic conductivity through formation of phase separated ionic 

domains? 
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Vinylbenzyl chloride is a commercially available styrene based monomer and can be 

readily block copolymerized[111] and functionalized. Poly(vinylbenzyl chloride)-b-polystyrene 

(PVBC-b-PS) copolymers have shown the ability to prepare anion exchange membranes in 

previous studies, however its anticipated brittleness limits its potential application. In order to 

achieve desired mechanical properties, poly(phenylene oxide) (PPO) is used to blend with 

styrene based block copolymers as AEMs in Chapter 2. Although it is well known that PPO is 

compatible with PS in a wide range of compositions[112-118], the miscibility of PVBC-b-PS 

copolymer and PVBC-b-PS/PPO blend were investigated in this study. The PPO blended AEMs 

were prepared with different blend compositions and the mechanical properties of blend 

membranes were investigated. The water uptake and conductivity were studied and correlated to 

the ion exchange capacity. Annealing methods were applied on blend membranes to develop 

greater phase separation, and the membrane morphology and properties (water uptake and 

conductivity) after annealing were compared with sample before annealing. 

In order to further expand the understanding developed in PPO blend membranes, 

brominated PPO (BrPPO) is also designed to blend with the PVBC-b-PS in Chapter 3 to study 

the additional functional group effect on blend AEMs. The compatibility study of BrPPO and 

PVBC-b-PS was also performed. The quaternized membrane properties were studied through the 

water uptake and ionic conductivity, which were compared with PPO blended AEMs to further 

study the effect of quaternized PPO group in BrPPO blend membranes.  

 
Question 2: Can a polyethylene based block copolymer form well defined structures 

to enhance the ionic conducting property while providing good mechanical properties and 

alkaline stability? 
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In order to have controlled phase separation in anion exchange membranes, anionic 

polymerization is used to offer exquisite control over the synthesis of a block copolymer. In 

Chapter 4, polybutadiene-b-poly(4-methylstyrene) (PB-b-P4MS) is synthesized by anionic 

polymerization as precursors for AEMs. PB block is selected for the copolymer because it can be 

readily hydrogenated to form a polyethylene (PE) block to form a membrane matrix. PE derived 

from the hydrogenation of high 1,4-PB is a semi crystalline polymer providing dimensional and 

alkaline stable membrane. The P4MS block can be post modified to form quaternary ammonium 

cations by bromination and quaternization reactions. The final quaternary ammonium 

functionalized membranes with four block compositions are prepared in order to study the 

morphology effects by varying the block composition. The morphology of PE-b-P[VBTMA][Br] 

is examined by small angle x-ray scattering (SAXS) spectroscopy. The scanning transmission 

electron microscopy (STEM) was combined with SAXS to study the morphology of this PE 

block copolymer AEM. The water uptake of PE based AEMs was studied with their ion 

exchange capacity and correlated to ionic conductivity and activation energy. Tensile testing was 

performed on PE based AEMs to study their mechanical properties. 

 
Question 3: Can the incorporation of hydrophilic polymer increase the hydration 

number of AEM to improve ionic conductivity while reducing the dependence of 

conductivity on relative humidity? 

Most anion exchange membranes developed currently exhibit great loss of conductivity 

at low humidity conditions, limiting their application.  Membrane performance at low humidity 

needs to be improved and an understanding of water and ionic conductivity is needed. By 

comparing proton exchange membranes and anion exchange membranes in hydration number, 
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anion exchange membranes usually possess a lower hydration number and also show relatively 

higher dependence of conductivity on humidity. In order to study the hydration number effect on 

ion conductivity of AEMs, a graft AEM system is designed in Chapter 5 to increase hydration 

numbers independently of ion exchange capacity. Mono methoxy polyethylene glycol (mPEG) is 

a hydrophilic polymer absorbing enough water to increase hydration number in AEM. The 

mPEG has a single hydroxyl group on one polymer chain end and can be readily grafted to the 

benzyl chloride groups in PVBC-b-PS.[119] The remaining benzyl chloride groups can be 

converted to quaternary ammonium groups. Hydroxide and chloride conductivity are found to 

increase with an increase in mPEG grafting extent. The chloride conductivities of mPEG grafted 

membranes were tested at different humidity levels to study the dependence of conductivity on 

humidity, and the hydroxide conductivity was also studied. 

 
Question 4: Can the formation of quaternary ammonium crosslinks be 

quantitatively achieved while maintaining high ionic conductivity and mechanical 

properties? 

Quaternary ammonium crosslinks in anion exchange membrane has been proved to have 

an efficient effect on reducing swelling. In Chapter 6, quaternary ammonium crosslinked 

membrane was prepared by dimethylamine crosslinking reaction through PVBC-b-PS block 

copolymer for potential AEM application. The membranes were crosslinked to different extents 

and aminated to produce pendent benzyltrimethyl ammonium cationic groups. The amount of 

quaternary ammonium crosslinking groups and pendent benzyltrimethyl ammonium cations were 

quantified through infrared spectroscopy and ion exchange capacity measurements. Hydroxide 

and chloride conductivities of the copolymer membranes were measured by electrochemical 
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impedance spectroscopy, and the thermal stability of crosslinked AEM was also studied. 

Conductivity and thermal stability of crosslinked AEMs were compared to the non-crosslinked 

analogue. It is important to mention that the crosslinking structure also can act as ion conducting 

group during the fuel cell operation. 
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CHAPTER 2 POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE) BLENDED WITH 
POLY(VINYLBENZYL CHLORIDE)-B-POLYSTYRENE FOR THE FORMATION OF 

ANION EXCHANGE MEMBRANE  

 

 

2.1 Introduction 

Alkaline fuel cells (AFCs) using anion exchange membranes (AEMs) as electrolyte have 

recently received considerable attention.[9, 10] AFCs offer some advantages over proton 

exchange membrane (PEM) fuel cells, including the potential of non-noble metal (e.g. nickel, 

silver)[120] catalyst on the cathode, which can dramatically lower the fuel cell cost. The main 

drawback of traditional AFCs is the use of liquid electrolyte (e.g. aqueous KOH), which can 

result in the formation of carbonate precipitates by reaction with carbon dioxide. AEMs with 

bound cationic functional groups eliminate the precipitates formed in traditional AFCs.  

The goal of useful AEMs for AFC applications is to obtain a robust membrane with high 

ionic conductivity and good mechanical properties that can be operated in a high pH 

environment. Therefore, it is important to investigate a variety of cationic functional groups and 

polymer backbones. The most widely studied AEMs contain quaternary ammonium functional 

groups,[29] which are relatively simple to effect functionalization and have demonstrated 

moderate alkaline stability.[27] The polymer backbone chain structure is an additional important 

component of AEMs. Efforts have been directed to develop various polymer backbones for 

AEMs containing quaternary ammonium cations, including poly(arylene ether)s,[23, 53, 54, 56] 

poly(phenylene),[83] polyethylene[68, 88] and polystyrene derivatives.[34, 35, 37] There is a 

particular interest in styrenic block copolymer structures because they can be readily synthesized 
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and functionalized, as well as the possibility to develop well-defined morphologies upon film 

formation. 

Styrenic block copolymers are attractive materials for conversion into AEMs, however 

their anticipated brittleness and other poor mechanical properties limits their potential. One 

method that may lead to improved mechanical properties of styrenic block copolymers is to 

blend with poly(2,6-dimethyl-1,4-phenylene oxide) (PPO). PPO is an engineering plastic with 

high strength, chemical resistance[121] and high glass transition temperature (Tg ≈ 220°C).[122] 

PPO has also been widely used as a backbone polymer to prepare anion exchange membranes for 

fuel cell application by utilizing the pendent methyl groups for functionalization.[74, 76, 82, 108, 

123] Furthermore, PPO is well known to form miscible blends with polystyrene and some 

polystyrene copolymers.[112-118]  Recently, PPO has been blended in polystyrene-based ionic 

polymers to prepare PEMs where the blended membrane shows improved thermal stability and 

limited water uptake.[124, 125] Research has not been done on blending styrenic block 

copolymers with PPO as a means of improving properties of the materials for AEMs. 

In the current study, we demonstrate a methodology to prepare PPO blended polystyrene 

based AEMs. The formation of the membrane involves the synthesis of polyvinylbenzyl 

chloride-b-polystyrene (PVBC-b-PS) by nitroxide mediated polymerization, followed by solvent 

casting of PVBC-b-PS/PPO blends from chloroform, and subsequently reacting the PVBC-b-

PS/PPO blend films with trimethylamine to convert the benzyl chloride pendent groups into 

quaternary ammonium cations. A series of PPO blended membranes are prepared and the 

cationic functionality or ionic exchange capacity is tuned by varying the PPO content of the 

membrane. The research investigates in detail the preparation of quaternized PPO blend 

membranes, and the effect of PPO on the membrane properties including water uptake, ionic 
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conductivity, and mechanical properties. Additionally, the blend membranes are annealed by 

thermal and solvent vapor methods to study the effect on water uptake, ionic conductivity and 

morphology.  

 

2.2 Experimental Section 

2.2.1 Materials 

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%) were obtained from Aldrich, 

dried over calcium hydride and distilled under reduced pressure right before use. 2,2,6,6-

tetramethyl-piperidine-1-oxyl (TEMPO) (Aldrich, 98%) was sublimed twice before use. 

Anhydrous trimethylamine gas (99%) was used as received.  Benzoyl peroxide (BPO) was 

purified by recrystallization from chloroform/methanol. PPO homopolymer was purchased from 

Aldrich (Mn= 20,000 g/mol) and used as received. 

 

2.2.2 Synthesis of PVBC-b-PS by Nitroxide Mediated Polymerization (NMP) 

All glassware was dried at ~150 °C overnight before the polymerization. The purified 

VBC (10.0 mL), BPO (56 mg, 0.4 mmol), and TEMPO (62 mg 0.4 mmol) were added into a 50 

mL round bottom flask containing a magnetic stir bar and capped with a rubber septum. After 

dissolution, the round bottom flask was purged with Ar for 30 min. The mixture was heated to 

125°C for 3 hours to allow for polymerization. The TEMPO terminated PVBC (PVBC-TEMPO) 

was purified by several precipitations in methanol, and further dried in a vacuum oven before use. 

PVBC-TEMPO was then used as a macro-initiator to copolymerize styrene in a bulk 
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polymerization. PVBC-TEMPO (250 mg) was weighed into a 50 mL round bottom flask, and an 

excess of styrene (10 mL) was injected into the flask. After PVBC-TEMPO was dissolved in 

styrene, the round bottom flask was purged with Ar for 30 min. The bulk polymerization was 

carried out at 125 °C for 1 hr. The copolymer was isolated by precipitation in methanol, and was 

purified by re-precipitating after re-dissolving in chloroform. The copolymer was then dried 

under vacuum at room temperature.  

 

2.2.3 PPO Blended AEM Preparation 

PPO and PVBC-b-PS materials were dried in a vacuum oven before blending and then 

dissolved together in chloroform under sonication with a range of different mass ratios (PVBC-

b-PS : PPO = 40:60, 50:50, 60:40, 70:30, 80:20). All blend concentrations were prepared at 

5g/100mL. Polymer blend solutions were drop cast on glass slides by pipet and the solvent was 

allowed to evaporate slowly at room temperature.  The glass slide was immersed in deionized 

water to remove the polymer film. All films (PVBC-b-PS/PPO) obtained were transparent.  

PVBC-b-PS/PPO films were then rinsed with methanol and soaked in round bottom flasks filled 

with methanol. A 500% excess of anhydrous trimethylamine gas was introduced to the round 

bottom flask and allowed to react over 48 hours at room temperature to convert PVBC-b-PS/PPO 

films into poly(vinylbenzyltrimethylammonium chloride)-b-polystyrene/PPO (P[VBTMA][Cl]-

b-PS/PPO). The PPO blend membranes containing quaternary ammonium cations were soaked 

repeatedly with methanol and then deionized water. All quaternized membranes were dried in a 

vacuum oven at 60°C overnight.   
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2.2.4 Membrane Annealing 

Annealing was attempted by the following methods: (1) membranes were suspended in 

boiling deionized water for 12 hours; (2) membranes were annealed at 125°C -140°C under dry 

conditions for 12 hours; (3) membranes were annealed at 125°C -140°C with deionized water for 

12 hours in a sealed pressure vessel; and (4) membranes were annealed in a sealed pressure 

vessel at 70 °C over a 50/50 THF/water solution for 12 hours. Quaternized blend membranes 

were dried in a vacuum oven after annealing.  

 

2.2.5 Ion Exchange to Hydroxide 

The P[VBTMA][Cl]-b-PS/PPO membranes were soaked in 1M KOH solution for 48hr to 

exchange chloride to hydroxide and were subsequently rinsed repeatedly with degassed 

deionized water to remove residual salts. 

 

2.2.6 Characterization 

Molecular weights of PVBC-TEMPO and PVBC-b-PS were determined by gel 

permeation chromatography (GPC) using a Waters HPLC pump equipped with a Wyatt 

Technology Optilab RI detector and a Wyatt Technology miniDAWN multiangle laser light 

scattering (MALLS) detector. Elutions were carried out with two polymer laboratories Mixed-D 

columns at room temperature with THF at a flow rate of 1.0 mL/min, and the molecular weights 

were measured by calibration of a series of polystyrene standards and also using software (Astra) 

supplied by Wyatt Technology. 1H NMR spectra of PVBC-b-PS were obtained using a JEOL 
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500 MHz spectrometer. All polymer samples were dissolved in CDCl3 with respect to 

tetramethylsilane (TMS). IR measurements were performed on a Thermo FT-IR spectrometer in 

a spectral range of 500 – 4000 cm-1. Glass transition temperatures (Tg) of blend membranes were 

performed by differential scanning calorimetry (DSC) on TA DSC-20 running TA software with 

three repeated heating loops and a heating rate of 10 °C/min under a nitrogen purge. Thermal 

stability was determined by thermogravimetric analysis (TGA) on a Seiko TGA/DTA320 at a 

heating rate of 10 °C/ min under a nitrogen atmosphere. 

Theoretical ionic exchange capacities (IECs) were calculated based on 100% conversion 

of benzyl chloride to quaternary ammonium. IECs of blend membranes were also measured in 

hydroxide form by using an established literature titration method[31]. Before the measurements, 

about 0.02 g of vacuum dried blend membranes in hydroxide form were immersed in 10.00 mL 

of 0.00987 M standardized HCl solution for 48 hr, the actual IEC was calculated by titration of 

unreacted HCl with 0.01053 M standardized NaOH solution. The titrations were repeated 3 times 

for each blend membrane. The IEC (mmol/g) was obtained by 
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where M0h, HCl is millimoles (mmol) of HCl determined before blend membranes neutralization, 

M48h, HCl is mmol determined after neutralization of membranes (after 48 hr), and mdry membrane is 

the dry mass (g) of membrane in hydroxide form. 

In order to determine water uptake[126] of AEMs, membranes were pre-soaked in 

deionized water. After 24 hours of soaking, the fully hydrated membranes were removed from 

the water and any residual bulk water on the membrane surface was blotted dry with 

Kimwipes™, and the sample was weighed immediately. The membranes were immersed again 
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into deionized water for another 15min to let them re-hydrate. This method was repeated 5 times 

to obtain the average mass of hydrated membranes (mhydrated). The membranes were subsequently 

vacuum dried at 60 °C for 24 hr to obtain a dry mass (mdry). The water uptake (WU) was 

determined by 

!" �%
 �  
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 %  100%                              (2) 

Synchrotron small angle x-ray scattering (SAXS) experiments were performed at the 

Advanced Photon Source at Argonne National Laboratory. A beam energy of 12keV with x-ray 

wavelength at 1 Å was employed to measure samples in transmission mode. The transmission 

intensity was normalized to exposure time and flux of the direct beam through the sample. The 

films were held in place using Kapton tape to the sample holder and placed in a custom built 

four-sample oven that controlled the humidity and temperature of the samples during scattering 

experiments.[127, 128] The humidity of the sample environment was controlled using a 

combination of wet and dry nitrogen with a humidity probe positioned in the sample oven to 

provide real time humidity readout. Based on the humidity measurement, gas flows were 

adjusted to achieve the desired temperature and humidity condition. The 2D scattering patterns 

were radially integrated to obtain intensity versus scattering vector (q) plots. 

The in-plane ionic conductivities of blend membranes were measured by four probe 

electrochemical impedance spectroscopy (EIS) using a BioLogic VMP3 potentiostat over a 

frequency of 0.1 – 106 Hz. The conductivity can be calculated from the membrane resistance  

( �
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where R is the membrane resistance, l is the distance between the electrodes, A is the cross-
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sectional area of the sample. The hydroxide and chloride conductivities were measured in water 

at room temperature and 60 °C.  

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF 

STEM) was performed at US Army Research Laboratory. The HAADF STEM samples with a 

thickness of approximately 90 nm were prepared by microtome. The detailed sample preparation 

was described as follows: membrane samples were microtomed on a Leica Ultra cut UCT with a 

EMFCS cryostage using a microstar diamond knife with a 6° cutting angle at -10 °C. The 

microtomed samples were transferred from the cryostage to a dessicator in capsules to minimize 

interaction with water vapor. The samples were tested using a JEOL 2100F operated at 200kV 

and HAADF 5 camera length. 

Tensile properties of blended membranes were measured at dry and hydrated conditions 

on an Instru-Met frame tensile tester (by MTS Model: A30-33) using a 1000-pound load cell 

(with a resolution less than 0.1 pound) and a crosshead speed of 5 mm/min at room temperature. 

The dry samples were prepared by drying membranes in a vacuum oven at 60 °C for 24 hours, 

and the hydrated samples were prepared by soaking membranes in deionized water at room 

temperature for 24 hours. Blend membranes were cut into strips of approximately 60 mm x 8 

mm and membrane thicknesses were measured in a range of 50 to 80 microns. Stress was 

calculated from the cross sectional area of the film and the strain is obtained by the percentage 

increase of film gauge length. The Young’s modulus was determined by the initial slope of the 

stress vs. strain curve at very low strains (0.2 – 0.3%). Five replicates were performed on each 

sample to obtain the average values of stress, strain and Young’s modulus. 
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2.3 Results and Discussion 

Recently, block copolymers that form well-defined morphology have attracted 

considerable attention in polymer electrolyte design, and styrenic block copolymers have aroused 

interest for study in AEMs.[104, 105] PS is believed to be stable under alkaline fuel cell 

conditions,[129] the poor flexibility of PS somewhat limits its use as a membrane material for 

fuel cell applications. PPO is a commercially available polymer and the miscibility of PPO/PS 

blends has been well recognized for decades.[130] PPO is an engineering polymer with high 

mechanical strength and a significant amount of research on PPO blends has been done to 

improve the mechanical properties of styrenic copolymers for different applications. Here, a PPO 

blended AEM preparation method is designed where a PVBC-b-PS block copolymer is first 

synthesized and subsequently blended with PPO and solvent cast to prepare blend films. The 

quaternization of benzyl chloride groups is accomplished through the reaction with 

trimethylamine and all the preparation steps are depicted in Scheme 2.1.   

 

Scheme 2.1   Strategy of PPO blended AEM preparation 
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Numerous methods can be used to synthesize polystyrene-based block copolymers with 

controlled molecular weight, composition and functional groups, including living radical 

polymerization techniques (RAFT, ATRP and NMP).  Block copolymers can be sequentially 

synthesized, to provide phase-separated materials with controlled morphologies. NMP was 

selected to synthesize the diblock, since this technique allows the polymerization of VBC, 

furthermore, it offers the control over molecular weight of PVBC-b-PS and composition of each 

block.[111] The polymerization of VBC was carried out using BPO as radical initiator in the 

presence of TEMPO[131, 132] and then the resulting PVBC-TEMPO was used as macrointiator 

to polymerize a styrene block. The PVBC with a TEMPO functional chain end (PVBC-TEMPO) 

was analyzed by GPC to determine a Mn = 30,500 g/mol and Mw/Mn = 1.90. Several 

precipitations were conducted on PVBC-TEMPO in order to remove any remaining VBC 

monomer. The nitroxide mediated copolymerization of styrene was initiated by the purified 

PVBC-TEMPO macroinitiator at 125 °C in bulk. The conversion of styrene reached ~10% after 

30 minutes of reaction. The results of GPC analysis of PVBC-TEMPO and PVBC-b-PS diblock 

copolymer are depicted in Figure 2.1.  

The molecular weight of PVBC-b-PS was determined by GPC to find Mn = 85,700 g/mol 

and Mw/Mn = 1.86. The GPC chromatogram of PVBC-TEMPO shows a small amount of tailing 

to low molecular weights, resulting in the broad peak feature. The broad molecular weight 

distribution may be attributed to the high reactivity of VBC monomer and uncontrolled initiation 

by using TEMPO as an additive rather than preforming a nitroxide initaitor.[133, 134] After the 

block copolymerization from the PVBC macroinitiator, the GPC chromatogram of PVBC-b-PS 

shows a significant shift to lower elution volume from the initial PVBC-TEMPO peak, as well as 

an increase in molecular weight as determined by light scattering detection compared to the 
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initial PVBC-TEMPO block. The peak shift indicates an efficient initiation from the PVBC-

TEMPO macroinitiator to form the diblock copolymer. 

 

Figure 2.1   The GPC curves of TEMPO functionalized PB and PB-b-PS diblock copolymer. 

 

Figure 2.2 depicts the 1H NMR spectrum of the PVBC-b-PS with 0.5 hr polymerization 

of styrene. The PVBC-b-PS copolymer was re-precipitated in methanol several times to remove 

residual styrene monomer before 1H NMR spectroscopy analysis. The spectrum exhibits both 

PVBC and PS characteristic peaks and the composition can be determined by the peak ratios. 

The amount of PVBC in the diblock can be calculated from integration of the benzyl peaks at 4.2 

– 4.8 ppm. The determination of the amount of PS in diblock is complicated, as the aromatic 

peaks of both the PVBC and PS overlap. However, by subtracting the molar amount of PVBC 

aromatic peaks determined from the benzyl peaks, the amount of PS can be determined. The 

composition of PVBC and PS can be calculated by comparing the molar amount of PVBC and 

PS. The mass ratio of PVBC:PS is calculated to be 32:68 , in good agreement with the mass ratio 

determined by GPC.  
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Figure 2.2   The 1H NMR spectrum of PVBC-b-PS by bulk copolymerization. 

 

PPO and PS are well known to be miscible at all compositions and the miscibility of a 

large number of polystyrene derivatives and polystyrene copolymers with PPO have been studied 

to find compatibility over a composition range.[135-139] The miscibility of PVBC with PPO and 

PVBC-b-PS with PPO, however, has not been reported. Because our objective is to form blends 

of copolymer with PPO, it was important to study the miscibility of these three different 

components in a blend.   

The first thing to investigate was the miscibility of the PVBC-b-PS copolymer. The glass 

transition temperatures of PVBC and PS homopolymers with similar molecular weights as in the 

copolymer were measured by DSC to be 121 °C and 97 °C, respectively. The glass transition 

temperatures of PVBC and PS homopolymers are displayed in Figure 2.3 and clearly depict the 

two distinct transitions. The DSC curve for PVBC-b-PS copolymer displays only one glass 

transition at 107 °C, indicating the compatibility of PVBC and PS. A PVBC/PS blend of the two 
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homopolymers was prepared at the same composition as the PVBC-b-PS copolymer in order to 

further investigate the miscibility of PVBC and PS at this particular composition. The 

homopolymer blend also shows only a single glass transition in the DSC trace with similar 

temperature value suggesting PVBC and PS at this composition are miscible.  

The miscibility of PPO and the PVBC-b-PS was also investigated. The glass transition 

temperature of PPO was measured to be 223 °C.  The PPO homopolymer was then blended with  

the PVBC-b-PS copolymer in a range of compositions for the miscibility study. DSC was used to 

examine each PVBC-b-PS/PPO blend and only one glass transition temperature is observed in 

each of the blends. The glass transition temperature increases with the increase in PPO 

composition of blend films as expected. Figure 3 shows one example of PPO blend films with 50 

wt% of PPO and the glass transition temperature of this particular blend membrane is at 153 °C. 

 

 

Figure 2.3   DSC traces of PVBC homopolymer, PS homopolymer, PVBC-b-PS diblock, 
PVBC/PS (30/70) blend and PVBC-b-PS/PPO (50/50) blend membranes. 
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The glass transition temperatures of PVBC-b-PS/PPO blends are plotted as a function of 

PPO loading contents (wt%) and the trend can be observed in Figure 2.4. Since one can predict 

the Tg of miscible blend by the Fox equation,  

-

./
�  ∑

12

./,2

3
45-                               (4) 

where wi is the weight fraction of one blend component and Tg,i is the glass transition 

temperature of that component in the blend. The theoretical Tg of PPO blend predicted by the 

Fox equation show a close match with the measured values also indicating the PPO is compatible 

with PVBC-b-PS in the concentration range investigated. 

 

Figure 2.4   Measured Tg values (dashed) of PPO/PS-b-PVBC and theoretical values (solid) 
versus PPO loading (using Tg of 107 °C for block copolymer). 

 

PPO was blended with PVBC-b-PS copolymer to prepare blend films (PVBC-b-PS/PPO) 

by solvent casting. The PVBC-b-PS copolymer and PPO homopolymer (Mn = 20,000 g/mol) 

were dried in a vacuum oven overnight, and then weighed into 20 mL vials with the range of 

blend compositions in Table 2.1. Polymer blends were prepared with concentration of 5g/100mL 
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in chloroform and sonication was applied to dissolve the polymers. The solutions were drop cast 

onto glass slides, the solvent evaporated, and the transparent films were separated from the glass 

slides by soaking in water. 

Table 2.1   PVBC-b-PS/PPO blends composition, theoretical IEC and titrated IEC 

AEM 
PVBC-b-PS 

(wt%) 
PPO 

(wt%) 
Theoretical IECa 

(mmol/g) 
Titrated IECb 

(mmol/g) 
A 40 60 0.82 0.75 
B 50 50 1.01 0.87 
C 60 40 1.20 1.02 
D 70 30 1.39 1.17 
E 80 20 1.57 1.34 

a) estimated by 1H NMR spectrum and blend ratio;  
b) determined by back titration of blended membranes after OH- counter-ion exchange 
 

The drop cast PVBC-b-PS/PPO films were converted to quaternary ammonium 

functionalized membranes.  The films were immersed in methanol and the benzyl chloride 

groups converted to quaternary ammonium groups through reaction with trimethylamine. A large 

excess of trimethylamine gas was introduced to the reaction vessel in order to reach a high 

reaction conversion. The blend membranes were allowed to react for 48 hours and became less 

transparent over time, indicating reaction between the membrane and trimethyamine. The 

resulting membrane was washed with water and vacuum dried at 40 °C overnight. 

The membranes were characterized by FT-IR spectroscopy and the spectra confirmed the 

formation of quaternary ammonium cation in the membrane. Figure 2.5b depicts the IR spectrum 

of PVBC-b-PS/PPO, showing clear chloromethyl (-CH2-Cl) functional group absorption peaks at 

571 cm-1 and 1224 cm-1. After the quaternization reaction, the absorption peak at 571 cm-1 and 

1224 cm-1 have almost completely disappeared, indicating reaction of the chloromethyl (-CH2-
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Cl) functional group. The strong peak at 3365 cm-1 in Figure 2.5a represents the water peak 

associated with the formation of the hygroscopic quaternary ammonium groups.  

The ion exchange capacities (IECs) of the blend membranes were measured by hydroxide 

back titration[31] and are presented in Table 2.1. The hydroxide ion exchange was done in 1 M 

degassed KOH solution for 48 hr, the excess hydroxide was removed by washing with DI water. 

The completion of quaternization reaction can be estimated by comparing the actual IEC with the 

theoretical IEC, which can be easily calculated by assuming the complete conversion of benzyl 

chloride groups into quaternary ammonium functional groups. The conversion to quaternary 

ammonium reached 84% to 91% for the different membranes.  

 

Figure 2.5   The FT-IR spectrum of PVBC-b-PS/PPO before quaternization (a) and 
P[VBTMA][Cl]-b-PS/PPO after quaternization (b) 
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After quaternization, the three-component miscible blend is expected to become 

incompatible, as the benzyl chloride groups of the PVBC block are converted to benzyl 

trimethylammonium cationic groups to form a poly[vinylbenzyltrimethylammonium] [chloride] 

(P[VBTMA][Cl]) block.  The new functionalized material should now comprise a miscible blend 

between the PPO and the PS block with the now hydrophilic cationic P[VBTMA][Cl] 

immiscible with the blend. However, the phase separation between the hydrophilic and 

hydrophobic components is restricted because the high glass transition temperature of the 

PS/PPO blend does not allow reorganization of the structure at low temperatures. It is expected 

that an organized, phase separated morphology could have a positive effect on anion exchange 

membrane conductivity,[25, 56] therefore experiments were designed to anneal the PPO blend 

membranes under different conditions and then to examine their conductivity and water uptake, 

and attempt to relate the properties to a resulting phase morphology. 

In order to maximize the phase separation of hydrophilic and hydrophobic components in 

the blend membranes, thermal and solvent vapor annealing methods were selected under both 

dry and humidified conditions. PS/PPO is a well-studied blend system and the blend glass 

transition temperature can be predicted by the Fox equation (Table 2.2). The thermal annealing 

temperatures for P[VBTMA][Cl]-b-PS/PPO membranes are required to be lower than the 

degradation temperature, while approaching the glass transition temperature of PS/PPO if 

possible.  Annealing in the presence of water was expected to increase the volume of the 

hydrophilic component.  Since the thermal stability of P[VBTMA][Cl]-b-PS/PPO is important to 

determine the annealing temperature, the thermal stability of P[VBTMA][Cl]-b-PS/PPO was first 

examined by TGA. The derivative curve of the thermogravimetric trace (DTG) (Figure 2.6) 

shows three main degradation regions. The beginning of the first decomposition region starts at 
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143 °C, presumably corresponding to the degradation of the benzyltrimethylammonium chloride 

group and indicates the upper limit for thermal annealing temperatures of the P[VBTMA][Cl]-b-

PS/PPO membranes. Because the P[VBTMA][Cl]-b-PS/PPO membrane starts to degrade at 

143 °C, thermal annealing temperatures were chosen to be lower than the degradation 

temperature.  Solvent and water vapor annealing conditions were also examined as a way to 

avoid the higher temperatures where thermal degradation occurs. 

 

Figure 2.6   TGA and DTG (inset) curves of P[VBTMA][Cl]-b-PS/PPO. 

 

Four separate annealing methods were investigated of the membrane films (Table 2.2): 1) 

annealing in boiling water; 2) at 125- 140 °C without water; 3) under pressure in the presence of 

water at 125 – 140 °C; 4) solvent vapor annealing over a 50/50 mixture of THF/water. The 

simplest method was to boil blend membranes in water, but the temperature (94 °C at altitude) of 

boiling water does not approach the glass transition temperature of the hydrophobic component 

(PS/PPO). Membranes were annealed at higher temperatures (125 – 140 °C) under pressure in 

the presence of water. For the samples with lower PPO composition (C, D, and E) the annealing 

temperature was above the Tg.  For comparison, membranes were annealed at high temperatures 
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(125 – 140 °C) without water. Solvent vapor annealing was investigated over a THF/water 

mixture to plasticize the PS/PPO component while also providing a hydrated environment for the 

hydrophilic component.  

Table 2.2   Tg of PVBC-b-PS/PPO & PPO/PS after quaternization reaction and annealing 
conditionsa of P[VBTMA][Cl]-b-PS/PPO membrane 

AEM 
Tg

b of 
PS/PPO  

(°C) 

Boil in 
waterc 
(°C) 

Anneal 
with waterd 

(°C) 

Anneal 
without waterd 

(°C) 

Anneal with 
solvent vapore  

(°C) 
A 157 94 140 140 70 
B 145 94 140 140 70 
C 135 94 140 140 70 
D 125 94 135 135 70 
E 116 94 125 125 70 

a) all annealing methods were conducted for 12 hours; b) Tg of PS/PPO after quaternization and 
calculated by Fox equation for PPO/PS system; c) calculated based on the elevation; d) 
determined by both predicted Tg for PPO/PS and degradation temperature from TGA; e) 
temperature was directly obtained from oil bath. 

 

After thermal annealing, the IECs were re-measured for each membrane to investigate the 

stability of the cationic group. The titrated IECs of membrane after annealing were determined 

by hydroxide back titration and are compared with the values before annealing. No measurable 

change is observed in the IECs after any of the annealing techniques, implying a low occurrence 

of thermal degradation or leaching of hydrophilic component from the membrane.  

All blend membranes before and after annealing were investigated by SAXS at 60 °C by 

sweeping the relative humidity (RH) from 25% to 95%RH.  All as-cast blend membranes prior to 

annealing exhibited no features in the SAXS profiles as expected from casting the compatible 

blend and subsequent quaternization.. The membranes after different thermal treatments also 

exhibited no noticeable features in the SAXS.  Only the solvent vapor annealed sample with the 

highest ion exchange capacity (Sample E) displayed a significant scattering peak after annealing. 
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The other solvent annealed membranes (A, B, C, and D) showed mostly featureless profiles, with 

only sample D showing some change after annealing and a small scattering peak. The SAXS 

profiles of membranes D and E are presented in Figure 2.7 as representatives to illustrate the 

effect of solvent annealing. Figure 2.7 indicates an amorphous morphology in membrane D and 

E before annealing, corresponding to the initially miscible PVBC-b-PS/PPO blend. In contrast, 

the solvent annealed membrane E displayed an ordered phase separation with a distinct peak at q 

= 0.013 A-1 and broad second and third order peaks at approximately q = 0.024 A-1 and 0.050 A-1. 

Additionally, all SAXS profiles showed little response to changes in humidity revealing that the 

PPO blend AEMs possess desired dimensional stability under changing humidity conditions. 

 

Figure 2.7   SAXS profiles (60 °C) of membranes (D & E) before and after solvent annealing. 
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High angle annular dark field scanning transmission electron microscopy (HAADF 

STEM) was performed on membrane E after solvent annealing, since the membrane E after 

annealing displayed relatively broad SAXS peaks to identify the actual morphology in membrane, 

although features were observed in SAXS profiles. The corresponding HAADF STEM image of 

membrane E in Figure 2.8 revealed the distinct hydrophilic and hydrophobic phase separation, 

with a domain size of approximately 25 nm. Lighter regions in images obtained through HAADF 

STEM corresponded to regions of high electron density. This is consistent with the presence of 

bromine and suggests that the hydrophilic regions aggregate into distinct clusters however, the 

hydrophilic components were randomly distributed in the matrix of PPO/PS blend.  

 

Figure 2.8   HAADF STEM image of membrane E after solvent annealing 

 

The water uptake of all blend membranes before and after the different annealing 

conditions were measured at room temperature in the chloride form and compared (Figure 2.9a). 

The total number of ionic groups (as measured by IEC) varies with the amount of PPO in the 
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blend. The water uptake is found to increase with an increase in IEC, as expected, and the 

membranes before annealing show the water uptake increases from 9% to 28% as the amount of 

PPO in the blend decreases. A comparison between annealing methods reveals that almost no 

change occurs for samples boiled in water or for samples annealed at high temperature in the 

absence of water.  Only the samples that were annealed at high temperature in the presence of 

water or over THF/water solutions showed any dramatic change in the water uptake. The change 

is related to these two annealing techniques allowing the rearrangement of the PPO/PS blend 

while also hydrating the hydrophilic component. 

Table 2.3   Conductivitya (hydroxide and chlorideb) comparison between membranes before and 
after annealing  

AEM 
IEC 

(mmol/g) 

σ0 

(mS/cm) 

σ1 

(mS/cm) 

σ2 

(mS/cm) 

σ3 

(mS/cm) 

σ4 

(mS/cm) 

A 0.75 6.0 (1.9) 5.8 (1.7) 6.9 (2.0) 9.0 (3.0) 10 (3.6) 

B 0.87 8.0 (2.1) 7.0 (2.5) 9.0 (3.5) 17 (4.9) 17 (4.7) 

C 1.02 11 (3.9) 11 (3.4) 12 (4.3) 25 (6.3) 23 (7.0) 

D 1.17 15 (5.5) 14 (6.2) 17 (7.2) 32 (13) 30 (11) 

E 1.34 18 (8.0) 18 (8.6) 22 (10) 43 (18) 35 (13) 

a) The subscripts of IEC stand for the annealing methods: 0 represents the membranes before 

annealing; 1 represents the membranes after boiling in water; 2 represents the membranes after 

annealing at high temperature without water; 3 represents the membranes after annealing at high 

temperature with water; and 4 represents the membranes after annealing with solvent vapor;  

b) chloride conductivity is in the parenthesis 

 

Conductivity of all membranes were measured in either the hydroxide or chloride forms 

at 60 °C in water by electrochemical impedance spectroscopy. Similar to water uptake, the ionic 

conductivity is found to increase with increasing IEC for both hydroxide and chloride form 

(Figure 2.9b), and the detailed conductivity data is listed in Table 2.3. The hydroxide 
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conductivities are 2-4 times higher than chloride conductivities for all membranes as observed in 

other work.[69, 140] Also similar to the water uptake results, annealing at high temperature in 

the presence of water or over THF/water solutions exhibited a significant effect on the membrane 

ionic conductivity, while membranes boiled in water or annealed at high temperature in the 

absence of  water show little change in conductivity. Hydroxide conductivity of membrane E 

(IEC = 1.34 mmol/g) increases from 16 mS/cm to 43 mS/cm on going from non-annealed 

membrane to after high temperature water annealing, which is consistent with the trend observed 

in water uptake. The effect of ionic conductivity with increased water uptake indicates that the 

conductivity is highly dependent on the water uptake. 

In order to get better understanding of conductivity variation of the membranes with 

different annealing conditions, hydroxide conductivity of the membranes before and after 

annealing (solvent vapor and water at high temperature) as a function of water uptake is plotted 

in Figure 2.10. The enhancement in hydroxide conductivity is generally accompanied with an 

increase in water uptake. A close comparison reveals that membranes with similar water uptake 

display comparable conductivity. For instance, membrane E before annealing (water uptake = 

28.1%) displays similar water uptake as membrane B after solvent vapor annealing (water uptake 

= 28.5%) and they show close conductivity values, however, the IEC differences between 

membranes E (IEC = 1.34 mmol/g) and B  (IEC = 0.87 mmol/g) are quite significant. In addition, 

the membrane after high temperature water annealing displayed the highest water uptake and 

conductivity, but the membrane annealed by solvent vapor exhibited a different conductivity 

versus water uptake relationahip, whereby a relatively higher conductivity is for a given water 

uptake is observed. This implies that the solvent vapor annealed membrane can use water more 
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efficiently, which could be a result of the more developed phase separation morphology in the 

solvent annealed membrane. 

 

 

 

Figure 2.9   Water uptake (a) and hydroxide conductivity (b) comparison of membranes before 
and after annealing methods versus IEC 
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Figure 2.10  Hydroxide conductivities of membranes before and after annealing as a function of 
water uptake 

 

The tensile properties (Young’s modulus, stress at break and strain at break) of the 

various compositions of PPO blend AEMs were measured at room temperature under both dry 

and hydrated conditions to examine the effects of PPO content and water absorption (Figure 

2.11). In addition to the PPO blend AEM, a quaternized film of P[VBTMA] [Cl]-b-PS 

copolymer with no added PPO was also prepared for comparison by soaking PVBC-b-PS 

copolymer membrane directly in a trimethylamine aqueous solution for 48 hours. Five replicate 

measurements were performed for each sample to obtain average values. For membranes tested 

at dry condition, the Young’s modulus decreased from roughly 2 GPa to 1 GPa going from 0 

wt% to 60 wt% PPO in the blend, and the stress (25.9 MPa to 35.4 MPa) as well as elongation 

(0.9% to 4.5%) generally increased when the PPO content increased consistent with known 

properties of PS/PPO blends.[121, 141, 142] The hydrated blend membranes show noticeable 

improvement in tensile properties from those under a dry condition. The hydrated membranes 

display significantly lower Young’s modulus and stress (ranging from15 MPa to 26 MPa) as well 
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as higher elongation (ranging from 4.9% to 9.4%) than their dry analogues.  Water in the 

quaternized membrane can act as plasticizer to decrease the modulus and increase the membrane 

elongation.[143]  The Young’s moduli for hydrated membranes are found to decrease from 945 

MPa to 488 MPa as the PPO loading increases. However, no clear trend is observed for stress 

and elongation data from the hydrated membrane, and membrane C (40 wt% PPO loading) 

shows the highest elongation of 9.4%.  

 

Figure 2.11  Young’s modulus, stress at break and stain at break of PPO blend membranes at 
room temperature under dry and hydrated condition 

 

2.4 Conclusion 

We have demonstrated the preparation of AEMs by blending PPO with PVBC-b-PS to 

form miscible blends and subsequent trimethylamine quaternization. The addition of PPO 

improves the mechanical properties over that of the styrenic block copolymer.  Annealing of the 

blend membranes is necessary to obtain good conductivity values because of the way the films 

are cast as miscible blends and then converted into quaternary ammonium functionalized 

materials.  Only the annealing procedures that provide both a hydrated environment for the 

cationic component and conditions where the high Tg matrix can reorganize are effective for 

increasing both the water uptake and the conductivity.  While an ordered morphology is 
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observed for some membranes, no strong correlation of conductivity with morphology is 

determined for these membranes. 
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CHAPTER 3 BROMINATED POLY(2,6-DIMETHYL-1,4-PHENYLENE OXIDE) BLENDED 
WITH POLY(VINYLBENZYL CHLORIDE)-B-POLYSTYRENE FOR ANION EXCHANGE 

MEMBRANES 

 

 

3.1 Introduction 

In recent years, fuel cell research has been extensively focused on the proton exchange 

membrane fuel cell (PEMFC). Although perfluorosulfonic acid ionomers, such as Nafion®,[144, 

145] have been commercialized as the polymer electrolyte, the high production cost of polymer 

electrolyte and the needs of precious metal catalyst as components of electrodes limit the 

commercialization of PEMFC.[146] 

The alkaline fuel cell (AFC) offers an alternative way to solve the drawbacks in PEMFC. 

The AFC operates in a high pH environment, which enables the faster redox reaction and 

capability to use non-precious metal catalyst including nickel and silver.[12-15] However, AFC 

traditionally uses aqueous potassium hydroxide as electrolyte,[16, 147] which could cause many 

engineering issues, such as corrosion and leakage of electrolyte. In addition, carbonate 

precipitates can form in the electrolyte due to the presence of carbon dioxide in the air or fuel, 

impeding transport to the electrode.[17, 18] More recently, anion exchange membrane (AEM) 

has been investigated in AFCs as a potential solution for problems in traditional AFCs.[8, 10, 11]  

The AEMs are typically tethered by cationic functional groups for hydroxide conduction. 

Benzyltrimethylammonium has been widely used as ion conducting group for AEM study, since 

it has moderate alkaline stability[27, 28] and can be readily functionalized through polystyrene 

or its derivative (e.g. polyvinylbenzyl chloride).[31, 32, 34-38, 40-42] Therefore, polystyrene 

block copolymers, such as polyvinylbenzyl chloride-b-polystyrene (PVBC-b-PS), become a very 

interesting material for AEM study due to the commercial availability of monomers and the 
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ability of morphological control offered by its block copolymer.[104-107] Although the 

polystyrene based films generally exhibit low flexibility, poly(1,4-dimethylphenylene oxide) 

(PPO) has been well studied to form a miscible blend with polystyrene in order to improve its 

mechanical property.[121, 141, 142]  

Our previous work in Chapter 2 has demonstrated that the mechanical properties of PPO 

blended polystyrene block copolymer AEM is apparently enhanced compared to the AEM 

directly prepared by polystyrene block copolymer. Despite the improvements in mechanical 

properties that are observed, the PPO blend membrane still produces insufficient ionic 

conductivity, which is partially due to the low cationic functionality in membrane. Brominated 

poly(phenylene oxide) (BrPPO) has been incorporated in the synthesis of poly(vinylbenzyl 

chloride-divinylbenzene) network to increase the AEM functionality.[81] However, the leakage 

of BrPPO has been observed during quaternization, which could correspond to the 

incompatibility between BrPPO and the polymer network.[81] By blending BrPPO with 

polystyrene block copolymer to prepare AEM, it is expected that the unfunctionalized PPO can 

form a miscible blend with the PS to enhance the mechanical properties while the additional 

cationic functional group in PPO could improve the ionic conductivity of blended membrane. In 

addition, the functionality of BrPPO needs be controlled to maintain membrane integrity in water 

after quaternization. 

In the current study, a BrPPO blended polystyrene block copolymer AEM system with 

functional groups in both BrPPO and block copolymer is investigated. The preparation of BrPPO 

blended membrane involves the bromination of PPO on the benzyl methyl groups, followed by 

blending BrPPO with PVBC-b-PS through solvent casting. The quaternary ammonium 

conducting groups are finally formed by reacting bromomethyl groups and chloromethyl groups 
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with trimethylamine. The ion exchange capacity is varied through changing the blend 

composition of BrPPO and PVBC-b-PS. The following research investigates in detail the 

preparation of BrPPO blended AEMs as well as the membrane properties including thermal 

stability, water uptake, and ionic conductivity. In addition, high temperature annealed 

membranes are also prepared to study the annealing effect on membrane properties. 

 

3.2 Experimental  

3.2.1 Materials 

PVBC-b-PS copolymer was prepared by following literature procedures,[111] and the 

copolymer was several times dissolved in chloroform and precipitated into methanol to remove 

impurities before use. Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) (Aldrich, Mn ~32000 

g/mol), bromine (Br2) (AlfaAeser, 98%), 1,1,2,2-tetrachloroethane (TCE) (Aldrich, 98%), and 

aqueous trimethylamine solution (Aldrich 25 wt%) were used as received. Other reagents were 

used without further purification. 

 

3.2.2 Synthesis of BrPPO 

PPO (2.00g, 16.7 mmol repeat unit) was weighed into a 3 neck 500mL round bottom 

flask equipped with a magnetic stirbar, condenser, addition funnel and argon bubbler. 200 mL 

TCE was added and the mixture was stirred until the polymer had completely dissolved. The 

solution was heated to reflux. The addition funnel was charged with bromine (0.85mL, 

16.59mmol) and TCE (85mL) and was added dropwise over 8 hours. The solution was stirred at 

reflux for an additional hour. Excess TCE was removed by distillation. The polymer was 

precipitated from methanol, filtered and dried in a vacuum oven at 80 °C overnight. All BrPPO 
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samples used in this study were supplied by Dr. Nate Rebeck.[148] 

 

3.2.3 BrPPO Blended AEM Preparation 

Both BrPPO and PVBC-b-PS samples were dried in a vacuum oven overnight before 

blending and then dissolved in chloroform with a range of different mass ratios (PVBC-b-PS : 

BrPPO = 40:60, 50:50, 60:40, 70:30, 80:20) by sonication at room temperature. All blend 

concentrations were around 5g/100mL. Polymer blend solutions were drop cast on glass slides 

and the solvent was allowed to evaporate slowly at room temperature. The glass slide was 

immersed in deionized water to remove the polymer film. All PVBC-b-PS/BrPPO blend 

membranes obtained were transparent and were dried in a vacuum oven at 60 °C overnight. 

 

3.2.4 Amination of PVBC-b-PS/BrPPO Blend Membranes 

About 0.2 g PVBC-b-PS/BrPPO membrane was soaked in a beaker containing 150 mL 

25% aqueous trimethylamine solution to convert both chloromethyl and bromomethyl groups to 

quaternary ammonium caition functional groups. After 48 hours soaking at room temperature, 

BrPPO blend membranes containing quaternary ammonium cation were soaked repeatedly in 

fresh deionized water and dried in a vacuum oven at 60 °C overnight. 

 

3.2.5 Ion Exchange of Aminated Membranes 

The directly quaternized membranes were soaked in 1 M KCl solution for 48 hours to 

exchange any ammonium bromide to chloride for easier property comparison and the excess 

chloride solution was removed by rinsing the membrane repeatedly in deionized water. 

Hydroxide membrane was also produced by soaking quaternized membrane in 1M KOH solution 
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for 48hr in order to exchange chloride to hydroxide and subsequently soaking the membranes 

repeatedly in degassed deionized water to remove extra hydroxide ions 

 

3.2.6 Membrane Annealing 

All quaternized membranes were annealed in an acid digestion bomb at 125 °C under 

both dry and hydrated conditions for 12 hours. Quaternized membranes were dried in a vacuum 

oven after annealing.  

 

3.2.7 Characterization 

1H NMR spectra of BrPPO and PS-b-PVBC were performed on a JEOL ECA-500 MHz 

spectrometer. All polymer samples were dissolved in dilute CDCl3 solution at concentration of 

50 mg/mL. Gel permeation chromatography was performed on a system consisting of a Water 

600 Pump and two PL-gel 5 µm Mixed C columns. A Wyatt MiniDAWN light scattering 

instrument and Wyatt Optilab DSP refractometer were used as detectors. Differential scanning 

calorimetry (DSC-20) was used to obtain the glass transition temperatures (Tg) of blend 

membranes with 3 heating loops and heating rate at 10 °C/min under a nitrogen purge, and the 

data was analyzed by TA software. Thermal degradation temperatures were measured on Seiko 

TGA/DTA320 thermogravimetric analysis (TGA) at a heating rate of 10 °C/ min under a 

nitrogen atmosphere. Fourier transform infrared (FTIR) spectroscopy was performed on films 

with a Thermo-Electron Nicolet 4700 spectrometer utilizing Nicolet’s OMNIC software. 

Theoretical ionic exchange capacities (IECs) were calculated based on the complete 

conversion of chloromethyl and bromomethyl groups to benzylammonium groups. IECs of blend 

membranes were also measured by hydroxide back titration.[34, 55] Typically, about 0.02 g of 
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vacuum dried blend membranes in hydroxide form were immersed in 10.00 mL of 0.01007 M 

standardized HCl solution. After 48 hours, unreacted HCl was titrated by 0.01103 M 

standardized NaOH solution. The titrations were repeated 3 times for each blend membrane. The 

IEC (mmol/g) was obtained by 

IEC ( mmol g)⁄ = 
Mohr, HCl- M48hr, Hcl

mdry membrane
                              (1) 

where M0h, HCl is milimoles (mmol) of HCl determined before blend membranes neutralization, 

M48h, HCl is mmol determined after neutralization of membranes (after 48 hr), and mdry membrane is 

the dry mass (g) of membrane in hydroxide form. 

Water uptake of BrPPO blended AEM was determined by comparing the hydrated and 

dry mass of membranes. The membranes were pre-soaked in deionized water for 24 hours. The 

excess water on surface of fully hydrated membranes was blotted dry with kimwipes, and 

weighed immediately. The membrane was re-hydrated again in deionized water to obtain an 

average mass of wet membrane. The film was finally vacuum dried at 60 °C until a constant 

mass was reached. The water uptake (WU) was determined by 

WU �%
= 
mhydrated- mdry

mdry
 × 100%                              (2) 

where mhydrated is hydrated mass of membrane after removing all surface water, and mdry is dry 

mass of membrane after drying in vacuum oven. 

The in plane ionic conductivities of blend membranes were measured by four platinum 

probe testing cell in electrochemical impedance spectroscopy (EIS) using a BioLogic VMP3 

potentiostat under controlled temperature and relative humidity in a TestEquity H1000 oven, and 
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data was collected using EC Laboratories software. The conductivity can be calculated from the 

membrane resistance  

σ =
l

R·A
                              (3) 

where R is the membrane resistance, l is the distance between the electrodes, A is the cross-

section area of the sample. In this work, the chloride conductivities were measured at 95%RH by 

sweeping the temperature and hydroxide conductivities were measured in water at 60 °C by the 

testing cell.  

Small angle x-ray scattering (SAXS) experiments were performed on beamline 12 ID-B 

at the Advanced Photon Source at Argonne National Laboratory. A beam energy of 12keV with 

x-ray wavelength at 1 Å was employed to measure samples in transmission mode. The scattering 

data was collected by a Pliatus 2M SAXS detector. The two-dimensional SAXS patterns were 

radially integrated to obtain the transmission intensity with respect to the scattering vector q. The 

typical experiment was performed using a customized environmental chamber with controlled 

temperature and humidity. The humidity of the chamber was controlled by mixing wet and dry 

nitrogen gas. Temperature was maintained at 60 °C while the humidity was varied from 25%RH 

to 95%RH.  

 

3.3 Results and Discussion  

The PPO homopolymer blended AEM study in Chapter 2 demonstrated the concept of 

the formation of miscible PPO/PS blends to enhance the mechanical properties of polystyrene 

block copolymer AEMs. Although the ionic conductivity (up to 43 mS/cm) was significantly 
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enhanced through high temperature and solvent annealing in the presence of water, desired high 

hydroxide conductivity is still not achieved.  

The main goal of incorporating BrPPO in blend is to enhance the mechanical properties 

of polystyrene block copolymer while introducing more cationic functional groups in blend 

membranes for ion conduction. Furthermore, the additional functionality provided by BrPPO 

could exist in the membrane formation components between the ionic domains ultimately formed 

by the PVBC block. In order to maintain the similar mechanical strength as PPO blend AEM but 

improve the ionic conductivity, a BrPPO blended AEM is designed by taking advantage of the 

preparation method developed for PPO blended AEMs. As shown in Scheme 3.1, a BrPPO 

blended AEM is first prepared through the formation of PVBC-b-PS/BrPPO blend films by 

solution casting and then the solvent cast BrPPO blend film was isolated and subsequently 

functionalized by trimethylamine quaternization. The obtained membrane was soaked in KCl 

solution to exchange all counterions to chloride.  

 

Scheme 3.1   Preparation of BrPPO blended AEM 
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The PVBC-b-PS block copolymer was synthesized by nitroxide-mediated polymerization 

to control both molecular weight and the relative block composition.[111] The polymerization of 

vinylbenzyl chloride (VBC) (10 mL) was first carried out using benzoyl peroxide (56 mg, 0.4 

mmol) as radical initiator in the presence of TEMPO[131, 132, 149] (62 mg 0.4 mmol) at 125 °C 

for 3 hours. The resulting TEMPO end-capped PVBC (PVBC-TEMPO) was isolated by 

precipitation in methanol and separated from any remaining monomer by several re-

precipitations. The PVBC-TEMPO was analyzed by gel permeation chromatography to 

determine a number average molecular weight of 30,500 g/mol. PVBC-TEMPO (2.3 g) was 

dissolved in 20 mL styrene and used as macrointiator to copolymerize the styrene block in bulk 

at 125 °C for 30 minutes. The diblock copolymer was isolated and purified by precipitation in 

methanol. The diblock copolymer was characterized by gel permeation chromatography and had 

a total molecular weight of 85,700 g/mol and molecular weight distribution of 1.85. The diblock 

copolymer was prepared with the composition of 32 wt% PVBC block and 68 wt% PS block 

calculated from the 1H NMR spectrum of the copolymer. 

 

Scheme 3.2   Bromination of PPO 
 

 

 

The bromination of commercially available PPO is depicted in Scheme 3.2, and the 

reaction was carried out using bromine as bromination agent directly according to a literature 

procedure.[150]. The tetrachloroethane diluted bromine was used in order to limit the local 
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bromine concentration and selectively brominate the 4-methyl groups. The degree of 

bromination (Figure 3.1) can be determined using 1H NMR spectroscopy by comparing the 

integration values of the peaks associated with the bromomethyl group (noted as d peak) and the 

remaining unreacted methyl groups (noted as e peak). The peaks designated as a, b, and c 

correspond to the aromatic protons on the backbone. In Figure 3.1, the brominated repeat units in 

BrPPO were calculated to be 90 wt%. A series of bromination reactions was performed on PPO 

by varying the ratio of bromine to PPO repeat unit, and excess amount of bromine was used in 

order to achieve the desired degree of bromination. Gel permeation chromatography was 

performed on all samples after bromination in order to examine the stability of polymers under 

the reaction condition. It was found that all samples in chromatograms showed a shift to high 

molecular weight region without tailing to low molecular weight indicating no degradation 

occurred during the harsh bromination reaction condition.[148] 

 

Figure 3.1   1H NMR spectrum of BrPPO 
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The BrPPO films with a series of bromination levels were drop cast from chloroform and 

quaternized in trimethylamine solution to convert benzylbromide groups to 

benzyltrimethylammonium bromide. Quaternized PPO films containing functional groups on 

approximately more than 0.18 per repeat units (25 wt% bromine functionalized PPO in BrPPO) 

became water-soluble. Since only the quaternized PPO with good mechanical integrity in water 

can be used for blend membrane preparation, the BrPPO with 25 wt% brominated repeat units 

was used in this research. 

The previous study of PPO homopolymer blended AEMs investigated the miscibility of 

PVBC with PS and PVBC-b-PS with PPO.  Compatibility was found in PVBC-b-PS copolymer 

and PVBC-b-PS/PPO blends for the compositions that were prepared. The miscibility of PVBC-

b-PS with BrPPO is necessary to be investigated in this study due to the additional bromomethyl 

groups in BrPPO. The miscibility study of BrPPO and PVBC-b-PS was performed on the blend 

membrane samples. The glass transition temperature of BrPPO and PVBC-b-PS copolymer was 

firstly measured at 230 °C and 107 °C respectively. The BrPPO was blended with PVBC-b-PS 

copolymer in a range of compositions for the miscibility study. DSC was applied to examine all 

BrPPO blend materials and only one glass transition peak was shown in all BrPPO blend 

membranes. The glass transition temperature increases with the increase in BrPPO composition 

of blend membranes as expected. Figure 3.2 shows one example of BrPPO blend membrane with 

40 wt% of BrPPO loading and the glass transition temperature of this particular blend membrane 

is at 135 °C indicating that the BrPPO is compatible with PVBC-b-PS in the blend composition 

investigated in this study. 

BrPPO was blended with PVBC-b-PS in chloroform at the concentration of 5g/100mL 

and the PVBC-b-PS/BrPPO blend film was obtained by solution casting on a glass slide and 
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slow solvent evaporation. BrPPO blend membranes with a series of blend compositions were 

prepared and are listed in Table 3.1. The chloromethyl groups in the blend membranes decreased 

with the increase of BrPPO content in blend, whereas the number of bromomethyl groups 

followed the opposite order. So, it is expected that the ion exchange capacity only varies in a 

small range.  

 

 

Figure 3.2   DSC traces of PVBC-b-PS diblock, PVBC-b-PS/BrPPO (60/40) blend membrane, 
and BrPPO (25wt% bromine repeat units) 

 

Table 3.1   PVBC-b-PS/PPO blends composition, theoretical IEC and titrated IEC 

AEM 
PVBC-b-PS 

(wt%) 
BrPPO 
(wt%) 

Theoretical IECa 
(mmol/g) 

Titrated IECb 
(mmol/g) 

A 40 60 1.54 1.26 
B 50 50 1.61 1.33 
C 60 40 1.67 1.37 
D 70 30 1.74 1.46 
E 80 20 1.80 1.59 

a) estimated by 1H NMR spectrum and blend ratio; b) determined by back titration of blended 

membranes after OH- counter-ion exchange 
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The PVBC-b-PS/BrPPO membranes were transparent and immersed in aqueous 

trimethylamine solution to convert both chloromethyl and bromomethyl groups to quaternary 

ammonium groups for ion conduction. A large excess of trimethylamine solution was used in 

order to reach a high reaction conversion. The blend membranes were left to react for 48 hours 

and the obtained AEM was vacuum dried at 60 °C overnight. Infrared spectroscopy qualitatively 

confirmed the formation of quaternary ammonium in blend membrane in Figure 3.3. The 

disappearance of C-Cl and C-Br stretching at about 580 to 680 cm-1 indicates the conversion of 

chloromethyl and bromomethyl groups and the formation of a peak at 3400 cm-1 represents the 

water peak associated with the formation of hygroscopic quaternary ammonium groups.  

 

Figure 3.3   The FT-IR spectrum of (a) BrPPO blend membrane before quaternization and (b) 
BrPPO blend membrane after quaternization 
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In order to quantitatively examine the conversion following the amination reaction, 

hydroxide back titration was used to determine the titrated IEC of BrPPO blend membrane. The 

blend membranes were soaked in 1 M degassed KOH solution for 48 hr to exchange halide to 

hydroxide. The membranes were immersed in fresh deionized water every 4 hours to remove 

excess hydroxide ions. The conversion of quaternization reaction was calculated in a range of 

82% to 88% by comparing the value between theoretical IEC and titrated IEC.  

The blend membrane was expected to become an immiscible system after the 

quaternization reaction, but the phase separation between hydrophobic and hydrophilic 

components in membrane might be limited due to the formation of quaternized membrane from a 

pre-cast miscible blend. Since a significant enhancement in ionic conductivity was observed in 

previous PPO blend membranes as well as other fuel cell materials after annealing,[151] 

experiments were designed to anneal the BrPPO blend membranes under different conditions and 

then to examine their membrane properties, including water uptake and ionic conductivity.  

 

Figure 3.4   TGA and DTG (inset) curves of BrPPO blended AEM 
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In order to perform the annealing on BrPPO blend membranes, the thermal degradation 

of quaternized BrPPO blend membranes was investigated. The thermal stability of BrPPO blend 

AEM was studied by thermogravimetric analysis. The derivative of the thermogravimetric trace 

is plotted as a function of temperature in Figure 3.4, and it displays the degradation temperature 

of BrPPO blend AEM starts approximately at 131 °C, which is slightly lower than that observed 

for the pure PPO blend. All BrPPO blended AEMs were annealed at 125 °C at dry and hydrated 

conditions in order to stay below the observed degradation temperature. 

Table 3.2   Titrated IECsa comparison of membranes before and after annealing 

AEM 
IEC0 

(mmol/g) 
IEC1 

(mmol/g) 
IEC2 

(mmol/g) 
A 1.26 1.09 0.80 
B 1.33 1.17 0.88 
C 1.37 1.23 1.05 
D 1.46 1.32 1.09 
E 1.59 1.43 1.21 

a) The subscripts of IEC stand for the annealing methods: 0 represents the membranes before 
annealing; 1 represents the membranes after annealing at high temperature without water; 2 
represents the membranes after annealing at high temperature with water 
 

Since the membrane obtained directly after quaternization reaction had a mixture of 

chloride and bromide as counterions, the membrane was soaked in 1 M KCl solution to exchange 

all counterions to chloride for easier property comparison. The water uptake of all membranes in 

chloride form before and after annealing were investigated at room temperature, and the water 

uptake as a function of IEC is shown in Figure 3.5. The water uptake is found to correlate with 

IEC as expected, and the membranes before annealing show the water uptake value increases 

from 23% to 42% going from the lowest quaternary ammonium functionalized sample to the 

most highly functionalized sample. However, the water uptake generally displays a decrease 

after annealing at 125 °C in dry and hydrated conditions, which correspond to the functionality 
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loss during the harsh annealing conditions. The most significant decrease in water sorption is 

observed in membrane annealed at high temperature with water and the values range from 12% 

to 21%, which agrees well with the trend observed in IEC measurements after annealing.  

 

Figure 3.5   Water uptake comparison between membrane before and after annealing 

 

Table 3.3   Conductivitya (chloride and hydroxideb) comparison between membranes before and 
after annealing 

AEM 
IEC 

(mmol/g) 
σ0 

(mS/cm) 
σ1 

(mS/cm) 
σ2 

(mS/cm) 
A 1.26 7.3 (22) 5.1 3.0 
B 1.33 9.5 (30) 6.6 3.5 
C 1.37 10 (34) 7.9 5.6 
D 1.46 13 (41) 9.5 6.0 
E 1.59 15 (46) 12 7.3 

a) The subscripts of IEC stand for the annealing methods: 0 represents the membranes before 
annealing; 1 represents the membranes after annealing at high temperature without water; 2 
represents the membranes after annealing at high temperature with water; b) hydroxide 
conductivity in parenthesis 

 

Conductivities of all membranes were measured in the chloride form using 

electrochemical impedance spectroscopy at 95%RH by sweeping the temperature from 50-90 °C 

and the values at 60 °C are reported in Table 3.3. The chloride conductivity is dependent on the 
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ion exchange capacity as expected and the value increases with the increased functionality 

(Figure 3.6). The highest chloride conductivity is observed in the membranes before annealing, 

which is consistent with the observation in IEC and water uptake changes. The hydroxide 

conductivity was measured in water at 60 °C and only for the membranes before annealing due 

to the occurrence of degradation in membranes after annealing. The hydroxide conductivities are 

approximately 3 times higher than chloride conductivities for all membranes. 

 

Figure 3.6   Chloride conductivity comparison of membranes before and after annealing methods 
versus IEC 

 

In order to get a better comparison of ion conduction property on PPO and BrPPO blend 

membranes, hydroxide conductivities of PPO blended and BrPPO blended membrane before 

annealing as a function of water uptake is exhibited in Figure 3.7. Although the conductivities of 

both membranes show the same trend relative to water uptake, the BrPPO blended membranes 

display significantly higher hydroxide conductivity than PPO blended membranes, which could 

correspond to the higher functionality in BrPPO blends. Furthermore, it is also found that the 

BrPPO blended AEMs with similar IEC display higher water uptake and hydroxide conductivity 
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than the PPO blended samples, which indicates the high dependence of ionic conductivity on 

water uptake. For membranes with similar IEC values, BrPPO blend (IEC = 1.33 mmol/g) 

consisted of both quaternized PPO and quaternized PVBC, while PPO blend (IEC = 1.34 

mmol/g) only consisted of quaternized PVBC but at higher concentration than the quaternized 

PVBC in BrPPO blend. This implies that the introduction of quaternized PPO has greater 

enhancement on water uptake and ionic conductivity in the blend membrane than quaternary 

ammonium functional groups provided by PVBC in block copolymer. 

 

Figure 3.7   Hydroxide conductivities of PPO and BrPPO blended membranes before annealing 
as a function of water uptake 

 

Small angle x-ray scattering (SAXS) experiments were performed on all BrPPO blended 

AEMs before annealing at 60 °C by sweeping the humidity from 25% RH to 95% RH. All as-

cast BrPPO blend membranes prior to annealing exhibited no distinct peaks in the SAXS profiles 

as expected from casting the miscible blend and subsequent quaternization at temperature well 

below the Tg of all components in the membrane, which is consistent with the SAXS patterns 

observed in PPO blended AEM before annealing. The SAXS profile of BrPPO membranes E is 

IEC = 1.34 mmol/g

IEC = 1.33 mmol/g
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presented in Figure 3.8 as a representative to demonstrate the amorphous morphology in BrPPO 

membranes before annealing. Since the thermal annealing causes degradation in the BrPPO 

blended AEM, the membranes after annealing were not analyzed in this study. In addition, all 

SAXS profiles showed little response toward humidity change revealing that the desirable 

membrane dimensional stability under humidified condition was achieved by BrPPO blended 

AEMs. 

 

Figure 3.8   SAXS profile of BrPPO blend membranes E before annealing 

 

3.4 Conclusion  

BrPPO blend membranes were successfully prepared by blending BrPPO with PVBC-b-

PS copolymer, solvent casting miscible blend membranes, and subsequent heterogeneous 

trimethyalmine quaternization. The membranes before annealing possessed the highest water 

uptake and hydroxide conductivity, as thermal degradation was found in membranes annealed at 

high temperature under both dry and hydrated conditions. The ionic conductivity was found to be 

highly dependent on water uptake and the incorporation of quaternary ammonium functionality 
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in PPO seems to have a greater effect on water uptake and ionic conductivity of blend 

membranes than increasing the functionality in the block copolymer. 
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CHAPTER 4 POLYETHYLENE BASED BLOCK COPOLYMERS FOR ANION EXCHANGE 
MEMBRANE 

 

 

4.1 Introduction 

Alkaline fuel cells (AFCs) are being actively studied due to a number of advantages over 

proton exchange membrane fuel cells (PEMFCs), including their facile electrochemical kinetics 

and the capability to utilize non-precious metal catalysts (i.e., nickel[13] or silver).[8, 10, 11] 

However, the use of liquid electrolyte such as aqueous potassium hydroxide in traditional AFCs 

results in carbonate or bicarbonate precipitates from the exposure of potassium hydroxide to 

carbon dioxide in the air, resulting in reduced performance.[9] Recently, AFC research has 

focused on the development of anion exchange membranes (AEMs) with various tethered 

cationic functional groups, including quaternary ammonium[27, 29, 82, 84, 152] and 

phosphonium[85, 88], as solid polymer electrolytes for AFCs to eliminate the formation of 

precipitates. However, a major challenge in the development of AEMs is the preparation of a 

chemically stable polymer membrane with sufficient mechanical properties and ionic 

conductivity under the AFC operating conditions. 

Polyethylene has been investigated as a component of blend membrane materials for 

PEMFC to provide mechanical properties and to control membrane swelling, and methanol 

permeability.[64, 65] AFC membranes containing polyethylene as membrane material have also 

been recently reported. Research has been performed to synthesize cationic functionalized 

cyclooctene, randomly copolymerize with cyclooctene by ring opening metathesis 

polymerization, and subsequently hydrogenate the polymer to form solvent processable 
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polyethylene AEMs with good mechanical and ion conductive properties.[68, 88] Another 

strategy to incorporate polyethylene in AEMs investigates the radiation graft reaction of 

vinylbenzyl chloride monomer onto commercially available polyethylene and subsequent 

conversion of benzyl chloride to quaternary ammonium cation.[153, 154] AEMs based on 

polyethylene have also been reported by blending anion exchange particles with linear 

polyethylene and a water soluble additive to prepare heterogeneous membranes.[155]  

Although cationic functionalized polyethylene has been designed as a component of 

AEMs, the studies are based on the polymers with random cationic functional groups. Other 

research on AEMs has been directed toward preparing well-defined block copolymers that have 

a hydrophobic block that forms the matrix for mechanical strength and a hydrophilic (cationic) 

block for conductivity.[25, 104-108] The block copolymers for AEMs can provide phase-

separated materials with controlled morphology for ion conduction by controlling the block 

composition. A notable strategy in the synthesis of well-defined block copolymers is to use 

living anionic polymerization. Anionic polymerization offers various benefits to prepare block 

copolymers as the reactive site in a living anionic polymerization persists throughout the reaction 

so that no termination or chain transfer occurs on the timescale of the reaction.  Because there is 

no termination, monomers can be sequentially polymerized to yield well-defined block 

copolymers. Through the use of anionic living polymerization, polymers can be synthesized with 

controlled molecular weight, composition, and functional groups.  Anionic polymerization can 

be used to control the microstructure of diene (e.g. isoprene, butadiene) polymerizations, and 

high 1,4-structured polybutadiene can be obtained by performing anionic polymerization of 

butadiene in non-polar solvents. Subsequent hydrogenation of high 1,4-content polybutadiene 

leads to a polyethylene structure. Through this sequence, polyethylene-based block copolymers 
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as AEMs can be prepared by living anionic polymerization and post functionalization. 

In this study, polybutadiene-b-poly(4-methylstyrene) (PB-b-P4MS) block copolymer was 

synthesized by living anionic polymerization. The high 1,4-structured polybutadiene block was 

hydrogenated to polyethylene-like block and the poly(4-methylstyrene) block was ultimately 

converted to an ion conductive block. The following research investigates in detail the block 

copolymerization, hydrogenation, and cationic group functionalization reactions. The 

polyethylene block copolymer membranes are prepared to study their properties, including water 

uptake, hydration number, ionic conductivity, and morphology.  

 

4.2 Experimental Section 

4.2.1 Materials  

4-Methylstyrene (Sigma-Aldrich, 96%) was dried over calcium hydride and distilled 

under reduced pressure two times before use. 1,3-Butadiene (Sigma-Aldrich, ≥99%) was 

transferred from the gas cylinder to an argon purged pressure vessel containing calcium hydride 

and a stir bar while cooling the vessel to -78 °C with an acetone/dry ice bath.  The butadiene 

stirred over the calcium hydride for approximately 20 minutes right before use. sec-Butyllithium 

(sec-BuLi) (1.4 M in cyclohexane) solution and di-n-butylmagnesium (1.0 M in heptane) 

solution were obtained from Sigma-Aldrich and used as received. 2,2’-Azobisisobutyronitrile 

(AIBN) (Sigma-Aldrich, 98%) was purified by recrystallization in methanol, and N-

bromosuccinimide (NBS) was recrystallized from deionized water. HPLC grade cyclohexane 

from Fisher was purified by passing through columns on a Pure Solv solvent purification system 

(Innovative Technology). 2,6-Di-tert-butyl-p-cresol (BHT, Eastman), xylenes (Mall, ACS 
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reagent grade), p-toluenesulfonyl hydrazide (TSH) (Sigma-Aldrich, 97%), carbon tetrachloride 

(Sigma-Aldrich, 99.9%) and trimethylamine (Sigma-Aldrich, 25 wt% aqueous solution) were 

used without further purification. All polymerization glassware, glass syringes, needles, and stir 

bars were dried in the oven at 180 °C overnight and the glassware was further flame dried under 

an argon purge after equipped with stir bar and sealed with a rubber septum. 

 

4.2.2 Anionic Polymerization of Polybutadiene-b-Poly(4-Methylstyrene) (PB-b-P4MS) 

Polymerizations were conducted at room temperature. A series of block copolymers (A, 

B, C, and D) were synthesized following the same polymerization procedure while varying the 

relative composition of butadiene and 4-methylstyrene blocks.  A typical procedure (copolymer 

A) is as follows.  

Dry cyclohexane (50 mL) from solvent purifier was added to a septum sealed, flame 

dried and argon purged 100 mL round bottom flask equipped with a stir bar. sec-BuLi (100 µL, 

0.14 mmol) was then injected with a 250 µL syringe. The solution turned to a pale yellow and 

was allowed to stir for 15 min. An argon purged pressure vessel containing butadiene (7.22 g, 

0.133 mol) over calcium hydride was connected to the round bottom flask with a cannula.  The 

pressure vessel was gently warmed and the butadiene was transferred from the pressure vessel to 

reaction flask over 15 to 20 min. The cannula was then removed and the reaction was left to stir 

for 24 hrs. An aliquot (1 mL) of reaction solution was removed by syringe after 24 hours and 

added to argon degassed methanol to terminate a sample of polybutadiene.  4-methylstyrene 

(5.10 mL, 39.5 mmol) was introduced into the reaction flask using a 5 mL syringe. A bright 

orange color was immediately observed and the reaction solution was left to stir for 12 hrs. After 

this time, a small amount of argon-purged methanol was introduced by syringe to terminate the 
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living polymer chain ends as observed by the disappearance of the orange color. The polymer 

solution was precipitated into excess methanol containing 2,6-di-tert-butyl-p-cresol (0.2 g, about 

0.02 wt% of polymer) as radical inhibitor, and the polymer was isolated by filtration, washed 

with more methanol, and dried in the vacuum oven at 40 °C overnight. The conversion of styrene 

was determined to be approximately 50%. 1H NMR (500 MHz, CDCl3, δ): 2.25-2.35 (s 3H –

CH3); 4.85-5.00 (m 2H -CH2-CH(CH=CH2)-); 5.28-5.51 (m 2H -CH2-CH=CH-CH2-); 5.65-5.80 

(m 1H -CH2-CH(CH=CH2)-); 6.33-7.19 (m 4H ArH). 

 

4.2.3 Hydrogenation of PB-b-P4MS Block Copolymer 

Hydrogenation of the polybutadiene block in the copolymer was performed by using p-

toluenesulfonyl hydrazide to form polyethylene-b-poly(4-methylstyrene) (PE-b-P4MS). In a 

general procedure for copolymer A, PB-b-P4MS (1.012 g, 0.015mol butadiene repeat units) was 

weighed into a 250 mL three neck round bottom flask equipped with a magnetic stirbar, a 

condenser, and an argon bubbler. Xylenes (80 mL) was added into the reaction flask and after 

dissolution the reaction flask was immersed in an oil bath and heated to 120 °C. p-

Toluenesulfonyl hydrazide (22.3 g, 0.12 mmol) was added, and the solution was allowed to stir 

for 12 hrs. The hot solution was precipitated in an excess of methanol, filtered, and the white 

powder was washed with hot deionized water to remove byproducts. The final polymer was 

recovered by filtration and dried in the vacuum oven at 80 °C overnight. 

 

4.2.4 Bromination of P4MS Homopolymer 

The bromination of the poly(4-methylstyrene) block in PE-b-P4MS was performed by 

using NBS and BPO following a modified literature procedure.[32, 156] P4MS (0.3556 g, 3.00 
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mmol 4-methylstyrene repeat units) was weighed into a two neck 50 mL round bottom flask 

equipped with a magnetic stirbar, a condenser, and an argon bubbler. Carbon tetrachloride (15 

mL) was added and the polymer was suspended in solution. The reaction flask was immersed in 

an oil bath and heated to 72 °C. The mixture was stirred until the copolymer dissolved. AIBN 

(0.0075 g, 0.045 mmol) was added followed by NBS (0.481 g, 2.70 mmol, 90 mol% to the 

amount of 4-methylstyrene) under argon flow. The solution was refluxed and allowed to stir for 

24 hrs during which the solution turned yellow. The hot solution was precipitated into excess 

methanol, filtered, and the yellow powder was washed with deionized water to remove 

byproducts. The product was filtered and dried in the vacuum oven at 80 °C overnight. 

 

4.2.5 Bromination of PE-b-P4MS Block Copolymer 

The bromination of poly(4-methylstyrene) block in PE-b-P4MS was performed by using 

the same condition as bromination of P4MS homopolymer. In a typical reaction condition 

(copolymer A), PE-b-P4MS (1.3837 g, 2.70 mmol 4-methylstyrene repeat units) was dissolved in 

50 mL of carbon tetrachloride in a two neck 150 mL round bottom flask. The solution was 

heated in oil bath to 72 °C with stirring under the argon atmosphere. AIBN (0.0065 g, 0.040 

mmol) was first added into reaction and NBS (0.432 g, 2.43 mmol, 90% to the amount of 4-

methylstyrene) were added right after AIBN into reaction flask with argon protection. The 

solution was refluxed and allowed to stir for 24 hrs. The color turned to yellow after the 

bromination. The hot solution was precipitated in excess of methanol, filtered, and the yellow 

powder was precipitated repeatedly by methanol to remove byproducts. The polyethylene-b-

polyvinylbenzyl bromide (PE-b-PVBBr) was finally filtered and dried in the vacuum oven at 

80 °C overnight. 
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4.2.6 PE-b-PVBBr Block Copolymer Membrane Preparation 

PE-b-PVBBr block copolymer powder was dissolved at 90 °C in xylenes with a 

concentration of 3g/100mL. The solution was drop cast on a 80 °C pre-heated glass slide and the 

xylenes was allowed to evaporate. The resulting membrane was dried in vacuum oven at 80 °C 

overnight to remove remaining xylenes. 

 

4.2.7 Amination of PE-b-PVBBr Block Copolymer Membrane 

The PE-b-PVBBr membrane was soaked in a 25 wt% aqueous trimethylamine solution 

for 48 hours to convert benzyl bromide to benzyltrimethylammonium bromide ([VBTMA][Br]). 

The PE-b-P[VBTMA][Br] membrane was then repeatedly immersed in fresh deionized water 

multiple times, rinsed thoroughly with water, and then dried in a vacuum oven at 60 °C 

overnight. 

 

4.2.8 Ion Exchange of Hydroxide Membrane 

The quaternary ammonium functionalized block copolymer membranes were soaked in 

1M KOH solution for 48 hrs to exchange bromide to hydroxide. The membranes were 

subsequently immersed in deionized water for a few hours with the deionized water exchanged 

several times during the soaking process. 

 

4.2.9 Characterization 

The molecular weights and molecular weight distributions for polybutadiene and PB-b-

P4MS were determined by gel permeation chromatography (GPC) using a Waters 600 HPLC 

pump equipped with a Wyatt Technology Optilab RI detector and a Wyatt Technology 
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miniDAWN multiangle laser light scattering (MALLS) detector. Elutions were carried out with 

two Polymer Laboratories PLgel 5µm Mixed-D columns at room temperature with THF at a flow 

rate of 1.0 mL/min.  Samples were dissolved in THF at 5 mg/mL and molecular weights were 

measured using Astra software supplied by Wyatt Technology. 1H NMR spectra of copolymers 

were obtained using a JEOL 500 MHz spectrometer. All polymer samples were dissolved in 

CDCl3 using tetramethylsilane (TMS) as standard. IR measurements were performed by 

attenuated total reflectance (ATR)-Fourier transform infrared (FTIR) spectroscopy using a 

Thermo-Electron Nicolet 4700 spectrometer with a Smart Orbit attachment in a spectral range of 

500 – 4000 cm-1. Glass transition temperatures (Tg) and crystallinity of membranes were 

determined by differential scanning calorimetry (DSC) on TA DSC-20 running TA software with 

a heating rate of 10 °C/min under a nitrogen purge. The degree of crystallinity was calculated by 

comparing the enthalpy of the DSC tested sample with the enthalpy value for 100% crystallized 

polyethylene.[157, 158] 

Theoretical ionic exchange capacities (IECs) were calculated based on the complete 

conversion of benzyl bromide to quaternary ammonium. Titrated IEC was determined for 

samples in the bromide form by the Mohr’s titration method.[54, 159] The membranes were 

dried in a vacuum oven at 60 °C for 24 hours, and their dry weights were quickly measured. 

About 0.10 g membrane was accurately weighed and soaked in 50 mL 0.2 M NaNO3 solution for 

8 hours. After 8 hours, the film was transferred into fresh 0.2 M NaNO3 solution for another 8 

hours. This process was repeated a total of 3 times in 24 hours to exchange the bromide ion to 

nitrate. The NaNO3 solution was titrated to determine the amount of free bromide ions with 

0.0992 M AgNO3 solution by using K2CrO4 as color indicator. The bromide titration was 

repeated three times and the titrated IEC was calculated with the equation, 
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IEC ( mmol g)⁄ = 

cAgNO3
V

AgNO3

mdry membrane

 

 
where c is the concentration of AgNO3 solution, V is the volume of the AgNO3 solution 

consumed during titration, and mdry membrane is the dry mass of the membrane. 

In order to determine water uptake of AEMs, membranes were pre-soaked in deionized 

water. After 24 hrs soaking, the fully hydrated membranes were removed from the water and the 

extra water on the membrane surface was blotted dry with kimwipes, and the membrane was 

weighed immediately. The quaternized membranes were immersed again into deionized water 

for another 15min to let them re-hydrate. This method was repeated 5 times to obtain the average 

mass of hydrated membranes. The membranes were finally vacuum dried at 60 °C for 24 hr. The 

water uptake (WU) was determined by 

WU �%
= 
mhydrated- mdry

mdry

 × 100% 

where mhydrated is hydrated mass of membrane after removing all surface water, and mdry is dry 

mass of membrane after drying in the vacuum oven.  

Synchrotron small angle x-ray scattering (SAXS) experiments were performed at the 

Advanced Photon Source at Argonne National Lab. Measurements were taken in a transmission 

geometry using a Pliatus 2M SAXS detector with an acquisition time of 1 s at a beam energy of 

12 keV and incoming x-ray wavelength of 1 Å. The 2D scatter was radially integrated to obtain 

data of intensity versus scattering vector q. The transmission intensity was normalized to 

exposure time and flux of the direct beam through the sample. An environmental chamber was 

used to control the temperature and humidity.[127, 128] The humidity was stepped from 25% to 

50%, 75%, and 95%RH every 20 minutes in order to hydrate the membrane. 

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF 
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STEM) was performed using a JEOL 2100F operated at 200kV and HAADF 5 camera length. 

Samples for HAADF STEM were microtomed on a Leica Ultra cut UCT with a EMFCS 

cryostage using a microstar diamond knife with a 6° cutting angle. Samples were microtomed at 

-10 °C to a thickness of 90nm. Samples were transferred from the cryostage to a dessicator in 

capsules to minimize interaction with water vapor. 

The ionic conductivity of quaternized membranes was measured by electrochemical 

impedance spectroscopy (EIS) using a Bio-Logic VMP3 potentiostat under controlled 

temperature, and data was collected using EC Laboratories software. Membranes were held in 

four electrode cells with platinum electrodes. In this work, EIS was performed by changing 

temperature from 50 °C to 90 °C in water. Activation energy (Ea) of ionic conductivity can be 

determined by using an Arrhenius relationship between the conductivity and temperature, which 

can be expressed as 

σT= σ0e
-Ea
RT 

 
where σ is the ionic conductivity, σ0 is Arrhenius constant, R is gas constant, and Ea is the 

activation energy of ionic conductivity under certain relative humidity. 

Tensile properties of block copolymer membranes were measured at dry and hydrated 

conditions on an Instru-Met frame tensile tester (by MTS Model: A30-33) using a 1000-pound 

load cell (with a resolution less than 0.1 pound) and a crosshead speed of 5 mm/min at room 

temperature. The dry samples were prepared by drying membranes in a vacuum oven at 60 °C 

for 24 hours, and the hydrated samples were prepared by soaking membranes in deionized water 

at room temperature for 24 hours. Samples were cut into strips with dimension of approximately 

60 mm x 8 mm and membrane thicknesses were measured in a range of 50 to 80 microns. Stress 

was calculated from the cross-sectional area of the film and the strain was obtained by measuring 
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the  increase of the film gauge length. The Young’s modulus was determined by the initial slope 

of the stress vs. strain curve at very low strains (0.3%). 

 

4.3 Results and Discussion 

Studies have demonstrated random polyethylene copolymers for anion exchange 

membranes, with the polyethylene providing good mechanical properties, decreased dimensional 

swelling, and good chemical stability.[63-65] However, well-defined diblock copolymers 

containing polyethylene as the hydrophobic block for fuel cell membranes have not been 

investigated.  In this work, a polyethylene block copolymer with quaternary ammonium 

functionality is prepared through a series of reactions.  The reaction sequence is designed 

through a living anionic polymerization to form polybutadiene (PB) with high 1,4 content as a 

precursor to polyethylene and the controlled polymerization of poly(4-methylstyrene) as a 

precursor to a benzyl bromide functionality, and ultimately, a benzyltrimethyl ammonium 

functionality.   

PB-b-P4MS block copolymer was synthesized through the sequential anionic 

polymerization of butadiene and 4-methylstyrene initiated by sec-BuLi in cyclohexane (Scheme 

4.1). Living anionic polymerization was selected since this technique offers significant 

advantages over other polymerization methods to synthesize a well-defined PB block with high 

1,4 enchainment of monomer.  While the anionic polymerization of butadiene has been widely 

studied, very few references to the anionic polymerization of 4-methylstyrene exist.[160, 161] A 

block copolymer of butadiene and 4-methylstyrene can be produced through either reacting 

butadiene or 4-methylstyrene as the first block. However, the chain transfer to toluene in 

butyllithium initiated anionic polymerization of styrene is well studied,[162] and chain transfer 
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to the para-methyl group is possible during the polymerization. 4-methylstyrene homopolymer 

has previously been prepared by anionic polymerization and the research indentified the 

importance of low temperature polymerization and limiting the conversion to less than than 60% 

in order to avoid chain transfer.[163] In order to synthesize well-defined linear block copolymer 

and minimize any chain transfer to pendent benzylic methyl groups, the block copolymerization 

was designed to polymerize butadiene first, followed by polymerization of the 4-methylstyrene. 

In addition, the 4-methylstyrene polymerization was terminated prior to high monomer 

conversion. 

 

Scheme 4.1   Sequential anionic polymerization of PB-b-P4MS block copolymer 

 

 

In the first step, the anionic polymerization of butadiene was carried out using sec-BuLi 

in cyclohexane at room temperature following a procedure previously reported.[164] sec-BuLi  

initiated anionic polymerization of butadiene in non-polar cyclohexane solvent has been 

demonstrated to result in predominately 1,4-structured PB.[165]  Linear polybutadienyllithium 

chains were formed by adding butadiene monomer to the solution of sec-BuLi in cylcohexane, 

resulting in a light yellow color during butadiene polymerization. Once the butadiene 
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polymerization was completed, a small amount of polymer solution (1 mL) was removed and 

terminated with degassed methanol for analysis. A series of four PB polymers were produced 

with molecular weights controlled by the molar ratios of [butadiene]/[sec-BuLi].  The molecular 

weights were targeted to range between 33,000 and 50,000 g/mol. GPC was used to analyze the 

molecular weights attained for each PB polymerization and found excellent agreement between 

the actual and targeted molecular weights, (Table 4.1) indicating complete conversion of 

butadiene monomer to polymer.  The molecular weight distributions of the PB samples are 

relatively narrow and in the range of 1.05-1.09.  

Table 4.1   Characterization of PB and PB-b-P4MS copolymers 

Sam
ples 

PB block 
 

PB-b-P4MS copolymer 

[Bd] /[sec-
BuLi] 

Mn
a 

(g/mol) 
Mw/
Mn

a 
1,4-PBb 

(%)  

[4MS]/[sec
-BuLi] 

Mn
a 

(g/mol) 
Mw/
Mn

a 
PB : P4MSb 

(wt%) 

A 950 50,100 1.08 92 
 

282 64,800 1.16 77 : 23 

B 750 39,800 1.06 92 
 

370 61,000 1.08 68 : 32 

C 898 47,300 1.09 95 
 

526 75,400 1.13 60 : 40 

D 590 32,700 1.05 95 
 

646 68,900 1.14 51 : 49 

a) determined by light scattering (GPC); b) measured by 1H NMR spectroscopy 

 

The diblock copolymer was prepared by adding 4-methylstyrene to the living 

polybutadienyllithium chains. As the 4-methylstyrene was introduced, the solution color changed 

from light yellow (polybutadienyllithium) to bright orange immediately indicating the successful 

initiation of 4-methylstyrene.  The block copolymerization was terminated by the introduction of 

degassed methanol and the bright color immediately turned to colorless indicating the 

termination of all living polymer chains. The polymer solution was precipitated into an excess of 
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methanol to isolate the block copolymer. A series of PB-b-P4MS diblock copolymers (Table 4.1) 

was prepared by varying the molar ratio of [4-methylstyrene]/[sec-BuLi]. The molecular weight 

of the P4MS blocks in the different copolymer samples was determined by the difference in the 

molecular weight of the PB block and the final copolymer measured by GPC. The conversion of 

4-methylstyrene was calculated to be approximately 43% to 49% based on the value of [4-

methylstyrene]/[sec-BuLi]. 

 

Figure 4.1   a) GPC chromatograms of PB-b-P4MS copolymers a) copolymer A; b) copolymer 
B; c) copolymer C and d) copolymer D 

 

The progression of the copolymerizations is clearly demonstrated by the GPC 

chromatograms in Figures 4.1a-d for the four different copolymerizations (copolymers A, B, C 
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and D). Solid lines represent the first block (PB homopolymer) and the dashed lines show the 

complete separation from the PB homopolymer in the formation of the PB-b-P4MS copolymer. 

The dashed peaks shift significantly in all chromatograms indicating complete crossover from 

polybutadienyllithium to polybutadiene-b-poly(4-methylstyrenyl)lithium. Molecular weight 

distributions of the block copolymers (Mw/Mn = 1.08-1.16) become only slightly higher after 

adding the second block.  The slight increase in polydispersity could be due to a slow crossover 

from polybutadienyllithium to polybutadiene-b-poly(4-methylstyrenyl)lithium or to a small 

amount of chain transfer to the para-methyl group.  Small shoulders in the high molecular 

weight region are observed in some chromatograms, presumably a result from polymer chain 

coupling by oxygen during termination reactions.  

The microstructure of the PB block and block composition of copolymers were 

determined by 1H NMR spectroscopy. Figure 4.2a shows the spectrum of one PB-b-P4MS 

copolymer (sample C) consisting of characteristic signals of polybutadiene and poly(4-

methylstyrene). The peaks at 4.85-5.00 ppm and 5.65-5.80 ppm are signals from the 1,2-

structured PB. The peaks at 5.28-5.51 correspond to the two olefinic protons from the 1,4-

structured PB.[164] The microstructure in the PB block can be calculated based on the 

integration of 1,2-structured PB and 1,4-structured PB. The amount of 1,4 configuration is 

predominant in the microstructure of PB as expected and the composition varies from 92% to 

95% for the 4 different samples (Table 4.1). The chemical shift at 2.25 ppm is attributed to the 

benzylic methyl group from 4-methylstyrene, and the peaks at 6.33-7.19 ppm represent aromatic 

protons of 4-methylstyrene. The molar composition of PB and P4MS can be readily estimated by 

comparing integration of characteristic peaks for PB and P4MS. For this sample (copolymer C), 

the mass composition of PB and P4MS is determined to be 60% and 40%, respectively.  
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The diblock copolymer was subsequently reacted to hydrogenate the PB block and then 

quaternary ammonium functionality was introduced to the P4MS block (Scheme 4.2).  The 

hydrogenation and bromination of para-methyl groups were each done in a homogenous reaction, 

while the final conversion of bromomethyl groups to benzyltrimethylammonium groups was 

done as a heterogeneous reaction on a solution cast film.  

 

Scheme 4.2   Hydrogenation, bromination and quaternization 
 

 

 

Because the majority of the PB is 1,4-structured, hydrogenation of the PB block results in 

a predominantly polyethylene-like block with 5-8% ethyl branches. The thermal decomposition 

of p-toluenesulfonhydrazide in xylenes is a common method for converting polydienes to 

hydrogenated polymers.[166-168] A large excess (molar ratio of [TSH]/[butadiene repeat units] 

= 8/1) of p-toluenesulfonhydrazide was added in this reaction to ensure complete hydrogenation. 

The resulting hydrogenated polymer remained soluble in xylenes at high temperature, so the 

polymer was precipitated into methanol while the solution was still hot. The resulting polymers 

were washed by boiling water for 30 min in order to remove p-toluenesulfonic acids formed 

during the reaction. The hydrogenated polymers were no longer soluble or only partially soluble 
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in common solvents at room temperature, including THF, toluene, chloroform, tetrachloroethane, 

and xylenes. The polymer was soluble enough in chloroform at low concentration to perform 1H 

NMR spectroscopy in order to quantify the extent of the hydrogenation reaction. Figure 4.2b 

shows the 1H NMR spectrum of PE-b-P4MS copolymer. Comparison with the PB-b-P4MS in 

Figure 4.2a shows that olefinic proton signals of PB at 4.85-5.80 ppm (including 1,2-structuured 

and 1,4-structured) completely disappear and new peaks form at 1.51 ppm corresponding to the 

methylene protons from polyethylene demonstrating the complete hydrogenation. 

 

Figure 4.2   1H NMR spectra comparison of (a) PB-b-P4MS, (b) PE-b-P4MS and (c) PE-b-
PVBBr copolymers in CDCl3 

 
A model reaction to brominate the P4MS homopolymer was examined in order to study 

the bromination of 4-MS repeat units in block copolymer. The reaction was carried out in the 

presence of AIBN with less than the stoichiometric conversion ([NBS]/[4-methyl group] = 0.9/1 
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molar ratio) in order to selectively brominate the 4-methyl group with out reacting the tertiary 

benzylic protons on backbone. 1H NMR spectroscopy was used to evaluate the reaction (Figure 

4.3). The intensity of the peak corresponding to the 4-methyl groups at 2.25 ppm reduces after 

bromination while a new peak at 4.51 ppm represents to the formation of benzyl bromide groups. 

The degree of bromination reaction can be calculated based on the integration ratio between 

benzyl bromide groups and aromatic groups. Furthermore, the integration ratio between 

methylene protons (1.34 – 1.64 ppm) and tertiary benzylic proton (1.64 – 2.05 ppm) on backbone 

remained the same after the bromination reaction. From the results, it is expected that the 

reaction could be used to quantitatively synthesize the PE-b-PVBBr block copolymers with only 

4-methyl groups bominated. 

 

Figure 4.3   1H NMR spectra of (a) P4MS homopolymer and (b) P4MS after bromination 
reaction 
 

 
Bromination of PE-b-P4MS copolymer was conducted after hydrogenation reaction, 

since the selective bromination of the 4-methyl groups is desired. The bromination reaction was 

cycylohexane



 106

carried out at 72 °C in carbon tetrachloride and the polymer remained in solution during the 

reaction. The solution color changed to light yellow when NBS was added, and the 

stoichiometric ratio of NBS and 4-methyl groups was the same as the model bormination 

reaction in order to exclusively introduce bromine functional group on 4-methyl groups. After 12 

hours of reaction, the light yellow polymer (PE-b-PVBBr) was obtained by precipitation in 

methanol and isolation by filtration. Figure 4.2c shows the 1H NMR spectrum of PE-b-PVBBr 

after vacuum drying and it is compared with 1H NMR spectrum of PE-b-P4MS (Figure 4.2b). 

The chemical shift at 2.25 ppm corresponding to 4-methyl groups reduces significantly after 

bromination, at the same time, a new peak at 4.51 ppm corresponding to benzyl bromide is 

observed in Figure 4.2c. It is reasonable to observe some remaining 4-methyl groups after 

bromination since NBS with less than 1 equiv of 4-MS was used in this reaction. The degree of 

bromination on 4-MS can be determined by the integration ratio between benzyl bromide groups 

and aromatic groups. The degree of bromination is calculated in a range of 81.8% to 84.6% 

(Table 4.2) depending on copolymer samples. Therefore, quantitative control over bromination 

of 4-MS block was successfully achieved. 

The PE-b-PVBBr was cast into membrane prior to the amination reaction, since the 

amphiphilic material after quaternization is difficult to process into a membrane. PE-b-PVBBr 

powder was dissolved in 90 °C xylenes and cast on a hot plate held at 80 °C, keeping the 

copolymer in solution while the solvent slowly evaporated. The PE-b-PVBBr membrane 

remained clear and homogeneous after holding at 80 °C for 1 hr. The membrane was then dried 

in a vacuum oven at 80 °C to remove remainin xylenes. The PE-b-PVBBr copolymer membranes 

were examined by DSC to determine the degree of crystallinity of the PE component in the film. 
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All membranes were found to have a similar amount of crystalline structure in the range of 24.1% 

to 25.7% (Table 4.2).  

 

Figure 4.4   Infrared spectra of PE-b-PVBBr and PE-b-P[VBTMA][Br] 
 

 
The amination reaction was done by soaking PE-b-PVBBr membrane in trimethylamine 

aqueous solution at room temperature for 48 hr. The resulting PE-b-P[VBTMA][Br] membrane 

was immersed in deionized water, then rinsed with large amount of water and dried in vacuum 

oven to remove extra trimethylamine. Examination of the quaternization reaction was done by IR 

spectroscopy (Figure 4.4). The characteristic peak at 618 cm-1 corresponding to a C-Br stretch 

mostly disappears after amination, indicating high conversion in the quaternization reaction. 

Additionally, a new peak forms at 3364 cm-1 corresponding to water from the hygroscopic 

quaternary ammonium cation in membrane.  
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The theoretical IECs of the quaternized membranes were compared with their titrated 

IECs in Table 4.2. The theoretical IEC was calculated based on the composition of 4-MS in the 

copolymer and the degree of bromination in each of the different copolymers. The titrated IEC 

was determined by the well-established Mohr’s titration method. The comparison shows that the 

quaternization reaction reached high conversion of 83-93%, in agreement with the IR 

spectroscopy results. 

  

Table 4.2   IEC, water uptake, and conductivity of PE based anion exchange membranes 

Copoly
-mer 

AEMs 

Degree of 
Brominationa 

(%) 

Degree of 
crystallinityb 

(%) 

Theoretical 
IECc 

(mmol/g) 

Titrated 
IECd 

(mmol/g) 

Water 
uptakee 

(%) 
σ

f 
(mS/cm) 

A 82.5 24.1 1.38 1.17 15 24 (7.1) 

B 84.6 25.7 1.78 1.66 26 47 (11) 

C 83.1 25.1 2.07 1.87 35 70 (18) 

D 81.8 24.3 2.30 1.92 37 73 (19) 

a) determined by 1H NMR spectroscopy; b) estimated by DSC; c) 1H NMR spectroscopy and 

complete N(CH3)3 quaternization; d) determined by Mohr’s titration; e) measured in bromide 

form at room temperature; f) hydroxide and bromide conductivity measured by EIS at 60 °C in 

water (bromide conductivity in parentheses) 

 
Small angle x-ray scattering (SAXS) characterization was done to examine phase 

separation of the hydrophobic and hydrophilic components. The quaternized block copolymer 

membranes were prepared in the bromide counterion form, and SAXS experiments were 

performed in an environmental chamber at 60 °C by varying the relative humidity from 25% RH 

to 95% RH. Ordered morphologies were observed in all membranes tested and they all displayed 

a distinct first order peak and a weak second order peak as shown in Figure 4.5. The d-spacing of 
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the membranes increased from 48.3 nm to 69.8 nm on going from the lowest cationic 

functionalized sample to the most highly functionalized sample. The increase in d spacing could 

be due to the increase in the molecular weight of the hydrophobic domain in membranes. All 

SAXS profiles displayed little response during the humidity change, indicating all membranes 

are dimensionally stable under changing humidity conditions. This could be due to the semi-

crystalline structure in membrane matrix causing restricted structural swelling. 

 

Figure 4.5   SAXS profiles of quaternized polyethylene block copolymer AEMs 

 
Although the structural features were observed in all SAXS profiles, the peaks were 

relatively broad in all cases leading to the difficulty in the interpretation of the membrane 

morphologies. Therefore, high angle annular dark field scanning transmission electron 

microscopy (HAADF STEM) was performed on all membranes to further study the phase-
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separated morphology in the PE block copolymer membranes. The corresponding HAADF 

STEM images revealed distinct hydrophilic (represented by bright areas) and hydrophobic 

(represented by dark areas) phase separation. The STEM image of membrane C in Figure 4.6 

clearly exhibits a bi-continuous morphology with a domain size of approximately 35 nm.  

 

Figure 4.6   HAADF STEM of images of PE block copolymer membrane C 
 

The four different polymer membranes were prepared with a range of ion exchange 

capacities that is dependent on the block composition of the copolymer precursor and the extent 

of bromine functionalization. The water uptake of the block copolymer membranes increases 

with increasing ion exchange capacity from 15% to 37% going from the low functionalized 

membrane to the most highly functionalized membrane. The water uptake values of block 

copolymer membranes are relatively lower than other AEMs with similar ion exchange capacity 

and the same cationic functional groups,[23, 56, 68, 169] which could be attributed to the 

crystalline structure in the hydrophobic matrix.  

The bromide and hydroxide conductivity of all block copolymer AEMs were measured 

by electrochemical impedance spectroscopy and are reported for measurements at 60 °C in Table 

4.2. The ionic conductivity is found to increase with increasing IEC and the concomitant water 
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uptake as expected, due to the increase in the number of charge carriers. The membranes C and 

D show close values in ionic conductivity, in agreement with the observation in their ion 

exchange capacities. The hydroxide conductivities are approximately 4 times higher than the 

bromide conductivity.  

 

 

Figure 4.7   Conductivity temperature dependence of PE based block copolymer anion exchange 
membranes 
 

The hydroxide conductivities of block copolymer membranes were further examined in 

Figure 4.7 by sweeping temperature from 50 °C to 90 °C and the conductivity increases with the 

increasing temperature in all membranes. Furthermore, this method allows the calculation of 

activation energy for ion conduction in block copolymer membranes by an Arrhenius 

relationship. The activation energy was found to be dependent on the ion exchange capacity. The 

higher functionalized membrane shows lower activation energy and the activation energy 

calculated for hydroxide membranes ranged from 27 kJ/mol to12 kJ/mol going from the least 

functionalized to the most highly functionalized membranes. The activation energies of 



 112

hydroxide membrane are only slightly higher compared to the activation energies reported for 

Nafion (5-20 kJ/mol).[34, 170, 171] However, the activation energies determined for block 

copolymer membranes are very comparable with the values for other AEMs,[24, 34, 54, 172] 

which could correspond to the formation of some extent of ordered morphological structure for 

ion conduction. 

 

 

Figure 4.8   Stress vs. strain curves of membrane A, C, and D at room temperature and dry 
condition 
 

4.4 Conclusion 

Polyethylene block copolymer AEMs were formed through the preparation of anionic 

polymerization of PB-b-P4MS and subsequent post functionalization reactions. The PB with 

high 1,4-configuration was hydrogenated to a polyethylene hydrophobic block with 

semicrystalline structure. The polyethylene block copolymer AEM exhibited excellent tensile 

properties with a high strain at break (over 100%). The block compositions were varied to alter 

the IEC and control the morphology. The ordered morphologies were observed in all membranes 
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and bi-continuous morphology was found in the membrane with high IEC. The activation energy 

was strongly dependent on IEC and the sample with higher IEC displayed values comparable to 

Nafion. The results suggest promise for utilizing semi-crystalline block copolymer for AEM 

application.  
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CHAPTER 5 MONO METHOXY POLY(ETHYLENE GLYCOL) GRAFTED BLOCK 
COPOLYMERS FOR ALKALINE EXCHANGE MEMBRANE 

 

 

5.1 Introduction 

Alkaline fuel cells using anion exchange membranes as electrolyte have recently aroused 

considerable interest because it can overcome the carbonate precipitation issue in traditional 

alkaline fuel cells (aqueous KOH as electrolyte) while still maintaining the advantages of a 

traditional alkaline fuel cell.[8, 11] The main advantages of anion exchange membrane fuel cell 

(AEMFC) include facile electrokinetics at the cathode and the ability to use non-precious metal 

catalysts under the high pH operation conditions.[9, 10, 22]  

However, AEMFCs suffer from a few drawbacks compared to proton exchange 

membrane fuel cell (PEMFC). First, the conducting ion in AEMFC, hydroxide, has a lower 

diffusion coefficient than protons due to its larger size compared to proton.[23, 173] Therefore, 

the anion exchange membranes (AEMs) commonly exhibit lower ion conductivity than proton 

exchange membranes (PEMs), which could result in a difficulty to reach a similar fuel cell 

performance as PEM. Secondly, it is found that the conductivity of AEMs exhibit strong 

dependence on the humidity. Research has been performed to study the humidity effect on 

conductivity of benzyltrimethylammonium functionalized AEM compared to the PEM, 

Nafion.[24] Although the humidity dependence problem is also observed in PEM,[174] the 

benzyltrimethylammonium functionalized AEM displays a more significant decrease in 

conductivity relative to Nafion when the humidity drops. Consequently, both drawbacks could 

limit the broad application of AEMFC. 
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Various strategies have been applied to overcome the drawbacks in current AEMs. 

Research efforts have recently sought to increase hydroxide conductivity of membranes by 

incorporation of new cationic functional groups and the control of the microphase separation.[69, 

82, 85, 88-90, 94] AEM studies have also focused on water movement of AEMFC in order to 

reduce the dependence of conductivity on humidity by improving the water management.[175] 

Additionally, a hybrid fuel cell has been developed to take the advantages of high conducting 

electrolyte (such as Nafion) in PEMFC and better electrokinetics in AEMFC.[176, 177] This 

hybrid fuel cell comprises an acidic electrode from PEMFC as anode and a basic electrode from 

AEMFC as cathode. The formation of water at the junction of PEM and AEM makes this hybrid 

electrolyte possess a self-humidifying feature, which could potentially reduce the humidity effect 

on conductivity. 

Although research efforts have attempted to solve the drawbacks of AEMs through 

various methods, the importance of AEM water affinity on conducting properties and its 

humidity dependence are not fully understood. It is found that the sulfonic acid functionalized 

PEM has a higher hydration number (average water molecules per functional group) than the 

quaternary ammonium functionalized AEM with similar number of functional groups.[178] 

Furthermore, in order to attain the same level of conductivity, AEM commonly requires the 

presence of more water or a higher hydration number than PEM.[56, 108, 169, 179, 180] This 

can be explained by the lower dissociation constant of quaternary ammonium hydroxide in AEM 

compared to sulfonic acid in PEM, so more water molecules are required for quaternary 

ammonium hydroxide to dissociate to reach the high conductivity.[181, 182] However, the 

increase in hydration number is generally achieved by increasing ion exchange capacity in most 

studies,[34, 83, 95] which could complicate the study of hydration effect on membrane 



 116

properties.  

In order to investigate the hydration number effect on membrane properties 

independently without increasing the functionality, we have developed a simple method to graft 

hydrophilic polymer onto AEM with no increase in ion exchange capacity. Mono methoxy 

polyethylene glycol (mPEG) is a water soluble polymer that can be used to graft onto 

polyvinylbenzyl chloride-b-polystyrene (PVBC-b-PS) copolymer. The mPEG grafted PVBC-b-

PS can be further converted to cationic functionalized polymer for ion conduction. The overall 

result is to graft mPEG onto what ultimately becomes the ion conducting component of the block 

copolymer. The research investigates in detail the grafting reactions of PVBC-b-PS and the 

subsequent amination reaction. The effect of mPEG grafts on the membrane properties, including 

water uptake, hydration number, ionic conductivity and its dependence on humidity, is also 

investigated. 

 

5.2 Experimental 

5.2.1 Materials 

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%) were obtained from Aldrich, 

dried over calcium hydride, and distilled under reduced pressure right before use. 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO) (Aldrich, 98%) was sublimed twice before use. Mono 

methoxy poly(ethylene glycol) (mPEG) (Aldrich, Mn = 2,000 g/mol), sodium hydride (Aldrich, 

powder) and trimethylamine (Aldrich, 25 wt% aqueous solution) were used as received.  

Benzoyl peroxide (BPO) was purified by recrystallization from 40:60 chloroform:methanol.[183] 

HPLC grade THF and toluene from Mall were purified by passing through columns on a 
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commercial system (Innovative Technology). Other reagents were used without further 

purification.  

 

5.2.2 Synthesis of PVBC-b-PS by Nitroxide Mediated Polymerization 

10 mL distilled VBC was introduced into a 50 mL round bottom flask containing BPO 

(56 mg, 0.4 mmol), and TEMPO (62 mg 0.4 mmol), and the reaction flask was sealed with a 

rubber septum. The mixture was stirred to dissolve reagents while purging with argon for 30 

minutes. The reaction flask was heated to 125 °C for 3 hours, and the nitroxide end-

functionalized PVBC was purified by repeated precipitation in methanol. Nitroxide end-

functionalized PVBC was vacuum dried at 60 °C for 20 hours and used as a macro-initiator to 

copolymerize styrene in a bulk reaction. 10 mL styrene was added into a round bottom flask with 

250 mg macro-initiator. The copolymerization was carried out at 125 °C for 1 hour and the 

reaction solution was precipitated into methanol to isolate the block copolymer. The copolymer 

was purified by re-precipitation in methanol and dried in a vacuum oven at 60 °C. 1H NMR (500 

MHz, CDCl3, δ): 6.21-7.26 (9H, ArH), 4.37-4.65 (2H, CH2Cl), 1.65-2.18 (2H, CH), 1.19-1.65 

(4H, CH2). 

 

5.2.3 Synthesis of mPEG Grafted PVBC-b-PS 

PVBC-b-PS copolymers were grafted by reacting the pendent benzyl chloride groups on 

PVBC block with the hydroxyl end group on mPEG. mPEG and PVBC-b-PS copolymer were 

dried by azeotropic distillation in toluene at 170 °C before the reaction.[184] An example 

procedure follows (membrane D-1): All reactions were conducted under an argon atmosphere 

and carried out at room temperature.  0.52 g azeotropic dried mPEG polymer (0.26 mmol of 
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hydroxyl end groups) was weighed and dissolved in 5 mL dry THF. The mPEG polymer solution 

was subsequently added dropwise into a stirred flask with an excess amount of sodium hydride 

(12 mg, 0.50 mmol) dissolved in dry THF. The deprotonation reaction was carried out for 2 

hours and the obtained alkoxide solution was again added slowly into another flask containing 

3.5 g azeotropic dried PVBC-b-PS (7.8 mmol of benzyl chloride groups) and 15 mL dry THF, 

and the resulting reaction was left to stir for 48 hours. The mPEG grafted copolymer was isolated 

by precipitation in the deionized water. The final polymer was purified by repeated precipitation 

in hot (80 °C) deionized water. Other samples were grafted using the same procedure with 

different amounts of mPEG calculated to produce the desired number of grafts in the copolymer 

and the amount of sodium hydride calculated as approximately twice the amount of hydroxyl 

groups in mPEG. 

 

5.2.4 Membrane Preparation And Water Solubility Test 

mPEG grafted polymer was dried overnight in a vacuum oven at 60 °C. A solution of 

approximately 5 wt% copolymer in THF was prepared and sonicated for 30 minutes. The 

copolymer solution was drop-cast onto a glass slide and the membrane isolated by evaporating 

the THF in the fume hood. The obtained membrane was dried in a vacuum oven at 60 °C 

overnight and immersed in water to determine its solubility in water. 

 

5.2.5 Amination of mPEG Grafted Membranes 

The water insoluble films were soaked in 100 mL of 25 wt% aqueous trimethylamine 

solution for 48 hours, then immersed in deionized water, and rinsed repeatedly with more 

deionized water. The quaternized membranes were dried in a vacuum oven at 60 °C overnight. 
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5.2.6 Characterization 

Average molecular weights and molecular weight distributions were determined by gel 

permeation chromatography at a flow rate of 1 mL/min THF using a Waters 600 Pump equipped 

with a Wyatt Optilab DSP refractive index detector, Wyatt MiniDAWN light scattering detector, 

and 2 PL-gel 5µ Mixed-D columns.1H NMR measurements were performed on a JEOL ECA-

500 spectrometer using CDCl3 as solvent.  

Theoretical ionic exchange capacities (IECs) were calculated based on the mPEG graft 

extent and complete conversion of remaining benzyl chloride to benzyltrimethylammonium 

chloride. Actual IECs of membranes were measured by hydroxide back titration.[31, 55] 

Quaternized membranes in the chloride form were immersed in 1 M KOH solution to exchange 

chloride to hydroxide. The resulting membrane was rinsed with deionized water until the rinse 

water was neutral. About 0.02 g vacuum dried membranes in hydroxide form were immersed in 

10.00 mL of 0.00987 M standardized HCl solution for 48 hr, and the actual IEC was calculated 

by titration of unreacted HCl using 0.01053 M standardized NaOH solution. The back titration 

was repeated 3 times for each membrane. The IEC (mmol/g) was obtained by 

 

IEC ( mmol g)⁄ = 
Mohr, HCl- M48hr, Hcl

mdry membrane
                 (1) 

 
where M0hr, HCl is the original moles of HCl calculated before hydroxide membrane titration, 

M48hr, HCl is determined by moles of NaOH used in back titration after 48 hours soaking in HCl, 

and mdry membrane is the dry mass (g) of membrane after ion exchange. 

 Water uptake was measured comparing wet and dry weights of the membranes. The film 

was soaked in deionized water for two days before the measurement. The surface water was 

removed and the mass of the hydrated film was determined. The film was immersed in deionized 
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water again for 15 minutes, and the measurements were repeated 5 times for each sample. The 

films was then dried in a vacuum oven at 60 °C for 24 hours until constant weight was achieved. 

The water uptake was calculated using the equation, 

 

WU �%
= 
mhydrated- mdry

mdry
 × 100%              (2) 

 
where mhydrated is hydrated mass of membrane after removing all surface water, and mdry is dry 

mass of membrane after drying in vacuum oven. The hydration number (λ), which is described 

as average number of water per quaternary ammonium can be calculated based on the given 

water uptake and titrated IEC, 

λ =
WU

mwH2O × IEC
                      (3) 

 
Water sorption of the membrane was also tested using a SMS dynamic vapor sorption 

(DVS) instrument. The sample after drying in the vacuum oven overnight was loaded in the glass 

sample pan hanging from an ultra sensitive microbalance. The relative humidity is achieved by a 

proportionally mixing a dry gas (nitrogen) and a water vapor stream controlled by mass flow 

controllers. Conditions for the experiment were set at 60 °C with different humidity cycles. 

Samples were first kept at 0% relative humidity for 8h, then the humidity was increased in the 

sequence of 20%, 40%, 60%, 80%, 95% and then decreased to 0% with the same 20% humidity 

steps. the sample equilibrated at each humidity for 2h and the cycle was run twice. The 

equilibrium mass at the end of each step was used to calculate water uptake and hydration 

number from the isotherm of mass variation versus relative humidity. 

Conductivity was measured by electrochemical impedance spectroscopy using a four 

electrode cell with platinum electrodes equipped with a Bio-Logic VMP3 potentiostat. The 
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impedance spectra were collected over a frequency range of 0.1 HZ to 105 Hz using EC 

Laboratories software. The hydroxide conductivity was measured under fully hydrated condition 

at room temperature and 60 °C with the cell immersed in water. Chloride conductivity was 

measured in an environmental chamber (TestEquity Model 1007H, Moorpark, CA) to control the 

temperature at 60 °C and varying the humidity from 50%RH to 95%RH. Both conductivity 

values were calculated with the equation (4), 

σ =
l

R × t × w
                       (4) 

where l, R, t, and w represent the distance between the electrodes, resistance of membrane 

measured, the thickness, and width of the membrane, respectively. 

 

5.3 Results and Discussion  

Despite recent improvement in hydroxide conductivity of AEMs, most AEMs still 

demonstrate a lower conductivity than Nafion with the same level of charge carriers (measured 

as ion exchange capacity). In addition, a strong dependence of conductivity on high relative 

humidity limits the potential for application of AEMs in alkaline fuel cells. Although water 

management and humidified gas supply might be able to maintain membrane performance, this 

complicates the engineering that goes into the fuel cell. Moreover, research has shown that ionic 

conductivity increases with an increase in hydration level,[54] so the effect of hydration number 

on membrane properties is an important area of investigation.  

In order to investigate the hydration effect independently of the cationic functional 

groups, a sytem is designed to alter hydrophilicity of a membrane with the introduction of a 

hydrophilic mPEG polymer graft. PVBC-b-PS block copolymer was selected for a grafting 
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reaction, since the mPEG can be grafted through substitution on the pendent benzyl chloride 

groups in the PVBC block.  The remaining benzyl chloride groups in the polymer are 

subsequently quaternized by trimethylamine to form the final mPEG grafted anion exchange 

membrane.  The overall sequence of reaction is outlined in Scheme 5.1.  

 

Scheme 5.1   The preparation of mPEG grafted AEM 

 

 

The PVBC-b-PS block copolymer was synthesized by nitroxide mediated polymerization 

to provide controlled molecular weight and block composition material. The polymerization of 

VBC was first carried out using BPO as radical initiator in the presence of TEMPO[131, 132, 

149] and then the resulting TEMPO end capped PVBC was used as macrointiator to polymerize 

a styrene block. The procedure and results are more completely described in the Chapter 2. The 

diblock copolymer was characterized by gel permeation chromatography and had a total 
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molecular weight of 79,600 g/mol. The diblock copolymer was prepared with the composition of 

34 wt% PVBC block and 66 wt% PS block as determined from the 1H NMR spectrum of the 

copolymer. 

 

Figure 5.1   GPC chromatograms of mPEG, PVBC-b-PS copolymer, and grafted polymer 

 

The mPEG grafting reaction occurs in two steps, where sodium hydride deprotonates the 

hydroxyl end functional group in mPEG and then the resulting alkoxide anion can further react 

with a pendent benzyl chloride to produce the graft structure. First, a simple deprotonation 

reaction was achieved by reacting mPEG with calculated amount of sodium hydride for 2 hours, 

as reported in a similar reaction.[119, 185] The resulting alkoxide anion solution was transferred 

to react with PVBC-b-PS copolymer in THF and the reaction solution became viscous during the 

reaction. The grafting reaction was left to stir for 48 hours to reach high conversion. Several 

precipitations were conducted to remove unreacted mPEG homopolymer residue. The graft 

polymer, PVBC-b-PS and mPEG homopolymer were vacuum dried and subsequently analyzed 

by GPC (Figure 5.1.) The GPC chromatogram of grafted polymer shows (dash line) a slight but 

clean separation on both low molecular weight and high molecular weight regions from the 
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initial PVBC-b-PS copolymer peak. The slight peak shift corresponds to the low graft extent of 

low molecular weight mPEG after grafting. Signal corresponding to mPEG homopolymer is not 

observed in the grafted polymer sample, indicating the complete grafting reaction and successful 

removal of unreacted mPEG homopolymer. 

 

 

Figure 5.2   1H NMR spectra of mPEG (top) and mPEG grafted PVBC-b-PS polymer (bottom) 

 

Knowing that no residual mPEG remains after reaction and purification, the 1H NMR 

spectrum of mPEG grafted PVBC-b-PS is compared with mPEG homopolymer in Figure 5.2 in 

order to determine the amount of mPEG grafts in the copolymer. The characteristic peak at 4.45 

ppm corresponds to the benzylic protons from benzyl chloride and mPEG grafted structure while 

the protons on the methoxy end group in mPEG have a chemical shift of 3.36 ppm. The amount 

of mPEG grafted through substitution of the benzyl chloride groups can be calculated based on 
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the integration of the corresponding peaks. As a result, the mol% of mPEG incorporated through 

benzyl chloride substitution can be calculated and a wide range of materials with 0.5 mol% to 46 

mol% of mPEG grafts are obtained. The amount of mPEG graft in copolymer also can be 

evaluated as the wt% of mPEG incorporated into copolymer by the equation,  

 
mmPEG

m
PVBC-b-PS

=
wPVBC × G × MWmPEG

MWVBC
 = 4.46·G               (5) 

where mmPEG is the mass of mPEG, mPVBC-b-PS is the mass of PVBC-b-PS copolymer, wPVBC is 

wt% of PVBC block in copolymer, G is the mol% of benzyl chloride grafted, MWmPEG is the 

molar mass of mPEG, and MWvbc is the molar mass of VBC repeat unit. 

 

PVBC-b-PS copolymers with nine different graft compositions were prepared through the 

reaction with mPEG. The amount of mPEG graft is reported as both wt% of mPEG added onto 

PVBC-b-PS copolymer and mole% of benzyl chloride groups reacted by mPEG (Table 5.1). 

From equation (5), it should be noted that with only a small amount of benzyl chloride groups 

grafted by mPEG, the mass of mPEG added into the copolymer could be significant. Highly 

grafted polymers show a good agreement between the theoretically calculated amount of graft 

and the measured value, indicating high efficiency of the mPEG grafting reaction. However, 

samples with low graft contents (membranes A and B) displayed a large difference between 

theoretical and measured graft values, which could be a result from impurities or less control 

with small amounts of mPEG.  

Membrane films were prepared using the THF soluble mPEG grafted PVBC-b-PS 

materials by drop casting at 5% wt/vol concentration on glass slides. It was expected that 

polymers with higher mPEG graft content would result in a large increase in the hydrophilicity 

of the membrane, thus leading to loss of mechanical stability in water or complete dissolution. 
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Membranes were isolated from glass slides and soaked in deionized water to determine solubility. 

The results are shown in Table 5.1 and membranes with high graft contents (H-1 and I-1) 

became soluble in water after the grafting reaction. 

 

Table 5.1   Characterization of mPEG grafting reaction and water solubility 

mPEG 
grafted 

membrane 

Theoretical 
mPEG graftedb 

(wt%) 

Actual mPEG 
graftedc 
(wt%) 

Actual VBC 
graftedd 
(mole%) 

Solubility in 
water after 
mPEG graft 

Solubility in 
water after 

quaternization 
A-1 5 2.2 0.5 - - 
B-1 8 4.9 1.1 - - 
C-1 10 7.6 1.7 - - 
D-1 15 13 2.8 - - 
E-1 20 21 4.8 - + 
F-1 40 36 8.0 - + 
G-1 50 40 9.0 - + 
H-1 70 67 15 + + 
I-1 200 205 46 + + 

 
a) estimated by the feed ratio of sodium hydride, mPEG and PVBC-b-PS; b) wt% of mPEG 
polymer grafted onto PVBC-b-PS copolymer; c) wt% of benzyl chloride groups grafted and 
calculated by the equation 1H NMR spectroscopy and (5); d) mol% of VBC reacted by mPEG 
and measured by 1H NMR spectroscopy. 

 

The grafted membranes that remained insoluble in water were soaked in aqueous 

trimethylamine solution for 48 hours to convert remaining benzyl chloride groups to quaternary 

ammonium groups. As the cationic functional groups were formed through substitution of benzyl 

chloride for trimethylamine, the polymers became even more hydrophilic and the membranes (E-

1, F-1, and G-1) with relatively high mPEG graft content became water. The membranes that 

remained water insoluble were removed from the trimethylamine aqueous solution and subjected 

to repeated soaking in fresh deionized water every 4 hours. The membranes were finally rinsed 

with deionized water and dried in a vacuum oven to remove any residual trimethylamine.  
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The membranes obtained after quaternization with trimethylamine were titrated to 

determine the conversion of benzyl chloride groups to quaternary ammonium groups. The 

quaternized membranes in the chloride form were subsequently exchanged to hydroxide in 1 M 

KOH for 24 hours. The actual IEC was determined by hydroxide back titration method and the 

results are shown in Table 5.2. The conversion of quaternization reaction can be determined by 

comparing titrated IEC with theoretical IEC, which can be calculated by assuming complete 

conversion of remaining benzyl chloride groups in mPEG grafted membrane to 

benzyltrimethylammonium groups. 

 

Table 5.2   Characterization of mPEG grafted and non-grafted membranes 

mPEG 
grafted 

membranea 

Theoretical 
IECb 

(mmol/g) 

Titrated 
IECc 

(mmol/g) 

Water 
uptaked 

(%) λ 

σ
e
OH (mS/cm) 

R.T. 60 °C 
A-2 1.99 1.68 58 19 10 33 
B-2 1.94 1.60 80 28 17 44 
C-2 1.88 1.57 91 32 22 50 
D-2 1.79 1.49 108 40 27 61 

J 2.04 1.73 28 9 7.8 25 
 

a) Membrane A-2, B-2, C-2, D-2 were prepared by reacting A-1, B-1, C-1, D-1 with N(CH3)3, 
and membrane J was prepared by directly soaking PVBC-b-PS in N(CH3)3 without grafting 
reaction; b) estimated by 1H NMR spectroscopy and complete N(CH3)3 quaternization; c) 
determined by hydroxide back titration; d) measured in chloride form at room temperature; e) 
hydroxide conductivity measured by EIS in water 

 

A non-grafted and quaternized block copolymer membrane was also prepared for 

comparison by soaking PVBC-b-PS membrane directly in a trimethylamine aqueous solution for 

48 hours without any mPEG graft reaction step (membrane J in Table 5.2).  The theoretical and 

titrated IEC of the resulting membrane was also measured by hydroxide back titration, and the 

conversions for all membranes were determined to be greater than 82%. 
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The water uptake and hydration number (λ) of all membrane samples were determined at 

room temperature and compared (Figure 5.3) to study the effect of mPEG grafts on polymer. 

Because the grafting reaction requires substitution of some benzyl chloride groups, the total 

number of ionic groups (as measured by IEC) is decreased relative to the non-grafted membrane 

(J). However, since only a small amount of benzyl chloride groups are reacted, only small IEC 

differences between grafted membranes are observed. The water uptake and hydration number 

are found to increase with the number of mPEG grafts on the membrane, and the trends can be 

observed in Figure 5.3. The hydration numbers increase from 9 to 40 going from the non-grafted 

membrane to the most highly mPEG grafted membrane. Hydration number follows the reverse 

order of IEC, therefore it is clear that the mPEG grafts increase the hydration number 

independently of the number of cationic groups. The water uptake value is also plotted and 

shows the same trend as hydration number. The highest water uptake reaches 108% with only 

2.8 mol% benzyl chloride groups reacted with mPEG.  

 

 

Figure 5.3   Water uptake and hydration number versus titrated IEC of PEG grafted AEMs 
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Conductivity of each membrane in their hydroxide form was measured at room 

temperature and 60 °C in a fully hydrated condition by electrochemical impedance spectroscopy. 

The ionic conductivity is found to increase with increasing hydration number and the amount of 

mPEG grafts, and the results can be observed in Table 5.2. Although the IEC only varies over a 

small range of 1.73 mmol/g to 1.49 mmol/g, the most highly grafted samples, which have the 

lowest IEC, display a significant increase in hydroxide conductivity (61 mS/cm) relative to the 

non-grafted sample (25 mS/cm). Therefore, the increase in water content, due to the high 

hydrophilicity of mPEG in these membranes shows a greater effect on the ion transport than the 

small difference in IEC. The trends of hydroxide conductivity at room temperature and 60 °C are 

also plotted as a function of water uptake in Figure 5.4 to further study the mPEG graft effect in 

anion exchange membrane. The conductivities at both temperatures show high dependence on 

water uptake. The conductivity increases with the increase in water uptake as expected, which 

correspond to the increase in mPEG graft contents.  

 

 

Figure 5.4   Conductivity of mPEG grafted and non-grafted membranes as a function of water 
uptake at room temperature and 60 °C 
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The role of mPEG on water sorption and its effect on the anion exchange membrane was 

further examined by dynamic vapor sorption (DVS). The water uptake of the most highly mPEG 

grafted membrane (D-2) was measured by varying the relative humidity from 0%RH to 95%RH 

and compared with the non-grafted membrane in Figure 5.5. Water uptake and hydration number 

increase with the increased humidity for both membranes, but the mPEG grafted membrane 

displayed greater water sorption than non-grafted membrane, as expected. Figure 5.5 shows that 

both grafted and ungrafted membranes absorb similar water at a low humidity range of 0%RH to 

20%RH. However, the mPEG grafted membrane absorbs significantly greater amounts of water 

than the non-grafted membrane as humidity increases above 20% RH.  This further confirms the 

mPEG content is responsible for the high water affinity in the grafted membranes. 

 

 

Figure 5.5   DVS study of mPEG grafted membrane D-2 (����,△△△△) and non-grafted membrane J 
(�,�) at 60 °C (solid symbols represent the water uptake and hollow symbols represent the 
hydration number) 
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In order to investigate the dependence of conductivity on humidity, the conductivity of all 

membranes were measured at 60 °C by sweeping relative humidity from 50-95 %RH in an 

environmental chamber. Since the reactivity of hydroxide ion with carbon dioxide could cause 

complication upon exposure to air in the environmental chamber during measurements, the 

membranes were examined in their chloride form for the conductivity tests. The conductivities of 

mPEG grafted membranes at different relative humidities (50%, 80%, and 95%) are plotted as a 

function of titrated IEC in Figure 5.6. The chloride conductivities at all humidity conditions 

increase with the increase in the amount of mPEG grafting and related increased hydration level, 

which agrees well with the trend observed in hydroxide conductivity. 

 

The conductivity is found to generally decrease with reduced relative humidity, which is 

consistent with the observation in other anion exchange membrane studies.[24, 105, 175] For 

instance, the conductivity of the non-grafted membrane decreases by more than 50% on going 

from 95%RH to 80%RH and reduces to 13% of its 95%RH value on going to 50%RH. This 

strong humidity dependence in conductivity corresponds to the low availability of water 

molecules at low humidity condition. However, the conductivity of the highly mPEG grafted 

sample, membrane D-2, displayed much less of a humidity dependence. The conductivity of 

membrane D-2 shows only a small decrease from 28 mS/cm to 22 mS/cm (21% decrease) on 

going from 95%RH to 80%RH, indicating the ability of the mPEG grafts in the membrane to 

hold water at 80 %RH compared to the non-grafted membrane. The mPEG grafted membranes 

still experience a significant conductivity loss on going to 50%RH, nonetheless, this 

methodology demonstrates the potential to reduce the conductivity dependence on humidity at 

least at humidity changes from 95 %RH to 80 %RH.  
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Figure 5.6   Cl conductivity comparison (50%, 80% and 95%RH) of PEG grafted AEM at 60 °C 

 

5.4 Conclusion 

mPEG homopolymer is utilized as a hydrophilic polymer to modify the anion exchange 

membrane properties through grafting reaction. The mPEG grafted AEMs enhanced the water 

uptake and hydration number due to an increased membrane water affinity by mPEG even with 

decreased IEC. The hydroxide and chloride conductivity increased with an increase in mPEG 

graft content due to the greater water sorption in the membrane for ion transport. The 

investigation of dependence of conductivity on humidity indicated that the mPEG grafts seem to 

have little effect on reducing the humidity dependence of conductivity at 50 %RH, but this 

humidity dependence is apparently reduced for mPEG grafted membrane at 80%RH and higher 

humidity. The results suggest promise for utilizing hydrophilic polymer to improve the ion 

conduction and its performance at low humidity condition 
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CHAPTER 6 QUATERNARY AMMONIUM CROSSLINKED BLOCK COPOLYMERS FOR 
ALKALINE EXCHANGE MEMBRANES 

 

 

6.1 Introduction 
 

The alkaline fuel cell (AFC) is a competitive fuel cell technology to the proton exchange 

membrane (PEM) fuel cell.[9]  However, the traditional liquid electrolyte, KOH, can negatively 

affect the performance of the AFC, as the carbon dioxide in air reacts with KOH to form 

carbonate precipitates in the electrolyte, which block pores in the electrodes.[35] The 

development of solid-state electrolytes (i.e., anion exchange membranes) can eliminate the 

carbonate precipitate problem.  

To be effective, the anion exchange membrane must possess certain properties and 

research efforts have been directed to address these characteristics.  Foremost, the cationic 

conducting group must be stable in an alkaline environment. Among the different cationic 

functional groups that have been examined, quaternary ammonium has demonstrated good 

thermal and chemical stability and the benzyltrimethylammonium cation has been widely studied 

because of its relative ease of synthesis.[26-28, 54] Secondly, the polymer backbone must be 

chemically stable under the alkaline conditions. Styrenic polymers are alkaline stable materials 

and can be readily functionalized, resulting in several studies[34, 35, 37, 40] that have 

incorporated polyvinylbenzylammonium groups into polymer structures for anion exchange 

membrane preparation. Moreover, an important requirement for robust anion exchange 

membrane is high ionic conductivity. The primary method for ionic conductivity enhancement 

involves introducing more ion conducting functional groups. However, as the degree of 

functionality increases, the anion exchange membrane may lose its mechanical integrity in water 
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or fuel. In order to solve this problem, the introduction of crosslinking may effectively enhance 

the membrane insolubility[8]. In addition, crosslinking may also improve the thermal and 

chemical stability in the membrane, but the crosslinking also has the potential to render the 

membranes more brittle. 

Various strategies have been used to prepare crosslinked polymers for anion exchange 

membranes. Research has been performed to brominate arylmethyl groups on a poly(aryl ether 

sulfone) and then to use the resulting benzyl bromide groups in a self-crosslinking reaction at 

high temperature by Friedel-Crafts reaction between the benzyl bromide groups and aromatic 

rings on the polymer backbone.[186, 187] Another crosslinking strategy investigated the design 

of a tetraalkylammonium functionalized cyclooctene as both crosslinker and monomer for ring 

opening metathesis polymerization.[69] Recently, the diamine, 1,4-diazabicyclo[2,2,2]octane 

(DABCO) was used to react with polyvinylbenzyl chloride grafts to crosslink anion exchange 

membranes.[188, 189]  Diethylamine has also been investigated as a crosslinker to form 

crosslinks in poly(arylene ether sulfone)[190] or poly(vinylbenzyl chloride) composite 

membranes[191] and effectively reduce the membrane dimensional swelling in water, however, 

the reaction left with moderate contents of tertiary amine in the membrane.  

We have investigated a simple method to react dimethylamine with a portion of pendent 

benzyl chloride groups in order to crosslink block copolymer chains. The remaining pendent 

benzyl chloride groups are then reacted with trimethylamine to form additional cationic 

functionality. The block copolymer is chosen since it offers the potential for controlled 

morphology, which can be tuned by varying the block composition. The overall result is to 

crosslink what ultimately becomes the hydrophilic part of the membrane, while potentially 

retaining the mechanical properties of the hydrophobic matrix. Additionally, the quaternary 
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ammonium crosslinking unit can act as an ionic conducting group to maintain ionic conductivity. 

The research investigates in detail the crosslinking and amination reactions of poly(vinylbenzyl 

chloride)-b-polystyrene (PVBC-b-PS) in the formation of membranes. The effect of crosslinking 

on the membrane properties, including water uptake, ionic conductivity, thermal stability, and 

mechanical property is also investigated. 

 

6.2 Experimental Section 

6.2.1 Materials 

Styrene (99%) and 4-vinylbenzyl chloride (VBC) (90%) were obtained from Aldrich, 

dried over calcium hydride, and distilled under reduced pressure right before use. 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO) (Aldrich, 98%) was sublimed twice before use. Benzyl 

chloride (Mallinkrodt, analytical reagent), potassium carbonate (Fisher Scientific, anhydrous), 

dimethylamine (Aldrich, 40 wt% aqueous solution) and trimethylamine (Aldrich, 25 wt% 

aqueous solution) were used as received.  Benzoyl peroxide (BPO) was purified by 

recrystallization from 40:60 chloroform:methanol. Other reagents were used without further 

purification.  

  

6.2.2 Synthesis of Dibenzyldimethylammonium Chloride 

Benzyl chloride (1.0 mL, 8.7 mmol) and potassium carbonate (1.2 g, 8.7 mmol) were 

added to a 50 mL round bottom flask followed by 10 mL methanol. Dimethylamine (40 wt% 

aqueous solution) (0.5 mL, 4.35 mmol) was introduced into the flask by microliter syringe. The 

reaction flask was capped with a rubber septum and heated to 60 °C for 24 hours. The potassium 

carbonate was separated by filtration and the methanol fraction was concentrated by rotary 
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evaporation. The final product was isolated by precipitation in hexane and dried under vacuum 

overnight. Pure yield: 89%. 1H NMR (500 MHz, D2O, δ): 7.33-7.60 (10H, ArH), 4.42 (4H, 

CH2Cl), 2.81 (6H, CH3). 

 

6.2.3 Synthesis of PVBC-b-PS by Nitroxide Mediated Polymerization (NMP) 

All glassware was dried overnight at ~150 °C before the polymerization. The purified 

VBC (10.0 mL), BPO (56 mg, 0.4 mmol), and TEMPO (62 mg 0.4 mmol) were introduced into a 

50 mL round bottom flask containing a magnetic stir bar and capped with a rubber septum, and 

contents were purged with argon for 30 min. The mixture was then heated to 125°C for 3 hours. 

The resulting TEMPO-terminated PVBC (PVBC-TEMPO) was purified by repeated 

precipitations in methanol, and further dried in a vacuum oven at room temperature overnight 

before use.  

PVBC-TEMPO was used as a macro-initiator to copolymerize with styrene in a bulk 

polymerization. PVBC-TEMPO (250 mg) was weighed into a 50 mL round bottom flask and the 

flask capped with a rubber septum. An excess of styrene (10 mL) was then added to the flask by 

syringe. After the PVBC-TEMPO dissolved in the styrene, the round bottom flask was purged 

with argon for 30 min. The bulk polymerization was carried out at 125 °C for 1 hr. The 

copolymer was isolated by precipitation in methanol, and was purified by re-precipitating after 

re-dissolving in chloroform. The copolymer was then dried under vacuum at room temperature. 

1H NMR (500 MHz, CDCl3, δ): 6.21-7.26 (9H, ArH), 4.37-4.65 (2H, CH2Cl), 1.65-2.18 (2H, 

CH), 1.19-1.65 (4H, CH2). 
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6.2.4 Formation of Crosslinked Membranes 

Films were crosslinked by reaction between the pendent benzyl chloride groups and 

dimethylamine.  An example procedure follows (membrane A-1): PVBC-b-PS copolymer was 

dried overnight in a vacuum oven at room temperature. A solution of approximately 5 wt% 

copolymer in chloroform was prepared and sonicated for 15 minutes. The copolymer solution 

was drop-cast onto a glass slide and the chloroform was allowed to evaporate in the fume hood. 

The copolymer film that was obtained was immersed in water to separate from the glass slide, 

and then held for 20 hours in a vacuum oven at 40 °C. 0.55 g of dry copolymer film (1.15 mmol 

of benzyl chloride groups) was weighed into a single neck 100 mL round bottom flask equipped 

with a magnetic stir bar. Based on the amount of desired reaction, potassium carbonate (63 mg, 

0.46 mmol) and 30 mL methanol were added to round bottom flask. 26.0 µL of a 40 wt% 

aqueous dimethylamine solution (0.23 mmol) was introduced to the round bottom flask using a 

micro-liter syringe. The reaction flask was capped with a rubber septum and heated to 60 °C for 

24 hours.  The crosslinked membrane was removed from the flask and rinsed with water.  Other 

samples were crosslinked using the same procedure with the amount of dimethylamine 

calculated to produce the desired number of crosslinks and the amount of potassium carbonate 

calculated as twice the amount of dimethylamine.  

 

6.2.5 Quaternization of Crosslinked Membrane by Trimethylamine 

The crosslinked membranes were soaked in 100 mL 25 wt% aqueous trimethylamine 

solution for 48 hours, then immersed in deionized water, and rinsed thoroughly with more 

deionized water. The quaternized membranes were dried in vacuum oven at room temperature 

overnight. 
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6.2.6 Characterization 

1H NMR spectroscopy was performed on samples in CDCl3 using a JEOL ECA-500 

spectrometer. Gel permeation chromatography was performed using a system consisting of a 

Waters 600 Pump, Wyatt Optilab DSP refractive index detector, Wyatt MiniDAWN light 

scattering detector, and 2 PL-gel 5µ Mixed D columns. Fourier transform infrared (FTIR) 

spectroscopy was performed using a Thermo-Electron Nicolet 4700 spectrometer with a Smart 

Orbit attachment utilizing Nicolet’s OMNIC software. Thermal stability was determined by 

thermogravimetric analysis (TGA) on a Seiko TGA/DTA320 at a heating rate of 10 °C/ min 

under a nitrogen atmosphere. 

Chloride conductivity was measured by electrochemical impedance spectroscopy using a 

Bio-Logic VMP3 potentiostat under controlled temperature and relative humidity in a TestEquity 

H1000 oven, whereas hydroxide conductivity was measured by electrochemical impedance 

spectroscopy in water by sweeping the temperature from 60 to 90 °C. All membranes were held 

in four electrode cells with platinum electrodes, and data was collected using EC Laboratories 

software.  

Theoretical ion exchange capacity (IEC) was calculated for membranes both after 

crosslinking and after final quaternization reactions. The theoretical IEC after the crosslinking 

reaction was determined by dimethylamine feed ratio, and the theoretical IEC of the final 

membrane was calculated based on the assumption of complete trimethylamine quaternization 

reaction. Titrated IEC was determined by the Mohr’s chloride titration method[159]. The desired 

membranes were dried in a vacuum oven at 60 °C for 24 hours, and their dry weights were 

quickly measured. About 0.10 g membrane was accurately weighed and soaked in 50 mL 0.2 M 

NaNO3 solution for 24 hours to exchange the chloride ion to nitrate. The NaNO3 solution was 
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titrated to determine the amount of free chloride ions with 0.0992 M AgNO3 solution by using 

K2CrO4 as color indicator. The end point of the titration was identified as the appearance of light 

red brown color, indicating all the chloride ions were consumed and Ag2CrO4 was formed. The 

chloride titration was repeated three times and the titrated IEC was calculated with the equation, 

IEC ( mmol g)⁄ = 

cAgNO3
V

AgNO3

mdry membrane

 

where c is the concentration of AgNO3 solution, V is the volume of the AgNO3 solution 

consumed during titration, and mdry membrane is the dry mass of the membrane. 

 Water uptake was measured comparing wet and dry weights of the membranes. The film 

was soaked in water for two days. Excess water was removed with a Kimwipe and the mass of 

the hydrated film was determined. The film was then dried in a vacuum oven at 60 °C for 24 hr 

until constant weight was achieved. The water uptake was calculated using the equation, 

WU �%
= 
mhydrated- mdry

mdry

 × 100% 

where mhydrated is hydrated mass of membrane after removing all surface water, and mdry is dry 

mass of membrane after drying in vacuum oven. 

Mechanical properties of crosslinked and non-crosslinked membranes were performed 

using an Instru-Met frame tensile tester (by MTS Model: A30-33) with a 1000-pound load cell (a 

resolution less than 0.1 pound). The samples were dried in a vacuum oven at 60 °C for 24 hours 

before testing and were cut into approximately 60 mm x 8 mm strips with a thickness of about 

100 microns. The test was performed at crosshead speed of 5 mm/min at room temperature in 

dry condition. 
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6.3 Results and Discussion 

In order to attain the desired conducting performance of anion exchange membranes, 

high cation functionality is typically introduced into the polymer structure. Although 

incorporation of more cationic functional groups (as measured by an increased ion exchange 

capacity) can enhance the membrane ionic conductivity, this method will increase the membrane 

hydrophilicity and may result in the loss of its mechanical integrity under hydrated conditions. 

The goal of current study is to develop a method to increase the membrane integrity is water 

without damaging its mechanical property. Research has been directed toward making block 

copolymers that have a hydrophobic block that forms the matrix for mechanical strength and a 

hydrophilic (cationic) block for conductivity.[25, 105, 108] Here, the amount of cationic groups 

is still limited because at a certain content, the hydrophilic portion can become the majority 

phase or otherwise promote solubility or high levels of swelling in water.  We introduce a 

variation in the use of block copolymers where the hydrophilic cationic phase is crosslinked to 

limit the hydration and swelling while allowing for a large number of ionic groups.   

Scheme 6.1   Synthesis route for crosslinked AEM 
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A method (Scheme 6.1) was developed with poly(vinylbenzyl chloride)-b-polystyrene 

(PVBC-b-PS) block copolymer to form quaternary ammonium crosslinking structures in what 

ultimately becomes the hydrophilic portion of the membrane by using dimethylamine as 

crosslinker. The remaining benzyl chloride groups in the polymer are subsequently quaternized 

by trimethylamine to form the final crosslinked membrane. 

Block copolymers can be synthesized to provide phase-separated materials with 

controlled morphologies, and living radical polymerization techniques are suited for a variety of 

monomers and functional groups. Nitroxide mediated polymerization is selected in this work to 

synthesize a PVBC-b-PS diblock copolymer.[111, 134] This technique allows the sequential 

polymerization of both styrene and VBC with control over molecular weight of PVBC-b-PS and 

composition of each block.  A simple procedure using free TEMPO stable radical is used here. 

The polymerization of VBC was carried out using BPO as radical initiator in the presence of 

TEMPO[131, 132] ([BPO]/[TMEPO] = 200) in bulk at 125 °C for 3.5 hours.  The resulting 

PVBC with a TEMPO functional chain end (PVBC-TEMPO) was analyzed by GPC to determine 

a Mn = 30,500 g/mol and Mw/Mn = 1.90. Several precipitations were conducted on PVBC-

TEMPO in order to remove any remaining VBC monomer. The nitroxide mediated 

copolymerization of styrene was initiated by the purified PVBC-TEMPO macroinitiator at 

125 °C in bulk. The conversion of styrene reached ~10% after 30 minutes of reaction. The results 

of GPC analysis of PVBC-TEMPO and PVBC-b-PS diblock copolymer are depicted in Figure 

6.1.  

The molecular weight of PVBC-b-PS was determined by GPC to find Mn = 85,700 g/mol 

and Mw/Mn = 1.86. The styrene conversion was calculated by using the molecular weight of the 

PS block in PVBC-b-PS diblock copolymer divided by the molecular weight of complete (100%) 
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styrene conversion determined by initial molar ratio of styrene to PVBC-TEMPO macro-initiator. 

The GPC chromatogram of PVBC-TEMPO shows a small amount of tailing to low molecular 

weights, resulting in the broad peak feature. The broad molecular weight distribution may be 

attributed to the high reactivity of VBC monomer and uncontrolled initiation.[133, 192] After the 

block copolymerization from the PVBC macroinitiator, the GPC chromatogram of PVBC-b-PS 

shows a significant separation from the initial PVBC-TEMPO peak, as well as an increase in 

molecular weight as determined by light scattering detection compared to the initial PVBC-

TEMPO block. The significant peak shift indicates an efficient initiation from the PVBC-

TEMPO macroinitiator to form the diblock copolymer.   

 

Figure 6.1   The GPC chromatograms of TEMPO functionalized PVBC (–––) and PVBCB-b-PS 
(----) diblock copolymer. 

 

1H NMR spectroscopy was applied to determine the amount of benzyl chloride groups in 

the copolymer. Figure 6.2 shows the spectrum of PVBC-b-PS copolymer with the benzylic 

protons at 4.37-4.65 ppm and aromatic protons at 6.21 to 7.26 ppm. The mass composition of 

PVBC and PS blocks can be calculated based on these two major characteristic peaks, in this 
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case, the PVBC block is calculated to be 32 wt% of the copolymer. At this composition, the 

membrane will not be soluble in water after the quaternization reaction, so different analytical 

methods can be applied to explore the effect of crosslinking on membrane properties (e.g. water 

uptake and conductivity). Since materials are impossible to cast into membranes after the 

crosslinking reaction, films were prepared using the soluble PVBC-b-PS copolymers by drop 

casting from chloroform at 5% wt/vol concentration on glass slides. Isolated films could then be 

crosslinked by reaction with dimethylamine.  

 

Figure 6.2   The 1H NMR spectrum of PVBC-b-PS by bulk copolymerization in CDCl3 

 

In order to study the crosslinking reaction in the membrane, a model reaction to 

synthesize dibenzyldimethylammonium chloride was examined (Scheme 6.2). The reaction was 

carried out with excess amount of potassium carbonate and the pure product can be easily 

isolated in nearly quantitative yield (89%).  From this result, it was expected that the reaction 

could be used to quantitatively synthesize crosslinked structures in the PVBC-b-PS block 

copolymer membranes.  
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Scheme 6.2    Synthesis of dibenzyldimethylammonium chloride as model for the crosslinking 
reaction 

 

 

 

Scheme 6.3   Crosslinking reaction by dimethylamine 

 

The crosslinking reaction occurs in two steps (Scheme 6.3), where dimethylamine reacts 

with a pendent benzyl chloride and the resulting tertiary amine can then further react with 

another benzyl chloride group to produce a crosslink that is itself a quaternary ammonium cation. 

While crosslinking is the major reaction expected, the formation of some non-crosslinked 

structures through intramolecular reactions like that shown in Scheme 6.3(b) can also occur.  

Because of these possible side reactions, the exact crosslink density cannot be readily determined, 

however the overall extent of reaction can be found through titration.  Further, the formation of 
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crosslinks can be qualitatively determined by testing the solubility of films after reaction.  It is 

expected that an increase in crosslinks will result from an increase in the amount of 

dimethylamine added. 

The crosslinking reaction with dimethylamine was carried out for 24 hours on films 

suspended in methanol at 60 °C. After about 5 hours the membrane turned from transparent to an 

opaque white. After 24 hours, the reaction was stopped and the membrane was removed and 

soaked in different solvents (chloroform, toluene, THF, DMF, and DMSO) to test the solubility 

of the crosslinked membrane. The membranes did not dissolve after soaking in any solvent 

indicating the formation of crosslinked structures.  The reaction with dimethylamine is further 

confirmed by FT-IR spectroscopy. Figures 6.3a and 6.3b show the FT-IR spectra of PVBC-b-PS 

copolymer membrane and the membrane after reaction with dimethylamine. The characteristic 

peak at 669 cm-1 corresponds to the C-Cl stretch and this peak decreases after the reaction, but 

does not disappear completely, indicating benzyl chloride groups are still available after the 

dimethylamine crosslinking reaction, as expected from the stoichiometry. 

Membranes with four different crosslink compositions were prepared through the 

reaction with dimethylamine (Table 6.1). The amount of reacted groups is presented as a 

percentage of the total number of benzyl chloride groups available.  The number of quaternary 

ammonium cations, which is also the ion exchange capacity (IEC), resulting from the reaction 

with dimethylamine can be determined by titration. The estimated IEC was calculated based on 

the feed ratio of PVBC-b-PS and dimethylamine. The actual IEC value was determined by 

Mohr’s chloride titration method. The membranes were first dried to measure the dry weight and 

were then exchanged from chloride to nitrate for titration. Since this is a direct titration method, a 

large amount of membrane (about 0.1 g) was utilized in order to produce a large amount of 
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chloride ions in solution. The crosslinked compositions of each membrane are shown in Table 

6.1. All membranes show good agreement between titrated and estimated values, indicating the 

high conversion of crosslinking reaction between dimethylamine and two benzyl chloride groups. 

This implies the low existence of any tertiary amine, which would be the result of reaction 

between dimethylamine and only one benzyl chloride group and would not titrate.  

 

Table 6.1   Characterization of crosslinked membranes 

Crosslinked 
membranesa 

Theoretical 
PVBC reacted 
(%)b by feed 

ratio 

Estimated IECc 
(mmol/g) after 
reacting with 

N(CH3)2 

Titrated IECd 
(mmol/g) after 
reacting with 

N(CH3)2 

Actual PVBC 
reacted (%)b 

A-1 40 0.41 0.33 32 
B-1 30 0.31 0.26 25 
C-1 20 0.21 0.17 16 
D-1 10 0.10 0.09 9 

a) Membrane A-1, B-1, C-1, and D-1 were crosslinked by different amounts of N(CH3)2 using 
the same PVBC-b-PS copolymer; b) mole% of benzyl chloride groups reacted; c) estimated by 
feed ratio of N(CH3)2; d) determined by Mohr’s chloride titration. 

 

The remaining pendent benzyl chloride groups were then converted into quaternary 

ammonium groups by reaction with trimethylamine. The crosslinked membranes were suspended 

in aqueous trimethylamine solution at room temperature for 48 hours. The membranes were 

removed and were subjected to repeated soaking in fresh deionized water every 4 hours. The 

membranes were finally rinsed with deionized water and dried in a vacuum oven to remove any 

residual trimethylamine. The trimethylamine quaternization reaction was examined by FT-IR 

spectroscopy.  The C-Cl characteristic peak disappears in the FT-IR spectrum (Figure 6.3c) 

indicating the reaction of the benzyl chloride groups.  The strong peak at 3300 cm-1 is 

presumably due to the presence of water in the membrane from the increased hygroscopic nature 

of the quaternary ammonium group. 
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Figure 6.3   FT-IR spectra of a) PVBC-b-PS membrane before reaction, b) membrane after 
crosslinking reaction by N(CH3)2 and c) crosslinked membrane after final quaternization reaction 
by N(CH3)3 

 

The membranes obtained after quaternization with trimethylamine were titrated to 

determine the overall conversion of benzyl chloride groups.  The titrated IECs are compared with 

the theoretical IEC’s in Table 6.2. The theoretical IECs were calculated by assuming 100% 

conversion of remaining benzyl chloride groups in crosslinked membrane to 

benzyltrimethylammonium chloride groups. The titrated IEC was again determined by Mohr’s 

direct titration method. The titrated values compared well to the theoretical values, indicating a 

high conversion of 88-95% of the benzyl chloride groups in agreement with the qualitative FTIR 

results.  

A non-crosslinked, quaternized membrane was also prepared for comparison by soaking 

PVBC-b-PS membrane directly in a trimethylamine aqueous solution for 48 hours without any 



 149

dimethylamine reaction step (sample E in Table 6.2).  The theoretical and titrated IEC of the 

resulting membrane was also measured by Mohr’s chloride titration, and the conversion was 

determined to be greater than 95%.  

Table 6.2   IEC, water uptake and conductivity of crosslinked and non-crosslinked membranes 

Cross-
linked 
AEMsa 

Theoretical 
IECb 

(mmol/g) 

Titrated 
IECc 

(mmol/g) 

Water 
uptaked 

(%) 

Conductivitye 

60 °C 70 °C 80 °C 90 °C 

A-2 1.60 1.40 12 12 (4.3) 16 (5.5) 18 (6.6) 10 (9.1) 

B-2 1.66 1.49 16 18 (5.3) 21 (6.2) 22 (7.4) 25 (11) 

C-2 1.74 1.62 20 23 (6.4) 25 (7.7) 27 (9.1) 30 (13) 

D-2 1.79 1.69 23 24 (6.8) 26 (8.4) 31 (9.7) 34 (14) 

E 1.87 1.78 29 26 (7.4) 28 (8.9) 33 (10) 35 (15) 

a) Membrane A-2, B-2, C-2, D-2 were prepared by reacting A-1, B-1, C-1, D-1 with N(CH3)3, 
and membrane E was prepared by directly soaking PVBC-b-PS in N(CH3)3 without 
crosslinking ; b) estimated by 1H NMR spectroscopy and complete N(CH3)3 quaternization; c) 
determined by Mohr’s chloride titration; d) measured in chloride form; e) hydroxide measured 
by EIS in water and chloride conductivity measured by EIS at 95 %RH (chloride conductivity in 
parentheses) 

 

The water uptake and ionic conductivity of all membrane samples were measured and 

compared (Table 6.2) to study the effect of crosslinking and IEC. Because the crosslinking 

reaction requires two benzyl chlorides to produce one ionic group, the total number of ionic 

groups (as measured by IEC) is decreased relative to the non-crosslinked membrane (E).  The 

water uptake is found to increase with the number of cationic groups or IEC as expected, and the 

water uptake values decrease from 29% to 12% going from the non-crosslinked membrane to the 

most highly crosslinked membrane.  It is not clear whether the crosslinking decreases the water 

uptake independently of the effect on IEC.  Conductivity of all membranes were measured in 

both the hydroxide and chloride forms by sweeping temperature from 60-90 °C in 
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electrochemical impedance spectroscopy. The ionic conductivity is found to increase with 

increasing IEC and the concomitant water uptake, as expected and the trends can be observed in 

Figure 6.4. The hydroxide conductivities are 2-4 times higher than chloride conductivities for all 

membranes.  While the most highly crosslinked samples display a significant decrease in 

conductivity relative to the non-crosslinked sample, which could correspond to a restriction in 

motion because of the tight crosslinking and a restriction in the hydration of the cationic groups, 

samples with light amounts of crosslinking do not show a significant decrease in conductivity. 

The level of hydroxide conductivity for D-2 is only slightly decreased from that observed for 

membrane E. Therefore, small levels of crosslinking may not only maintain the membrane 

integrity in water, but also maintain desired ionic conductivity. This methodology can be used to 

allow anion exchange membranes with high cation functional group density to overcome the 

hydrophilicity problem, with little side effect on ion conductivity.  

 

Figure 6.4   Ionic conductivity (60°C) and water uptake of membrane A-2, B-2, C-2, D-2, E 
versus their titrated IECs 
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The thermal stability of AEMs is also an important factor for ultimate application in a 

fuel cell. The thermal stabilities of crosslinked AEM (membrane D-2) and non-crosslinked 

membrane E were examined by thermogravimetric analysis in a nitrogen atmosphere. The 

derivative curves (DTG) of both membranes are plotted in Figure 6.5 and indicate that the 

crosslinked AEM has slightly better thermal stability than the non-crosslinked membrane, which 

is in agreement with research results on the thermal stability of other crosslinked versus non-

crosslinked materials[189, 193, 194]. The crosslinked AEM exhibited an initial decomposition 

temperature starting at 154 °C, which is 13 °C higher than the non-crosslinked sample.  

 

Figure 6.5   DTG curve comparison between crosslinked (dashed line) and non-crosslinked (solid 
line) membranes 

 

In order to investigate the crosslinking effect on membrane mechanical properties, the 

tensile test was performed on dried crosslinked membrane and compared with non-crosslinked 

membrane at room temperature in Figure 6.6. The membrane D-2 (9 mol% benyl chloride 

crosslinked) displayed a maximum stress and stain at break of 34 MPa and 2.1% with a Young’s 
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modulus of 1.79 GPa, which are the similar tensile properties compared to non-crosslinked AEM 

(30 MPa maximum stress, 2.2% stain at break, and 1.66 GPa Young’s modulus). The 

comparable mechanical properties between crosslinked and non-crosslinked AEMs confirms that 

the crosslinking structure formed exclusively in hydrophilic components could in fact maintain 

the membrane mechanical properties. 

 

Figure 6.6   Stress versus stain curve of crosslinked AEM (D-2) and non-crosslinked AEM.  

 

6.4 Conclusion 

Block copolymers of PVBC-b-PS were synthesized through nitroxide-mediated 

polymerization. A solid film of the copolymer reacts to high conversions with dimethylamine in 

an aqueous solution by a two-step amination reaction to form quaternary ammonium crosslinks 

in what ultimately become the hydrophilic domains. The remaining benzyl chloride groups are 

converted to benzyltrimethyl ammonium cations. The FT-IR spectra and IEC values confirm the 

nearly quantitative control over crosslinking and final quaternization reactions. The crosslinked 
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membranes show a decreased water uptake due to a decreased IEC and presumably also because 

of the crosslinking. The crosslinked membranes display an expected decrease in conductivity 

from their lower water uptake and lower IEC, however, for samples with low extents of 

crosslinking, only a small decrease in conductivity is observed. Thermogravimetric and 

mechanical analysis determined a slightly higher thermal stability and comparable mechanical 

property of the quaternary ammonium crosslinked membranes compared to non-crosslinked 

analogy. The results suggest promise for utilizing quaternary ammonium crosslinks to improve 

the integrity of membranes with high ionic functionality under aqueous conditions without a 

deleterious effect on ionic conductivity. 
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

 

 

7.1 Conclusion 
 

Anion exchange membrane has demonstrated its promise to use as polymer electrolyte in 

AFC for renewable energy solutions, however, current anion exchange membranes still suffer 

from high material cost, low alkaline stability, poor mechanical and conductive performance. 

Although new chemistries have been designed to overcome the drawbacks, the understanding of 

AEM design and its performance are still limited. Therefore, it is important to direct the research 

in developing AEMs with desired alkaline stability, mechanical properties and ionic conductivity. 

Phase separated block copolymers can lead to a positive effect on ion conduction by 

tuning their morphologies. Block copolymer with controlled molecular weight, composition and 

functional groups can be synthesized through various methods including living radical 

polymerization (e.g. nitroxide mediated polymerization) and anionic polymerization.  

Polyvinylbenzyl chloride-b-polystyrene (PVBC-b-PS) block copolymers provided a 

versatile platform for cation functionalization and morphology control to study AEMs. 

Furthermore, its relatively poor mechanical properties could be improved by blending poly(1,4-

dimethyl-phenylene oxide) (PPO) with PVBC-b-PS to form a miscible blend. The PPO blended 

PS block copolymer membrane exhibited noticeable improvement in mechanical properties. The 

membranes with higher water affinity possessed better ionic conducting properties with 

hydroxide conductivity up to 43 mS/cm in water at 60 °C, which was achieved by thermal 

annealing in the presence of water and through solvent annealing.  The PPO miscible blend 

improves the mechanical properties of PS block copolymer membrane while maintaining high 

ionic conductivity through the formation of phase separated ionic domains. 
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In order to expand the knowledge of PPO blend AEM, brominated poly(1,4-dimethyl-

phenylene oxide)  (BrPPO) was also designed to blend with PVBC-b-PS to produce AEMs with 

additional functionality in the PPO component. Although ordered phase separation in BrPPO 

blend membrane was not achieved, the BrPPO blends showed higher ionic conductivity than 

PPO blends before annealing even though the ion exchange capacities between both blend AEMs 

were similar. 

In addition to blend AEM system, amphiphilic block copolymer membranes containing 

polyethylene block as membrane formation material were prepared by anionic polymerization 

and post functionalizations. The polyethylene block prepared through anionic polymerization 

was a semicrystalline (approximately 30% crystallinity) material and could provide good 

alkaline stability and necessary hydrophobic support for the membrane. Bi-continuous 

morphology was observed in membranes with higher ion exchange capacity. The PE block 

copolymer membranes exhibited excellent properties, including extraordinary mechanical 

properties (up to 205% strain), high hydroxide conductivity (up to 73 mS/cm in water at 60 °C), 

and low activation energy of conduction (down to 12 kJ/mol). The well defined morphology 

along with the great membrane properties indicated the ionic conducting property can be 

enhanced through the formation of well defined morphology of amphiphilic block copolymer 

while increasing the alkaline stability and mechanical properties by the semicrystalline 

membrane matrix. 

AEM properties were also investigated through varying the hydration number in the 

membrane due to the low water affinity and high dependence of conductivity on humidity 

compared to proton exchange membrane. Mono methoxy poly(ethylene glycol) (mPEG), a 

hydrophilic polymer, could be grafted onto benzyl chloride groups in PVBC-b-PS to only 
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investigate hydration number independently without increasing the functionality. The mPEG 

grafted AEM displayed significant increase in water uptake and hydration number with only 

small amount of benzyl chloride groups grafted by mPEG. The membranes with higher mPEG 

graft contents also showed higher ionic conductivity with much less dependence on humidity. 

The results revealed the significance of hydration number on ion conduction and its performance 

at low relative humidity. 

The ionic conductivity is commonly increased by increasing the ion exchange capacity, 

but the membrane could eventually become water soluble due to the increased hydrophilicity of 

the membrane. Therefore, a quaternary ammonium crosslinked membrane was prepared by 

dimethylamine crosslinking reaction through PVBC-b-PS block copolymer to solve this problem. 

The overall result was that the crosslink structure only forms in what ultimately became the 

hydrophilic part of the membrane, while retaining the mechanical properties of the hydrophobic 

matrix. Additionally, quaternary ammonium crosslinking could act as an ionic conducting group, 

so no deleterious effect was observed in conductivity between slightly crosslinked membranes 

and non-crosslinked membranes.  

 

7.2 Future work 
 

We have reviewed four different polymer systems (blend, block, grafted, and crosslinked 

polymer) in this thesis and built the further understanding of anion exchange membranes for 

alkaline fuel cells. However, there are still many aspects to be studied in order to improve our 

knowledge in the design of fuel cell membranes.  

The concept of blending PPO and its derivative (BrPPO) to enhance the mechanical 

properties of PS block copolymer is demonstrated, however, two main areas can be exploited to 
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further understand this material. One approach is to blend PPO with PS block copolymer 

(PVBC-b-PS) in much narrower molecular weight distribution. Although a low polydispersity 

block copolymer is not required for phase separation morphology,[195, 196] the block 

copolymer with low dispersity could possibly result in a more defined morphology. Therefore, 

the ionic conductivity and water affinity can be combined to study the polydispersity effect on 

blend membrane properties, which can be further correlate with the phase separated 

morphologies in both blends. 

In Chapter 3 the quaternized BrPPO exhibits great effect on ionic conductivity before 

annealing, however, degradation was observed in the membrane after thermal annealing. Since 

the solvent vapor annealing only requires moderate temperature, this method may be able to 

anneal the BrPPO blend AEM without degradation. Small angle x-ray scattering and 

transmission electron microscopy can be combined to study the solvent annealed membrane 

morphology, which can be related to the water uptake and ionic conductivity. This can provide a 

more complete understanding of blend membrane design that leads to higher membrane 

performance.  

Previous semi-crystalline block copolymer AEMs show the outstanding performance in 

mechanical properties, ion conducting and water swelling control. Low activation energy for 

hydroxide conduction is also observed, which could correspond to the formation of a 

bicontinuous morphology in the block copolymer AEM. As a result, the understanding of 

bicontinuous morphology formation in this particular block copolymer becomes more significant. 

Since the AEM is formed by the quaternization of polyethylene-b-polyvinylbenzyl bromide (PE-

b-PVBBr) at room temperature, the phase reorganization after quaternization is limited and the 

Flory-Huggins parameter (6) between PE and PVBBr block becomes an important factor in the 
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phase-separated morphology. It is possible to measure 6 by small angle x-ray scattering of PE-b-

PVBBr at a variety of block compositions.[197-199] The second virial coefficient, which is 

related to 6, can be obtained by constructing a Zimm plot. In this case, the complete 

morphological diagram of this system (at least for the morphologies in which we are interested) 

can be further studied experimentally by preparing a series of PE block copolymers along with 

the characterization by electron microscopy and x-ray scattering. 

We examine the effect of hydration number independently on block copolymer 

membrane properties in Chapter 5 and conclude that the ionic conductivity and its dependence 

on humidity can be improved by grafting hydrophilic polymer (mPEG), but the mPEG grafted 

AEM needs to be understood in more aspects. The major area can be explored is to study the 

effect of mPEG grafts on random copolymers, since it is not dertermined how the water absorbed 

by mPEG is involved in the ion transport. This problem can be indirectly solved by preparing a 

mPEG grafted random copolymer (PVBC-r-PS) with similar molecular weight, functionality and 

graft content compared to its block copolymer analogue. The ionic conductivity and water uptake 

along with morphological structure can be compared between both grafted AEMs in order to 

study the random and block copolymer effect on membrane properties. It is believed that the 

mPEG grafts prepared using block copolymer can have higher probability to provide water for 

the ionic domains.  

The benefit of studying mPEG grafted AEM is to understand hydration number effect on 

membrane ion conducting property. mPEG increases the water uptake and hydration number 

while also increasing the probability of losing membrane integrity in water. For example, 

copolymer with 20 wt% mPEG grafted became water soluble after quaternization reaction. One 

simple route to study high mPEG grafted membrane is to take advantage of crosslinking 
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technique developed in Chapter 6. The high mPEG grafted PVBC-b-PS backbone, and this 

resulting polymer can be cast into membranes from THF. The pre-cast mPEG grafted PVBC-b-

PS membrane can react with dimethylamine to form a crosslinked membrane and the 

trimethylamine quaternization can be performed during the last step. Since grafting reaction 

needs to consume functional groups, the balance between hydrophilic grafts and cationic 

functional groups can be further studied by comparing highly grafted membrane with the slightly 

grafted membrane, which could advance the understanding of hydrophilic effect on membrane. 

Due to the excellent membrane properties, PE block copolymer AEM can be used as 

backbone to study new cationic functional groups for hydroxide conduction. Although benzyl-

trimethylammonium [BTMA] cation can be readily tethered onto the polymer backbone, the 

alkaline stability of [BTMA] is less stable in an alkaline environment compared to other 

cations.[84, 88] For example, tris(2,4,6-trimethoxyphenyl) quaternary phosphonium (TPQP) has 

been reported to have a high hydroxide conductivity and alkaline stability and it can be 

introduced through the benzyl chloride group.[85, 86] As a result, polybutadiene-b-

polyvinylbenzyl chloride (PB-b-PVBC) developed in Appendix B can be quaternized by TPQP 

and solution cast to form TPQP functionalized film. The heterogeneous hydrogenation of PB 

block can be further accomplished by using Crabtree’s catalyst and hydrogen gas.[68, 200] Once 

the preparation of PB-b-PVBC is optimized and finalized, a series of hydrogenated TPQP films 

can be produced and characterized to study their membrane properties through water affinity, 

ionic conductivity and morphology. Additionally, since the cationic functionalization is carried 

out on PB-b-PVBC copolymer and the PB block has a Tg well below the room temperature, the 

phase reorganization between PB and ionic block in as-cast membranes is expected to be 

significant. Therefore, this strategy provides a great opportunity to manipulate the morphology 
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by using variety of cationic functional groups and block compositions while still taking 

advantage of the benefits provided by polyethylene. 
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APPENDIX A  BULK ANIONIC POLYMERIZATION OF α-METHYLSTYRENE AND 
ISOPRENE BLOCK COPOLYMERS 

 

 

A.1 Introduction 

Poly(α-methylstyrene) (PAMS) is a polymer with high glass transition temperature 

(~173ºC)[201, 202] that has not achieved high use in part because of the difficulty in its 

formation. There is a well-established ceiling temperature[203] for the polymerization of α-

methylstyrene (AMS) that inhibits high conversion to polymer.[204, 205] The ceiling 

temperature precludes the polymerization at moderate temperature to high temperature, and the 

only successful polymerizations of AMS are anionic[206-215] and cationic[216] polymerization 

at low temperature. 

PAMS has been incorporated as hard phase in block copolymers to prepare thermoplastic 

elastomers for high temperature application, and most PAMS block copolymer syntheses are 

accomplished by living anionic polymerization. Due to the low ceiling temperature of AMS, a 

common strategy of AMS diblock copolymer preparation is to react AMS in the first step at very 

low temperature (-78 °C) in polar solvent or with a polar additive in order to yield a defined 

PAMS block with high conversion of AMS monomer to polymer.[217-220] However, this 

strategy usually results in a low level of control when diene monomer is copolymerized with 

AMS, since the polar solvents or additives will cause more 1,2- or 3,4-addition instead of 1,4-

addtion during diene polymerization,[218, 219] and it is well known that only the 1,4-structured 

polydiene leads to an elastomeric property.  
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Researchers have also synthesized triblock copolymers through di-functional initiators 

(e.g. dilithio compound) with comonomer block in the middle and PAMS blocks in both 

ends.[221-225] In this case, PAMS block copolymer is polymerized right after the completion of 

comonomer. This method allows the polymerization of diene monomer in non-polar solvent, but 

the crossover reaction from polydiene to AMS polymerization is usually quite slow in non-polar 

solvent. It is found that the crossover reaction to AMS can be significantly enhanced through 

introducing small amounts of styrene monomer or polar additives (e.g. dimethyl ether, THF, and 

trimethylamine) before AMS addition.[221, 222, 226]  

Our objective is to take the advantage of the low ceiling temperature and weak reactivity 

of AMS to develop a sequential synthetic pathway for the block copolymer formation by bulk 

anionic polymerization. In the current study, we investigate the anionic polymerization of AMS 

in bulk and the reactivity of AMS-isoprene system. We have developed a simple method using 

sec-butyllithium as an initiator and block copolymers are synthesized sequentially with good 

control over molecular weight and molecular weight distribution. The synthesis of diblock 

copolymer (PAMS-b-PI) involves the formation of a PAMS block first, and then isoprene is 

introduced into the reaction in order to switch the polymerization from AMS to isoprene. 

N,N,N′,N′-tetramethylethylenediamine (TMEDA) was introduced as a polar additive to produce 

the triblock copolymer (PAMS-b-PI-b-PAMS). Here we report the detailed synthesis of AMS 

and isoprene block copolymers and their results. 
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A.2 Experimental Section 

A.2.1 Materials  

AMS (Aldrich, 99%) and isoprene (Aldrich, 99%) were first dried over calcium hydride 

and then distilled over di-n-butylmagnesium under reduced pressure right before use. N,N,N′,N′-

tetramethylethylenediamine (TMEDA) (Aldrich, 99%) was purified by calcium hydride and 

sodium metal by the procedures described in the literature.[227, 228] sec-Butyllithium (sec-

BuLi) (1.4 M in cyclohexane) solution and di-n-butylmagnesium (1.0 M in heptane) solution 

were purchased from Aldrich and used as received. Cyclohexane was purified by passing 

through columns on a commercial solvent purifier system (Innovative Technology). 2,6-Di-tert-

butyl-p-cresol (BHT, Eastman) and other reagents were used without further purification. All 

polymerization glassware, glass syringes, needles and stir bars were oven-dried at 180°C 

overnight and the glassware was further flame dried under an argon purge after equipped with 

stir bar and septum. 

 

A.2.2 Bulk Anionic Polymerization of  α-Methylstyrene Homopolymer 

Freshly distilled AMS (18 mL) was transferred into a flame-dried and Ar-purged 50 mL 

round bottom flask equipped with septum and stir bar. sec-BuLi was added dropwise to titrate 

any protic impurities until a pale orange color was observed. The calculated amount of sec-BuLi 

(50 µL, 0.07 mmol) was then injected by a 250 µL syringe and the color of reaction turned to red 

orange.  The bulk homopolymerization was carried out at room temperature. Homopolymer 

samples were taken at different times (0.5 hr, 1 hr, 2 hr, 3 hr, 3.5 hr, 4.5 hr, and 5 hr) during the 

polymerization. 

 



 164

A.2.3 Reactivity Ratio Determination  

The procedure for monomer reactivity study is as follows. AMS (18 mL) and isoprene (2 

mL) were re-distilled from di-n-butylmagnesium right before the reaction and transferred into the 

septum sealed, flame-dried and argon-purged 50 mL round bottom flask before initiation. A 

calculated amount of sec-BuLi (50 µL, 0.07 mmol) was injected after the titration, and the 

polymerization was left to react at room temperature. An aliquot of reaction solution (1 mL) was 

removed during the bulk polymerization at different reaction times (1 hr, 1.5 hr, 2 hr, 2.5 hr, 3 hr, 

3.5 hr, 4 hr and 24 hr). The monomer reactivity ratio can be calculated from the experimental 

results depending on the feed ratio (f) and copolymer composition (F).  

f = 
m1

m2

                     and                      F = 
M1

M2

 

where m1 and m2 are the mole fractions of isoprene and AMS estimated from the molecular 

weight data respectively, moreover, the M1 and M2 are the mole fractions of isoprene and AMS 

in copolymer determined by 1H NMR spectroscopy respectively. The reactivity ratio can be 

obtained by the calculations of the feed ratio and copolymer composition according to the 

Fineman–Ross (FR) method,[229] 

f(F-1)

F
 = r1

f
2

F
 - r2 

A plot of f(F-1)/F versus f2/F give the linear regression, where the intercept is r2 and slope is r1. 

 

A.2.4 Anionic Polymerization of AMS and Isoprene Block Copolymers 

AMS and isoprene block copolymers were synthesized by sequential bulk anionic 

polymerization. An example procedure follows (Experiment 1) : AMS (18 mL) was re-distilled 

and transferred to a flame-dried 50 mL round bottom flask equipped with stir bar and septum 
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under the pressurized argon atmosphere. sec-BuLi was added dropwise to titrate the impurities 

until a pale orange color was observed. The calculated amount of sec-BuLi (50 µL, 0.07 mmol) 

was then injected. After 30 min, an aliquot (1 mL solution) was removed from reaction and 

terminated with argon-purged methanol. After the sample was taken, 2 mL fresh purified 

isoprene was then added into the reaction solution by gas-tight syringe. The reaction was left to 

stir for 4 hours under room temperature. An aliquot (1 mL solution) was removed for analysis 

and previously distilled TMEDA (0.25 mL) was subsequently injected into the reaction solution. 

1 hr after the addition of TMEDA, argon-purged methanol was introduced to terminate the 

polymerization. The polymer solution was isolated and purified by precipitation in 10 times 

excess of methanol with 0.2 wt% of 2,6-tert-dibutyl-p-cresol (BHT) to prevent oxidation of the 

polyisoprene block. 

 

A.2.5 Characterization 

Gel permeation chromatography (GPC) was used to determine the molecular weight and 

molecular weight distribution for homopolymer and block copolymer samples, and all GPC 

samples were prepared at a concentration of approximately 5 mg/mL in the volumetric flask. 

GPC was performed in THF at room temperature using a Waters model 600 high pressure liquid 

chromatograph with the flow rate at 1 mL/min using two Polymer Laboratories PL-gel 5 µm 

Mixed-D columns. The columns were connected to a calibrated Wyatt R401 differential 

refractometer and a Wyatt Technology miniDAWN multi-angle laser light scattering (MALLS) 

detector. Astra software (supplied by Wyatt Technology) was used to calculate molecular weight 

and molecular weight distribution.  
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1H NMR spectra of all block copolymers were obtained from a JEOL 500 MHz 

spectrometer to determine the block composition and microstructure of polyisoprene.  All 

polymer samples were dissolved in CDCl3 and chemical shifts are reported with respect to 

tetramethylsilane (TMS) (δ 0.00).  

 

A.3 Results and Discussion 

PAMS has been successfully synthesized by anionic polymerization.  Solution 

polymerization is the most reported method,[206, 207, 209-211] while a few studies investigate 

the bulk polymerization of AMS.[230] In order to understand the anionic polymerization of 

AMS in bulk, the homopolymerization of AMS was designed and samples were taken during the 

reaction. The reaction can be carried out at room temperature since bulk AMS polymerization 

has a ceiling temperature at ~ 57 ºC,[203, 208] however, the low ceiling temperature also 

indicates that the polymerization of AMS will reach equilibrium at room temperature.[205, 231-

233] This bulk anionic polymerization used sec-BuLi as initiator ([AMS]/[sec-BuLi] = 1980.0) 

due to its high reactivity. According to our observation, the reaction solution color changed to 

red in only a few seconds after sec-BuLi was introduced, which was much faster than the 

initiation time reported for n-BuLi initiated AMS bulk polymerization.[230] Seven samples were 

taken during the bulk polymerization and terminated by degassed methanol for analysis. The 

color of the solution stayed red orange during the whole reaction, suggesting low occurrence of 

termination during the sampling process. GPC was used to analyze molecular weight and 

molecular weight distributions (Mw/Mn) of all homopolymer samples and the Mw/Mn values are 

in the range of 1.06-1.17, which are much narrower than the results (Mw/Mn = 1.55-2.20) 

reported by n-BuLi initiated AMS bulk study.[230] The AMS conversion can be determined by 
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using molecular weight of PAMS over the molecular weight of complete (100%) AMS 

conversion calculated by initial molar ratio of AMS to sec-BuLi. 

 

Table A.1   Molecular weight and composition data of AMS and isoprene reactivity study 

Rxn Time (hr) Mn
a (g/mol) Mw/Mn

a PI (mol%)b 
PAMS 

(mol%)b 
1 9,900 1.04 98.3 1.7 

1.5 12,900 1.04 98.6 1.4 
2 14,300 1.05 98.5 1.5 

2.5 16,700 1.03 98.3 1.7 
3 17,900 1.10 98.0 2.0 

3.5 18,100 1.10 97.7 2.3 
4 18,900 1.07 97.6 2.4 
24 46,900 1.79 46.9 53.1 

a) determined by light scattering (GPC); b) determined by 1H NMR spectroscopy 

 
The reactivity of AMS and isoprene was also investigated before the block 

copolymerization, since it was observed in previous studies that the crossover reaction from 

polybutadienyl anion to AMS is quite slow[221-223] and the reactivity of AMS-isoprene system 

in bulk anionic polymerization has not been investigated to the best of our knowledge. The 

reaction solution with 18 mL AMS and 2 mL isoprene was prepared at high concentration of 

AMS monomer (AMS/isoprene = 90/10 v/v). The polymerization was carried out using sec-BuLi 

as initiator ([AMS]/[sec-BuLi] = 1980.0 and [isoprene]/[sec-BuLi] = 258.6) at room temperature, 

and both monomers were initiated at the same time. However, after the calculated amount of sec-

BuLi was added into the reaction, the color of the reaction turned to light yellow instead of red 

orange indicating that isoprene was the major monomer to be polymerized, since the color of 

polyisoprenyl anion is light yellow. The reaction color stayed light yellow for over 8 hours, but 

the color changed to red in the end of reaction (after 24 hour) and the reaction solution became 
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more viscous than first 8 hour reaction. Small amount of polymer solutions were taken at 

different times in first 4 hours of reaction, and the polymer samples were terminated by degassed 

methanol and precipitated in methanol for several times to remove extra AMS monomer. All 

polymer samples were analyzed by GPC to determine the molecular weight and the 1H NMR 

spectroscopy was used to determine the monomer composition in polymer samples, the results 

are shown in Table A.1. 

 

 

Figure A.1   Fineman–Ross plot for reactivity ratio study 

 

In the first 4 hours of reaction, the molecular weight of polymer samples increased with 

the reaction time and the narrow molecular weight distributions (Mw/Mn = 1.03 – 1.10) were 

observed in all samples indicating the successful initiation and polymerization. The composition 

of PI and PAMS in polymer samples was calculated from the PI and PAMS characteristic peaks 

in the 1H NMR spectra. During the first 4 hour reaction, all samples showed high PI composition 

(97.6 to 98.6 mol%) showing only small amounts of AMS monomer was incorporated in the 
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polymer samples, which agrees well with the light yellow color observed during the 

polymerization. In order to have a better understanding of AMS and isoprene copolymerization, 

the Fineman–Ross linear curve is plotted in Figure A.1 to determine the isoprene-AMS reactivity 

ratio. The experimental value of reactivity ratio reveals that isoprene monomer (r1 = 752.6) is 

much more favorable to react with itself in this condition compared to the addition of AMS 

monomer, while the AMS (r2 = 0.0019) polymerization is almost negligible even at a high 

concentration.  

The reactivity ratio further confirmed that only isoprene polymerization took place at 

room temperature in first 4 hours. The conversion of isoprene can be calculated by comparing 

the molecular weight of polymer sample with the initial molar ratio of [isoprene]/[sec-BuLi]. 

After 4 hr reaction, polymer has a Mn of 18,900 g/mol indicating a high conversion of isoprene, 

since the theoretical Mn of 19,300 g/mol can be calculated for complete conversion of isoprene. 

Interestingly, the reaction solution became red after 24 hours and the polymer sample was also 

analyzed in GPC and 1H NMR spectroscopy. Table A.1 exhibited that sample after 24 hours had 

much higher molecular weight than the earlier ones and the polymer sample had significant 

amount of AMS incorporated indicating that the AMS could still be polymerized without the 

polar additives as long as the isoprene monomer is completed. However, the final molecular 

weight distribution (Mw/Mn = 1.79) is relatively broad, which could correspond to the slow 

crossover reaction from polyisoprenyl anion to AMS leading to a low efficient initiation reaction. 

Therefore, the addition of polar additives might be still important when fast initiation process 

from polyisoprenyl anion to AMS is desired. 

As discussed above, research has been conducted to prepare PAMS triblock copolymer 

using di-functional initiator,[221-224] however, the benefits of AMS’s low ceiling temperature 
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and its weak reactivity have not been fully realized. Since the isoprene can be predominantly 

polymerized in AMS, a bulk anionic polymerization method (Scheme A.1) can be developed to 

synthesize AMS-isoprene diblock and triblock copolymers sequentially. The synthesis first 

involves the polymerization of AMS and subsequently the isoprene is introduced for diblock 

copolymer preparation. The triblock copolymer synthesis is finally achieved by adding polar 

additive (TMEDA) for AMS polymerization again after the completion of isoprene monomer. 

 

Scheme A.1   Anionic polymerization of PAMS-PI diblock and triblock copolymer 

 

 

In the first step, anionic polymerization of AMS (18 mL) was carried out using sec-BuLi 

at room temperature in bulk. The sec-BuLi was shown to be a good initiator for bulk 

polymerization of AMS in homopolymerization experiments. The color of reaction stayed red 

during the AMS polymerization indicating the formation of PAMS anion. After 30 min reaction, 

a small amount of polymer solution (1 mL) was taken and terminated with degassed methanol 

for analysis. A series of experiments were performed and GPC was used to analyze all initial 

PAMS block samples. The molecular weights of PAMS blocks in all experiments were found in 
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a small range of 16,100 to 17,600 g/mol (Table A.2), which show a good consistence of initial 

PAMS block polymerizations. The molecular weight distributions of PAMS samples are also 

relatively narrow with a range of 1.05-1.13. Since the AMS polymerization will eventually reach 

the equilibrium, the concentration of AMS plays an important role in triblock copolymerization 

and can be determined by comparing the conversion of AMS monomer with initial AMS 

concentration (7.69 mol/L). The concentrations of AMS after 30 min bulk reaction in all 

experiments were estimated in a range of 7.11 to 7.15 mol/L (based on the molecular weight of 

PAMS), which are still much higher than the equilibrium concentration (~ 2.23 mol/L) of AMS 

polymerization at room temperature.[205] 

 

Table A.2   Characterization of PAMS and PAMS-b-PI copolymers 

Exp. 
Mn

a(g/mol) 
of PAMS 

Mw/Mn
a 

of PAMS 
isoprene 

(mL) 
Mn

a(g/mol) 
of diblock 

Mw/Mn
a 

of 
diblock 

PAMS : 
PIb (wt%) 

1,4-PIb 

1 16,300 1.05 2 37,100 1.15 43.8 : 56.2 94.2 
2 17,200 1.09 2 38,800 1.16 41.8 : 58.2 93.6 
3 17,600 1.02 4 39,400 1.04 46.0 : 54.0 93.6 
4 16,900 1.13 4 47,700 1.14 29.8 : 70.2 93.4 
5 16,100 1.03 4 60,400 1.05 25.4 : 74.6 93.9 

a) determined by light scattering (GPC); b) determined by 1H NMR spectroscopy 

 

The diblock copolymerization was accomplished by introducing isoprene to the living 

PAMS chains. It is concluded from our reactivity ratio study that this reaction should switch to 

isoprene polymerization when isoprene was introduced, although there was a significant amount 

of AMS left. As the isoprene was introduced, the color of the reaction solution changed from red 

orange to light yellow immediately, indicating the fast crossover reaction from AMS 

polymerization to isoprene, and the color stayed light yellow during the reaction. A small amount 
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of polymer solution (1 mL) was also taken for analysis. A series of diblock polymer samples 

(Table A.2) were synthesized by varying the amount of isoprene monomers with corresponding 

reaction time (more monomers require longer reaction time). It should be noted that the 

unsaturated polymer might not be stable due to oxidative degradation even under ambient 

condition, therefore, radical inhibitor, BHT, was used in methanol with a concentration of 0.2 

wt% during the polymer precipitation. 

 

Figure A.2   GPC chromtograms of Exp.5. a) PAMS and b) PAMS-b-PI 

 

The progression of copolymerization is demonstrated clearly by GPC chromatograms in 

Figure A.2 for diblock copolymerization experiment (Exp. 5). Dashed line represents the first 

block of PAMS homopolymer, and the solid line shows the complete separation from PAMS 

homopolymer to PAMS-b-PI copolymer. The diblock peak completely shifts to higher molecular 

weight in the chromatogram demonstrating the efficient crossover reaction from poly(α-

methylstyrenyl)lithium to poly(α-methylstyrenyl)-b-polyisoprenyllithium. The molecular weight 

distributions (Mw/Mn = 1.05-1.16) of all diblock samples become only slightly higher after 

adding the second block indicating the successful isoprene initiation and polymerization. A tiny 
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peak in the low molecular weight region is observed in diblock copolymer and also it is 

overlapped with first PAMS block. This extra small peak could result from the introduction of 

impurities during the PAMS homopolymer sampling or the isoprene addition. The molecular 

weight of PI block can be estimated by comparing the molecular weights of block copolymers 

with the initial PAMS block in order to determine the isoprene conversion. Based on the initial 

molar ratio of [isoprene]/[sec-BuLi], it is calculated that isoprene in Exp. 1, 2 and 5 reached 

almost complete conversion, whereas Exp. 3 and 4 had isoprene conversion at approximately 

56% and 79% respectively. 

The block composition of copolymers and microstructure of the PI block were 

determined by 1H NMR spectroscopy. Figure A.3 shows the spectrum of PAMS-b-PI copolymer 

(Exp. 5) consisting of characteristic chemical shifts of PI and PAMS. The chemical shifts at 6.5 – 

7.2 ppm region are attributed to the aromatic protons from AMS, and the peaks at 4.9-5.8 ppm 

represent olefin protons of isoprene. The molar composition of PB and P4MS can be readily 

estimated by comparing integration of characteristic peaks for PAMS and PI. Furthermore, the 

weight fraction of PAMS and PI blocks in copolymer is determined at 25.4% : 74.6% for Exp. 5 

(Table A.2). The block composition can also be estimated by the molecular weight of initial 

PAMS block and PAMS-b-PI, and the spectroscopy data matches very well with the composition 

calculated from molecular weight method. As a result, we can further conclude from 

spectroscopy results that almost no AMS was polymerized during the isoprene reaction. The 

peaks at 4.6-4.9 ppm represent the two olefinic protons from 3,4-structured PI and the chemical 

shift at 5.0-5.3 corresponds to the single olefinic protons from1,4-structured PI. Therefore, the 

microstructure compositions in PI block can be calculated based on the resonance integration of 

3,4-structured PI and 1,4-structured PI. The amount of 1,4 conformation is predominant in the 
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microstructure of PI and only varies in a small range (93.4% to 94.2%) in Table A.2. The 

microstructure results of PI is in a good agreement with the value expected for anionic 

polymerization of diene monomers in nonpolar solvents, which further indicates that AMS 

worked well as a nonpolar solvent for isoprene polymerization. Additionally, the chemical shifts 

at 1.6 ppm and 1.7 ppm correspond to the trans and cis isomers of 1,4-PI. It is very clear to 

identify that cis-1,4-PI (approximately 70%) is the predominating structure in 1,4-PI.  

 

Figure A.3   1H NMR spectrum of PAMS-b-PI (exp.5) in CDCl3 with respect to TMS 

 

After isoprene polymerization, a large amount of AMS was still left in the polymerization 

system, however the amount of isoprene added into the reaction solution can dilute the AMS 

monomer concentration. Since almost no AMS polymerization occurred during isoprene reaction, 

the AMS concentration after diblock copolymer formation can be estimated in a range of 5.82 - 

6.44 mol/L depending on the amount of isoprene added. The value is still much higher than the 

room temperature equilibrium concentration of AMS indicating that AMS can be polymerized 

again to form triblock copolymers. Previous study indicated that although the 

polyisoprenyllithium could switch to AMS polymerization after isoprene is finished, the 
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crossover reaction was quite slow resulting in the broad molecular weight distribution. In order 

to synthesize the well defined triblock copolymer, the efficiency of AMS re-initiation reaction 

needs to be enhanced. Different additives have been used for increasing the crossover reaction, 

such as styrene, THF and hexamethylene phosphoric triamide (HMPT),[221, 222] however, 

TMEDA has not been investigated as polar additive for this crossover reaction.  

 

Table A.3   Characterizations of TMEDA addition reaction 

Exp. 
TMEDA 

(mL) 
Mn

a(g/mol) 
of triblock 

Mw/Mn
a of 

triblock 
PAMS : PIb 

(wt%) 
1,4-PIb 

1 0.25 52,100 1.25 61.2 : 38.8 94.0 
2 0.25 56,800 1.20 60.7 : 39.3 93.4 
3 0.25 65,800 1.26 25.0 : 75.0 62.2 
4 0.25 70,000 1.14 28.2 : 71.8 78.9 
5 0.25 76,500 1.16 36.2 : 63.8 93.9 

a) determined by light scattering (GPC); b) determined by 1H NMR spectroscopy 

 
The final PAMS-b-PI-b-PAMS polymerization was carried out by adding TMEDA as 

polar additive into reaction solution at room temperature to increase the crossover reaction from 

poly(isoprenyl)lithium to AMS. When calculated amount of TMEDA (0.25 mL, [TMEDA]/[sec-

BuLi] = 23.9) was introduced, the reaction color changed from light yellow to red orange 

immediately suggesting the successful re-initiation of AMS. The color stayed red orange during 

the reaction and the solution became noticeably viscous demonstrating that high molecular 

weight polymer was formed. The final polymer samples were also analyzed by GPC to 

determine the molecular weight, which is in a range of 52,100 to 76,500 g/mol. The molecular 

weight distributions are still relatively reasonable (Mw/Mn = 1.14 – 1.25), which are shown in 

Table A.3. The GPC chromatogram of the final polymer sample in Figure A.4 clearly 

demonstrates a clear separation from diblock peak, as well as an increase in molecular weight 
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from PAMS-b-PI indicating the successful initiation from the poly(α-methylstyrene)-b-

polyisoprenyllithium to AMS. The molecular weight of third block can be easily calculated by 

comparing the molecular weight data of triblock in Table A.3 with diblock molecular weight. 

The GPC chromatogram of triblock copolymer (Exp. 5) also shows a little peak at low molecular 

weight region, which is overlapping with both the small bump in diblock sample and initial 

PAMS block. This implies that the TMEDA were successfully purified and functioned in the 

polymerization of AMS. 

 

Figure A.4   GPC chromatograms of Exp. 5 b) PAMS-b-PI and c) PAMS-b-PI-b-PAMS 
 

 
The 1H NMR spectroscopy was also applied to determine the composition after the final 

synthetic step. The composition data for reaction after TMEDA addition is also shown in Table 

A.3, and can be compared with composition data in Table A.2. Due to the incomplete conversion 

of isoprene before TMEDA addition in Exp. 3 and 4, the final polymerization step was expected 

to involve both AMS and isoprene monomers. Therefore, the composition of PAMS in final 

polymer (Exp. 3, and 4) decreased while the final polymer samples in Exp. 1, 2, and 5 displayed 

a significant increase in PAMS contents after the TMEDA addition. Furthermore, it is observed 
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in 1H NMR results that the microstructure of PI in Exp. 1, 2 and 5 still remain the same after the 

TMEDA addition, but the Exp. 3 and 4 lose the control over microstructures of PI with a 

dramatically decrease in the amount of 1,4-structured PI after the final-step polymerization. Both 

composition and microstructure data confirm that the polymer samples after TMEDA addition in 

Exp. 3 and 4 resulting in a tapered block copolymer with AMS and monomer in the third block. 

Nonetheless, Exp. 1, 2 and 5 only synthesize the AMS in the final step, so the clean PAMS-b-PI-

b-PAMS triblock copolymers are prepared in the final step.  

 

A.4 Conclusion 

We have demonstrated that sec-BuLi initiated anionic polymerization of AMS can be 

carried out in bulk with a good control on molecular weight and its distribution in this work. The 

reactivity study of AMS and isoprene in bulk indicated that isoprene could be predominantly 

polymerized until completion in the presence of high AMS concentration (90% v/v). Well-

defined diblock copolymers were prepared through sequential addition strategy in the large 

amount AMS monomer. The polar additive, TEMDA, can be used to effectively enhance the rate 

of crossover reaction from poly(α-methylstyrene)-b-polyisoprenyllithium to AMS 

polymerization. The tapered and clean triblock copolymers were prepared depending on the 

isoprene conversion before TMEDA addition. 
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APPENDIX B  AMPHILIPHILIC BLOCK COPOLYMERS CONTAINING QUATERNARY 
AMMONIUM CATION SYNTHESIZED BY LIVING POLYMERIZATION 

 

 

B.1 Introduction 

Alkaline anion exchange membranes (AAEMs) have received considerable attention 

recently as electrolytes in alkaline fuel cells (AFCs).[9, 10, 29] The disadvantage of traditional 

AFCs is the liquid electrolyte (e.g. KOH), which results in the formation of precipitated 

carbonate by reaction with CO2. AAEMs can overcome the problem of carbonate precipitates in 

AFC electrolytes. Right now, amphiphilic block copolymers containing quaternary ammonium 

cation are an interesting class of AAEMs and have potential application in AFCs.[27] 

Numerous methods can be used to synthesize amphiphilic block copolymers. Living 

polymerization is one powerful method to form these unique structures. This method not only 

results in controlled molecular weight and molecular weight distribution,[111, 234] but also good 

phase separation, which is particularly useful for morphology control. In the current study, we 

demonstrate combining two living polymerization techniques (anionic polymerization and 

nitroxide mediated polymerization) to synthesize amphiphilic block copolymers containing 

quaternary ammonium cation for potential AAEM applications. 

 

B.2 Experimental 

B.2.1 Materials   

Butadiene (≥99%) was purified by the procedure described in the literature.[235] sec-

Butyllithium (1.4M) in cyclohexane solution, Br2 (%), 2,2,6,6-tetramethyl-1-(2-bromo-1-

phenylethoxy) piperidine (TEMPO) (98%) and anhydrous trimethylamine gas (99%) were used 
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as received. Styrene (99%) and vinylbenzyl chloride (VBC) (90%) were purified by distillation 

under reduced pressure right before use. Polymerization solvents (cylcohexane, THF) were 

purified by passing through columns on a commercial system (Innovative Technology). Other 

reagents were used without further purification. 

 

B.2.2 Synthesis of Nitroxide Functionalized Polybutadiene (PB-TEMPO) 

Glassware and a stir bar were dried at ~150 °C overnight before the polymerization. s-

BuLi (80 µL) was injected into a flame-dried 50 mL round bottom flask with dry cylcohexane 

(25 mL) from the solvent purifier. Purified butadiene (12.5 mL) was transferred into the round 

bottom flask by cannula at room temperature, and the polymerization was left to stir for 20 hr. 

2,2,6,6-tetramethyl-1-(2-bromo-1-phenylethoxy) piperidine (Br-TEMPO) was synthesized by the 

procedure described in the literature,[235-238] and Br-TEMPO (200 mg) was dissolved in dry 

THF and transferred into reaction flask to terminate the polymerization. 

 

B.2.3 Synthesis of Polybutadiene-b-Polystyrene (PB-b-PS) by Nitroxide Mediated 

Polymerization 

PB-TEMPO was used as a macroinitiator to polymerize styrene. PB-TEMPO (100 mg) 

was added to a 50 mL round bottom flask, and styrene (10 mL) was injected into round bottom 

flask. After PB-TEMPO was dissolved in styrene, the round bottom flask was purged by Ar for 

30 min. This bulk polymerization was carried out at 125 °C for 5 hrs. 
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B.2.4 Synthesis of Polybutadiene-b-Poly(vinylbenzyl chloride) (PB-b-PVBC) by Nitroxide 

Mediated Polymerization 

PB-TEMPO was used as a macroinitiator to polymerize VBC. PB-TEMPO (200 mg) was 

weighed into a 50 mL round bottom flask, and VBC (10 mL) was then injected into the flask. 

After PB-TEMPO was dissolved in styrene, and the round bottom flask was purged with Ar for 

30 min. The bulk polymerization was carried out at 125 °C for 4 hrs. 

 

B.2.5 Synthesis of Polybutadiene-b-Poly(vinylbenzyltrimethylammonium chloride) (PB-b-

P[VBTMA][Cl])  

PB-b-PVBC (300 mg) was dissolved in 15 mL chloroform in a 25 mL round bottom flask 

sealed with a septum. Anhydrous trimethylamine gas was added into the polymer solution to 

form PB-b-P[VBTMA][Cl]. The precipitates formed immediately as the trimethylamine was 

added. Preparation of PB-b-P[VBTMA][Cl] membrane. The PB-b-P[VBTMA][Cl] was solvent 

cast in a chloroform/methanol co-solvent at room temperature.  

B.2.6 Characterization  

Gel permeation chromatography (GPC) was performed in THF at 30 oC using a Waters 

model 600 high pressure liquid chromatograph with the flow rate at 1 mL/min, and connected to 

a calibrated Wyatt R401 differential refractometer and a Wyatt Technology miniDAWN multi-

angle laser light scattering (MALLS) detector. 

1H NMR spectra of polymers were obtained from a JEOL 500 MHz spectrometer. All 

polymer samples were dissolved in CDCl3 using tetramethylsilane (TMS) as standard. IR 

measurements were performed on a Thermo FT-IR spectrometer. 

 



 

B.3 Results and Discussion 

PB-TEMPO and PB-b-

using s-BuLi as initiator ([Bd]/[s

was functionalized by Br-TEMPO to form TEMPO end capped PB

was carried out using a 2.0-fold molar excess of terminator in cyclohexane/THF for 24 hr

10 °C. The functionalized PB was analyzed and it had a M

to prove the formation of PB-TEMPO, bulk copolymerization of PB

TEMPO macroinitiator and styrene at 125 °C.

The living radical copolymerization of styrene

functionalized PB. The conversion of styrene reached 56%

analysis of PB-TEMPO and the PB

Figure B.1   The GPC curves of TEMPO functionalized PB and PB
 

 
The molecular weight of PB

broadened molecular weight distribution with M

determined by using molecular weight of PS block in PB

100% styrene conversion calculated by initial molar ratio of sty
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-PS.  The anionic polymerization of butadiene was carried out 

BuLi as initiator ([Bd]/[s-BuLi] = 735.3) in cyclohexane at room temperature, and the PB 

TEMPO to form TEMPO end capped PB6. This termination reaction 

fold molar excess of terminator in cyclohexane/THF for 24 hr

10 °C. The functionalized PB was analyzed and it had a Mn = 50,000 and Mw/M

TEMPO, bulk copolymerization of PB-b-PS was conducte

TEMPO macroinitiator and styrene at 125 °C. 

The living radical copolymerization of styrene (10 ml) was initiated by TEMPO 

functionalized PB. The conversion of styrene reached 56% after 6 hr. The results of GPC 

TEMPO and the PB-b-PS diblock copolymer are shown in Figure 

 
 

The GPC curves of TEMPO functionalized PB and PB-b-PS diblock copolymer

The molecular weight of PB-b-PS was measured by GPC and it had Mn = 250,000 and a 

broadened molecular weight distribution with Mw/Mn = 1.90. The styrene conversion was 

determined by using molecular weight of PS block in PB-b-PS over the molecular weight of 

100% styrene conversion calculated by initial molar ratio of styrene to the PB-TEMPO. The 

The anionic polymerization of butadiene was carried out 

BuLi] = 735.3) in cyclohexane at room temperature, and the PB 

. This termination reaction 

fold molar excess of terminator in cyclohexane/THF for 24 hr6 at 

/Mn = 1.10. In order 

PS was conducted on PB-

(10 ml) was initiated by TEMPO 

after 6 hr. The results of GPC 

iblock copolymer are shown in Figure B.1. 

PS diblock copolymer 

= 250,000 and a 

= 1.90. The styrene conversion was 

PS over the molecular weight of 

TEMPO. The 
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GPC curve of PB-b-PS shows a small amount of tailing in the low molecular weight region, and 

it shows a significant separation from the initial PB-TEMPO block. Some portion of PB-TEMPO 

initiator may not convert to diblock, but most of the macroinitiator was reacted to form diblock. 

PB-b-PVBC.  Different block compositions of PB-b-PVBCs were also synthesized by 

using PB-TEMPO as macroinitiator to bulk polymerize VBC (10 ml) in different polymerization 

times at 125 °C (Scheme B.1). The PB-b-PVBC copolymers were analyzed by GPC and 1H 

NMR spectroscopy, and the results are shown in Table B.1. GPC curves of PB-b-PVBC 

copolymers depict the increase in molecular weight from initial PB-TEMPO block 

 

Scheme B.1   Synthesis of PB-b-PS by TEMPO functionalized PB 

 

 

Table B.1   Molecular weight and composition data of PB-b-PVBC copolymers 

Rxn time 
of VBC Mn

a PDIa 
PVBC 
(wt%)b 

1,4-PB 
(%)b 

2.5 hr 61,210 1.46 28.3 95.4 
3.5 hr 73,150 1.7 39.3 95.0 
5 hr 100,010 1.82 53.1 94.9 

a) determined by light scattering (GPC); b) determined by 1H NMR spectroscopy 



 

Figure B.2 shows the PB-

exhibits both PB and PVBC characteristic resonances. The composition of PB and PVBC can be 

determined by comparing the resonances at 4.9

that the microstructure of PB can be quantified by comparing the integrations of resonance 

between 4.9-5.1 ppm and 5.1-5.8 ppm, which represent for the 1,2

the 1,4-PB was estimated to be about 94.5%, which is in agreement with t

anionic polymerization of diene monomers in nonpolar solvents. 

Figure B.2   1H NMR spectrum of PB

 

PB-b-P[VBTMA][Cl].   The resulting PB

chloroform and reacted with a large excess of anhydrous trimethylamine at room temperature.  

The FT-IR spectroscopy confirms the formation of quaternary ammonium cation. Figure 

depicts the IR spectrum of PB-b-

functional group with absorption peaks at 571.1 cm

B.3(a) with Figure 3(b), the 571.1 cm

almost disappeared, which indicates the reaction on the chloromethyl (

group. The absorption peak at 3364.5 cm
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-b-PVBC with 3.5 hr polymerization of VBC. The spectrum 

exhibits both PB and PVBC characteristic resonances. The composition of PB and PVBC can be 

determined by comparing the resonances at 4.9-5.8 ppm with those at 4.58 ppm. It is well known 

that the microstructure of PB can be quantified by comparing the integrations of resonance 

5.8 ppm, which represent for the 1,2- and 1,4-PB. From Figure 2, 

PB was estimated to be about 94.5%, which is in agreement with the value expected for 

anionic polymerization of diene monomers in nonpolar solvents.  

H NMR spectrum of PB-b-PVBC with 3.5 hr VBC bulk polymerization

The resulting PB-b-PVBC copolymers were dissolved in 

chloroform and reacted with a large excess of anhydrous trimethylamine at room temperature.  

IR spectroscopy confirms the formation of quaternary ammonium cation. Figure 

-PVBC, which shows a very clear chloromethyl (

functional group with absorption peaks at 571.1 cm-1 and 1263.8 cm-1. By comparing Figure 

3(a) with Figure 3(b), the 571.1 cm-1 and 1263.8 cm-1 absorption peaks in Figure 3(b) have 

st disappeared, which indicates the reaction on the chloromethyl (-CH2 -Cl) functional 

group. The absorption peak at 3364.5 cm-1 in Figure 3(b) represents the water peak

PVBC with 3.5 hr polymerization of VBC. The spectrum 

exhibits both PB and PVBC characteristic resonances. The composition of PB and PVBC can be 

5.8 ppm with those at 4.58 ppm. It is well known 

that the microstructure of PB can be quantified by comparing the integrations of resonance 

PB. From Figure 2, 

he value expected for 

 

PVBC with 3.5 hr VBC bulk polymerization 

PVBC copolymers were dissolved in 

chloroform and reacted with a large excess of anhydrous trimethylamine at room temperature.  

IR spectroscopy confirms the formation of quaternary ammonium cation. Figure B.3(a) 

PVBC, which shows a very clear chloromethyl (-CH2-Cl) 

. By comparing Figure 

absorption peaks in Figure 3(b) have 

Cl) functional 

in Figure 3(b) represents the water peak associated 
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with the formation of quaternary ammonium groups. Final PB-b-P[VBTMA][Cl] was solvent 

cast by chloroform/methanol co-solvent at room temperature on teflon substrate. Other properties 

will be investigated in the future. 

 

Figure B.3   The FT-IR spectrum of (a) PB-b-PVBC and (b) PB-b- P[VBTMA][Cl]  

 

B.4 Conclusion 

In this study, we demonstrate a synthetic pathway to combine two living polymerization 

techniques (anionic polymerization and nitroxide mediated polymerization) to produce the 

amphiphilic block copolymer PB-b-P[VBTMA][Cl]. The formation of TEMPO functionalized 

PB was proved by further polymerization of PB-b-PS by NMP, and GPC curve of PB-b-PS 

showed complete separation from that of the PB-TEMPO. Subsequently, bulk copolymerization 

was carried out on PB-TEMPO macroinitiator and VBC at 125°C, and GPC curves and 1H NMR 

characterization proved the formation of PB-b-PVBC. The PB-b-PVBC diblock copolymers with 

different block compositions were investigated. FT-IR was used to characterize the formation of 
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quaternary ammonium cation by trimethylamine. The membranes made from PB-b-

P[VBTMA][Cl] were solvent cast, and could potentially extend the application in AAEMs. 
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