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ABSTRACT 

 

The potential success of a proton exchange membrane (PEM) fuel cell as an 

alternative energy source depends highly upon the development of high performance 

PEMs.  Typically, state-of-the-art PEMs have been perfluorinated sulfonated ionomer 

membranes such as Nafion® by DuPont. Although these membranes demonstrate good 

mechanical and electrochemical properties under moderate operating conditions (e.g., < 

80 ºC), their performance at high temperature (e.g., > 80 ºC) and low relative humidity 

(RH) drastically deteriorates. To overcome these problems, PEM materials with enhanced 

properties are essential.   Recently, the McGrath group has shown that PEM materials 

with hydrophilic-hydrophobic segments can significantly improve proton conductivity 

under low RH by forming enhanced hydrophilic domain connectivity.   

In this dissultation, novel multiblock copolymers based on disulfonated 

hydrophilic-hydrophobic multiblocks were synthesized and investigated for their 

potential application as PEMs.  The relationship between copolymer chemical 

composition and resulting properties was probed with a variety of hydrophilic and 

hydrophobic segments.  Most multiblock copolymers in this research were developed 

with fully disulfonated poly(arylene ether sulfone) (BPS100) as the hydrophilic segment, 



 iii

and various high performance polymers including polyimides, poly(arylene ether 

sulfone)s, and poly(arylene ether ketone)s as the hydrophobic segment. Ionic groups on 

the hydrophilic blocks act as proton conducting sites, while the non-ionic hydrophobic 

segments provide mechanical and dimensional stability. The correlation between the fuel 

cell performances and the hydrophilic-hydrophobic sequences was also evaluated.  The 

morphological structures of the multiblock copolymers were investigated using tapping 

mode atomic force microscopy (TM-AFM), transmission electron microscopy (TEM), 

and dynamic mechanical analysis (DMA). The experiments demonstrated a well-defined 

nanophase separated morphology.  Moreover, changes in block length had a pronounced 

effect on the development of phase separated morphology of the system. Proton 

conductivity measurements elucidated the transport process in the system, with the 

multiblock copolymers demonstrating higher conductivities compared to Nafion and 

random copolymer systems with similar ion exchange capacity (IEC) values. The new 

materials are strong candidates for use in PEM systems. 
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CHAPTER 1 
Introduction 

The fuel cell is an energy conversion device which directly transforms the 

chemical energy of fuels such as hydrogen and methanol into electrical energy.1  The fuel 

cell has been receiving serious attention as a next-generation energy source owing to its 

advantages which include high efficiency, high energy density, quiet operation, and 

environmental friendliness relative to conventional energy generators such as internal 

combustion engines.2  Among the various types of fuel cells, the proton exchange 

membrane fuel cell (PEMFC) is considered to be the most promising power source for 

portable and automotive applications.3, 4  As its name implies, one of the core 

components of a PEMFC is the proton exchange membrane (PEM) also known as a 

polymer electrolyte membrane.  Currently, the state-of-the-art PEMs are perfluorinated 

sulfonated ionomer membranes, such as Nafion® (DuPont), Aciplex® (Asahi Kasei), and 

Flemion® (Asahi Glass).5  These membranes have good mechanical strength and high 

chemical stability along with high proton conductivity, especially under high relative 

humidities at moderate operation temperatures (e.g., < 80 °C).6  However, at high 

operation temperatures (>80 °C), which are essential for many practical applications (e.g., 

high efficiency, fast kinetic etc.), mechanical and electrochemical properties of the 

perfluorinated membranes are severely deteriorated by the depressed hydrated α 

relaxations of the membranes.7, 8  These disadvantages and others, such as cost, have 

limited the applicability of perfluorinated membranes and propelled the quest for 

alternative membranes.     
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Tremendous effort has been devoted in the study of aromatic polymers, including 

sulfonated poly(arylene ether sulfone)s, poly(ether ether ketone)s, and phosphoric acid 

doped polybenzimidazoles, to find cost-effective and high performance PEMs.9, 10  

Among them, 4, 4’-biphenol-based disulfonated poly(arylene ether sulfone) wholly 

aromatic random copolymers (BPSH) are strong candidates as alternative membranes and 

have been extensively investigated in higher temperature PEM applications.9 These 

random copolymers were synthesized via direct step-growth polycondensation by using 

disulfonated and/or non-sulfonated dihalide diphenyl sulfone and biphenol type 

monomers.11  Even though BPSH-type membranes demonstrated enhanced stability at 

high temperatures (e.g., > 80 °C) and performance comparable to Nafion®, their proton 

conductivities under low relative humidity were inadequate.12    

 Recently, PEMs based on multiblock copolymers have been considered as a solution 

to overcome the drawbacks of a random copolymer system.13, 14  PEMs based on 

segmented multiblock copolymers consist of ion conducting hydrophilic blocks and 

mechanically robust hydrophobic blocks.  Once they are cast into membranes, they can 

be designed to exhibit unique phase separated morphologies and each phase governs 

independent or distinct properties.  The ionic groups of the hydrophilic blocks act as 

proton conducting sites while the nonionic hydrophobic component provides dimensional 

stability.  In the case of direct methanol fuel cells (DMFCs), the hydrophobic component 

may also serve as a barrier against methanol transport.15, 16  The proton conductivities, 

water uptake, and mechanical properties of multiblock copolymer based PEMs can be 

tailored by carefully adjusting the compositions and relative lengths of their hydrophilic 

and hydrophobic blocks and the research is ongoing.17  
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 The research in this dissertation mainly focuses on the synthesis and characterization 

of novel multiblock copolymers based on hydrophilic and hydrophobic blocks for PEM 

applications.  For the research, fully disulfonated poly(arylene ether sulfone) (BPSH100) 

will be used for proton conducting hydrophilic block and a variety of hydrophobic blocks 

will be explored to find potential candidates as PEMs.  In addition, several parameters 

such as copolymer structure, block and total molecular weight, ion exchange capacity, 

and morphology will be examined to determine their impact on PEM performance.    
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CHAPTER 2 
Literature Review 

2.1. Fuel Cells 
As fossil fuel resources are expected to enter their sunset years and pollution 

caused by their combustion becomes more severe, the need to find devices which can 

utilize alternative energy sources (e.g., H2, CH3OH) has become imperative.  Among 

various energy conversion devices, the fuel cell is one of the most efficient energy 

converting devices which transforms chemical energy directly into electrical energy.2  

Also, its environmentally friendly nature has attracted much attention as a promising 

alternative to conventional energy sources.  In this chapter, general fuel cell concepts will 

be outlined including historical aspects, core mechanisms, and applications.  

2.1.1. Background of Fuel Cells 

2.1.1.1. Historical Perspective of Fuel Cells 

 The first introduction of the fuel cell dates back to 1839 in England.18, 19  Sir 

William Grove, who was a lawyer and scientist, demonstrated the first fuel cell based on 

a concept which was first proposed by Christian Friedrich Schonbein, a professor at the 

University of Basle.  During the time, Sir William Grove was investigating the 

electrolysis of water, which is an electrochemical reaction generating hydrogen and 

oxygen utilizing an electric current to split water.  Grove was also interested in the 

reverse reaction of the electrolysis of water (i.e., generating an electric current from the 

reaction between oxygen and hydrogen).  To verify this reaction, he arranged two 

platinum electrodes in two separate sealed containers which were immersed in dilute 

sulfuric acid. The two sealed containers contained oxygen and hydrogen, respectively, 
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and to increase the voltage produced, he linked several of these devices in series. From 

this experiment, he proved that this device can generate electricity by the reverse reaction 

of electrolysis and named it a “gas battery”: the first fuel cell.  Figure 2.1 shows Grove’s 

drawing of his experimental “gas battery”.20  

 

Figure 2. 1. First Fuel Cell Device Created by Sir Grove. Reprinted with permission 
from Journal of Power Sources. 20 Copyright 1990 Elsevier. 

 

Few chemists attempted to build practical devices based upon Grove’s 

instruments until the end of the 19th century.  However, the introduction of the more 

practical internal combustion engine which could run on fossil fuels displaced fuel cells 

from mainstream scientific curiosity for a while.  

It has only been in the last fifty years that the development of fuel cell technology 

has gained renewed attention.  From the late 1950s to early 1960s, the National 

Aeronautics and Space Administration (NASA) devoted their efforts to find a power 

source for upcoming space flights.  The candidates deemed suitable as power sources 

were battery, solar cell, nuclear power, and fuel cells.  After careful consideration, 
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researchers concluded that the fuel cell would provide the best solution for selected space 

flight power sources.  Accordingly, NASA then sponsored efforts to develop fuel cells 

that could be used during these space flights.  These efforts led to the development of the 

first Proton Exchange Membrane Fuel Cell (PEMFC) which was used for the Gemini 

space program in the 1960s.18  

2.1.1.2. Core Principles of Hydrogen Fuel Cells 

 A fuel cell is a device which is able to produce electrical energy via an 

electrochemical reaction.  The core components of the fuel cell consist of an electrolyte 

and two electrodes (e.g., cathode and anode).  When a fuel, such as hydrogen, is 

introduced at the negative anode, it is readily oxidized with a catalyst to produce protons 

and electrons.21, 22  The protons then pass through the electrolyte from the anode to the 

cathode while the electrons travel through the external circuit.  At the positive cathode, 

oxygen is reduced by reaction with the protons and electrons to generate water 

(Figure2.2). 

 

Figure 2. 2. Basic Principle of a Fuel Cell. 

ANODE CATHODE

PEM

H2 + ½ O2 H2O
H2 2H+ +  2e- 1/2O2 +  2e- 1/2O2=

Water

Heate-e-

e-e-

e-e-

e-e-

DC Electricity

H
H

H+H+

H+H+

O
O1/2 O
O1/2

OO
H H



 7

Clearly, the overall reaction is a reversal of the electrolysis of water.  In the 

reaction, the type of electrolyte determines the operation temperature, catalyst, and the 

required purity of the fuel.  Theoretical red-ox voltage of a fuel cell based on the 

hydrogen-oxygen reaction is 1.23V at 298K.  However, the real voltage generated by the 

fuel cell under typical operating conditions ranges between 0.5 and 1 V.  For practical 

applications, a fuel cell assembly is composed of multiple cells in a series of stacks to 

produce a higher voltage.  Although numerous types of fuel cells have been developed in 

previous decades, they can be classified into six major types.  Each type of fuel cell will 

be addressed in the following sections in detail.   

 

2.1.2. Types of Fuel Cells 

2.1.2.1. Alkaline Fuel Cell (AFC) 

 The alkaline fuel cell was the first fuel technology developed for practical 

applications.  It was introduced in 1960s the Apollo space mission where it provided both 

a power and drinking water source for the astronauts.  Alkaline fuel cells use an aqueous 

alkaline solution electrolyte (typically 30% potassium hydroxide solution) which is 

retained in a porous matrix.23  The hydroxide ion in the electrolyte solution reacts with 

hydrogen at the anode to produce water and electrons. The water and electrons generated 

at the anode migrate to the cathode to regenerate hydroxide ions. A schematic operational 

scheme of alkaline fuel cell is depicted in Figure  2.3. 
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Figure 2. 3. Operating Principle of an Alkaline Fuel Cell. 
 

   Although their excellent power density and low operational temperature attracted a lot 

of attention in the early stages, alkaline fuel cell systems have a critical vulnerability 

which caused them to fall out of favor in the research community.  Alkaline fuel cells are 

easily poisoned by carbon dioxide even at low concentrations.24  For example, 50 ppm of 

carbon dioxide (much lower than the concentration in ambient air) results in a more than 

30% decrease in performance with a non polymeric electrolyte.  For this reason, the 

applications of alkaline fuel cells have been restricted to closed environments, such as 

space and undersea, and must be run on highly purified fuels and oxidants which do not 

contain carbon dioxide. However, there has been renewed interest developing because 

new copolymer systems showed some progress.25  In the systems, ethanol can be used as 

fuel, and platinum catalysts are not required.26, 27  

2.1.2.2. Proton Exchange Membrane Fuel Cell (PEMFC) 

 Proton exchange membrane fuel cells (PEMFC) are considered to be the fuel cell 

candidates that have the strongest potential to replace the conventional internal 

combustion engines in automobiles and batteries in electronic devices. Compared to other 
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types of fuel cells, PEMFCs have the highest energy density and this advantage may 

allow their use in compact and lightweight energy converting devices.9, 28-31  Furthermore, 

their relatively low operational temperature (~100 ºC) is amenable to both quick start-up 

and rapid power response, which are core features for automobile power sources.  Due to 

these outstanding features, PEMFCs have been the top candidate for most fuel cell 

applications since they were introduced to the world in the 1960s for the NASA Gemini 

space program.  

PEMFCs have been developed for power systems ranging from 1W to 2kW. The 

electrolyte in PEMFC is a solid thin polymer membrane which contains ionic groups.  

The ionic groups are strong acid moieties such as sulfonic acid and phosphoric acid 

which can facilitate proton conduction in the membranes.  The typical fuel for the 

PEMFC is hydrogen gas and it is oxidized into protons and electrons at the anode by a 

noble metal catalyst such as Pt. The generated protons and electrons are then transported 

to the cathode through the proton exchange membrane and external circuit, respectively. 

Upon arriving at the cathode, the protons and electrons react with the oxygen to generate 

water and heat.  The operational principle of the PEMFC is depicted in Figure 2.4. 

One challenge in developing PEMFCs for automobile power application is a 

management of water in the system.  The proton conductivity is strongly dependent on 

the amount of water in the membrane.7  Generally, the highest proton conductivities are 

obtained when the membranes are fully saturated with water.  However, at the typical 

PEMFC working temperature of ~100 ºC, it is difficult to prevent evaporation of water 

from the membrane which results in a drop in conductivity.  
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Figure 2. 4. Operating Principle of a PEM Fuel Cell. 
 

2.1.1.3. Phosphoric Acid Fuel Cell (PAFC) 

 Although much effort has been devoted to commercialize PEMFCs, phosphoric 

acid fuel cells (PAFC) are already commercially produced and available in the market.  

Major PAFC developers include UTC Fuel Cells, Toshiba, and Fuji Electric.  More than 

500 PAFC power plants have been built and tested since the 1970s.  The biggest fuel cell 

in fuel cell history is also a PAFC which was built by Tokyo Electric Power Co. 

(TEPCO) in Japan.  It has an 11MW capacity and its stability and reliability has been 

proven by operating more than 230,000 hours since 1991.  The typical efficiency of 

PAFC is over 35% and it can be increased to 85% when it is used in a Combined Heat 

and Power application (CHP). 32, 33  

 The PAFCs use liquid phosphoric acid electrolyte which more recently has been 

imbibed in a basic polymer such as polybenzimidazole.32  The basic sites on the 

polybenzimidazole can partially immobilize the phosphoric acid.  In general, PAFCs 

operate at a relatively high temperature (e.g., 150-220 ºC) due to the low proton 

conductivity of phosphoric acid at ambient temperature.34  By operating at the higher 



 11

temperature, PAFCs gain several advantages, including fast kinetics and an improved 

carbon monoxide tolerance.  This high carbon monoxide tolerance can allow the PAFC to 

operate without complicated and expensive fuel reformers and may therefore result in a 

simplified fuel cell system.  The energy generation mechanism of the PAFC is similar to 

the PEMFC.  At the anode, hydrogen is introduced as a fuel and splits into protons and 

electrons by use of a catalyst.  The generated hydrated protons are then transported to the 

cathode through the PEM while the electrons travel through the external circuit.  At the 

cathode, the protons and electrons reunite when they combine with oxygen, usually from 

air to generate water and heat. The operating principle of a PAFC is depicted in Figure 

2.5. 
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Figure 2. 5. Operating Principle of a Phosphoric Acid Fuel Cell. 
 

Although the PAFC has some excellent technical advantages, it lost market 

attention due to several issues.  One of the biggest technical problems is deterioration of 

the catalyst performance in the electrolyte. The relatively high cost of the system is 

another problem.  A recent survey showed that the number of molten carbonate fuel cell 

and solid oxide fuel cell units built in 2003 already exceeded the number of PAFCs sold 
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in that year.32  To regain interest for PAFCs, improvement of proton conductivities and 

reduction in cost should be addressed.      

2.1.2.4. Molten Carbonate Fuel Cell (MCFC) 

 The molten carbonate fuel cell is one of the high temperature fuel cell classes.  Its 

typical working temperature is 650 °C and the high operation temperature provides 

several advantages, including an increase in the reaction kinetics.35, 36  For example, 

hydrocarbon fuel from natural gas can be directly used without the need for a fuel 

processor (reformer) because relatively impure fuel can be internally reformed at high 

temperature in the system. Also, by-product heat and steam from the system can be used 

for additional processes.  However, the high operation temperatures also cause some 

problems. When the system starts up, it requires a significant amount of time to reach 

proper operation conditions and the system’s response to changes in power demand is 

relatively slow.  The requirements of molten carbonate fuel cell make it suitable for 

stationary power source applications only.   

The typical electrolyte in the molten carbonate fuel cell is a mixture of lithium 

carbonate and potassium carbonate, or lithium carbonate and sodium carbonate. The 

mixture of different kinds of carbonates melts at high temperature and shows excellent 

ion mobility.  The ion carrier in the system is the carbonate ion.  The carbonate ions 

migrate from the cathode to the anode where they combine with hydrogen to produce 

water, carbon dioxide and electrons.  Produced electrons travel through an external circuit 

back to the cathode and combine with oxygen and carbon dioxide to produce carbonate 

ion again.  A schematic diagram of operation of molten carbonate fuel cell is depicted in 

Figure2.6. 
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Figure 2. 6. Operating Principle of a Molten Carbonate Fuel Cell. 
 
 As described earlier, the high operation temperature is generally beneficial for the 

system but it is also the source of some problems.  At high temperature, the carbonate ion 

electrolyte can cause electrode corrosion which may result in a decrease in the efficiency 

and performance.  Furthermore, careful control of the carbon dioxide stream both at the 

anode side and the cathode side to achieve optimum performance is another challenge for 

molten carbonate fuel cells.  

2.1.2.5. Solid Oxide Fuel Cell (SOFC) 

 As its name implies, solid oxide fuel cells utilize an inorganic metal oxide as the 

electrolyte. Their main application is for stationary power with an output from 1kW to 2 

MW.  The typical operation temperature range is from 700 to 1000 °C and nonporous 

Y2O3 stabilized ZrO2 is used as the electrolyte material while CoZrO2 and Sr doped 

LaMnO3 are used in the anode and cathode, respectively.37  The most remarkable 

difference between other types of fuel cells is its power generating mechanism.  The 

electrolyte in SOFC transports oxygen ions instead of protons.  At the cathode, oxygen is 

reduced to oxygen ions, which then pass thorough the electrolyte to the anode, where 

transported oxygen ions react with hydrogen and carbon monoxide which are generated 
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at the anode from the fuel.  General fuel consists of natural gas and oxygen.  By this 

process, the fuel cell produces electricity, heat, water and carbon dioxide.  This process is 

shown schematically in Figure2.7. 

 

Figure 2. 7. Operating Principle of a Solid Oxide Fuel Cell. 
 

Due to their high working temperature, solid oxide fuel cells can be a good 

solution for combined heat and power applications which provide both power and hot 

water from a single system.  This hybrid system can improve solid oxide fuel cell’s 

efficiency up to 70%.  Moreover, the high operation temperature significantly increases 

the fuel cell’s tolerance against sulfide containing compounds which can cause poisoning 
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improvement has been made in the fabrication and processing of inorganic materials, the 
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brittle nature of the cathode catalyst material (e.g., typically lanthanum strontium 

manganite) is still problematic. 

2.1.3. Currently Used Proton Exchange Membranes  

 Among various types of PEMs, perfluorinated ionomer membranes have been 

considered as the most promising candidates for diverse applications including portable, 

automobile, and stationary power sources.  Nafion®, a perfluorinated ionomer membrane 

manufactured by DuPont, is the benchmark of PEMs as it has been used in the US space 

and military programs for more than 35 years.  The history of Nafion® goes back to the 

early 1960s when the Plastic Exploration Research Group in DuPont attempted to 

synthesize copolymers from tetrafluoroethylene (TFE) monomer.  At a similar time, 

DuPont developed a sulfonic acid containing monomer perfluoro-3,6-dioxa-4-methyl-7-

octene-sulfonyl fluoride (PSEPVE) (Figure 2.8).5  By copolymerization of TFE and 

PSEPVE, DuPont could synthesize an unusual TFE-based copolymer containing 

branches with pendant sulfonyl fluoride groups via a free radical polymerization.  The 

sulfonyl fluoride can be converted to sulfonic acid by subsequent hydrolysis, acidification, 

and washing processes.  The resulting sulfonic acid containing copolymer is Nafion® and 

its chemical structure is depicted in Figure 2.9.   
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Figure 2. 8. Synthetic Scheme of Perfluoro-3,6-dioxa-4-methyl-7-octene-sulfonyl -
fluoride (PSEPVE). 
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Figure 2. 9. Chemical Structure of Perfluorinated Ionomer Nafion®. 
 

Although the synthesis of TEF based ionomer Nafion® was successful, its 

applications were not immediately clear.  The initial and still major application of 

Nafion® was as a separator in a chlor-alkali process application due to its excellent 

separation properties and chemical stability.  At this time, General Electric (GE) was 

developing sulfonic acid containing polystyrene PEMs for the NASA space program.  
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However, the poor chemical and oxidative stability of the polystyrene based PEMs were 

not sufficient to endure the harsh oxidative fuel cell operation conditions. Hence, GE was 

looking for a robust PEM which could replace polystyrene sulfonic acid membranes for 

the NASA space program.  Nafion® met most of the requirements for the PEM including 

high proton conductivity and good oxidative stability and therefore was selected as the 

replacement PEM.  This was the debut of Nafion membranes in fuel cell applications.  

 In today’s PEM market, several perfluorinated sulfonic acid membranes, 

including Nafion®, are available from several different companies.  Most of their 

chemical structures are similar to that of Nafion® as they are copolymers of 

tetrafluoroethylene (TFE) and perfluorovinyl ether with sulfonic acid groups on its side 

chains (typically 87 mole% of TFE and 13 mole% of the sulfonic monomer with EW of 

1100). The main difference among those copolymers is the length of the side chain which 

contains the sulfonic acid group.30  The structures of other commercially available 

perfluorinated sulfonic acid based PEMs are shown in Figure 2.10. 

 

C
F

F
C
F

F
C
F

F
C
F

O

CF2

x y

n

CF2

SO3H

C

F

F

C

F

F

C

F

F

C

F

O

CF2

x y

n

CF2

CF2

CF2

SO3H
(A) (B)

 

 
Figure 2. 10. Chemical Structures of a PEM by a) Dow Chemical and by b) 3M. 
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The Dow membrane was developed in the early 80s and was used in both chlorine 

production and fuel cell applications with excellent properties.38 Although its 

performance as a PEM in fuel cell applications was comparable to that of Nafion®, Dow 

Chemical stopped its production a few years later.  Now, the same polymer is being 

produced by Solvay Solexis with a different synthetic route under the trade name Hyflon 

Ion®.39, 40  Detailed synthetic schemes by Dow Chemical and Solvay Solexis are depicted 

in Figure 2.11. While sulfonyl fluoride containing monomers by DuPont, Dow Chemical, 

and Solvay Solexis are synthesized by a reaction between TFE and SO3, 3M developed a 

new synthetic route to synthesize a sulfonyl fluoride containing monomer by an 

electrochemical fluorination process (Fig.2.12).41, 42 
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Figure 2. 12. Synthesis of Perfluorinated Monomer by 3M. 

 

2.1.4. Nafion Type PEM Materials and Requirements for PEMs 

The overall performance of a PEMFC is determined by the combined properties 

of its components including the PEM, catalyst electrode, gas diffusion layer and bipolar 

plate. Among them, the most crucial component which determines the performance of a 

fuel cell is the PEM.  Several material requirements which high performance proton 

exchange membranes should possess include:9 

 

• High proton conductivity (particularly at partially hydrated conditions for H2/Air Fuel 

Cell) 

• Low electronic conductivity (to prevent shorting between the anode and the cathode) 

• Low permeability to fuel and oxidants (to minimize coulombic efficiency loss) 

• Low water transport through diffusion and electro-osmosis 

• Oxidative and hydrolytic stability (to survive under harsh operation conditions) 
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• Low swelling stresses (especially swelling-deswelling stability is imperative)  

• Good mechanical properties both in the dry and hydrated state 

• Affordable cost 

• Capability of fabrication into membrane electrode assemblies (MEAs) 

 

 Commercially available Nafion® and similar perfluorinated sulfonic acid 

membranes have been extensively examined in terms of the above requirements.5, 43  The 

perfluorinated sulfonic acid based membranes exhibited high proton conductivity ( ~0.10  

S/cm) with moderate water uptake (15~21 H2O molecules per sulfonic acid group) at 

room temperature under 100% relative humidity (RH).  It has been understood that the 

proton conductivity of Nafion type membranes is strongly dependent on the amount of 

absorbed water around the sulfonic acid groups.  The IEC of the Nafion type copolymers 

can be easily tailored by changing the feed ratio of the two monomers (e.g., TFE and 

sulfonated perfluorinated monomer) in the copolymerization step.  Although higher IEC 

of a membrane generally increases its proton conductivity, it will also result in higher 

water uptake and swelling.  For this reason, the IEC of a PEM should be carefully 

tailored to optimize several properties including proton conductivity, water uptake, and 

swelling.  The chemical and hydrolytic stabilities of Nafion type membranes are excellent 

due to the inactivity of the Teflon-like backbone, and the existence of some crystallinity 

of the main backbone provides good mechanical properties.  However Nafion type 

membranes have several demerits at high operation temperatures (e.g., > 100 ºC) which 

are essential for fast kinetics and high tolerance to CO poisoning.  At the temperatures, 

the proton conductivity of Nafion® type membranes dramatically decreases due to the 
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loss of the absorbed water and the depressed hydrated α relaxation of the membranes.7, 8  

In addition, the low glass transition temperatures of Teflon type PEMs result in the 

deterioration of mechanical properties.  The poor mechanical properties at high 

temperature were improved by fabrication of composite membranes utilizing Teflon 

fabric reinforcements by W.L. Gore and Asahi Chemical.44  However, the high cost of 

Nafion-based membranes, along with high fuel permeability, has spurred the 

development of new PEM materials.  
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2.2. Proton Exchange Membranes (PEMs) Based on Poly(arylene ether 

sulfone) 

2.2.1. General Properties of Poly(arylene ether sulfone)s 

2.4.1.1. Introduction of Poly(arylene ether sulfone)s 

 Poly(arylene ether sulfone)s  comprise a family of high-performance engineering 

thermoplastics which have been investigated by several chemical companies over the past 

forty years.  Due to their outstanding properties such as high mechanical strength, high 

glass transition temperature (Tg), and good thermal and oxidative stability, poly(arylene 

ether sulfone)s have been chosen for a variety of applications.45-48 Several amorphous 

commercial poly(arylene ether sulfone)s in the market are shown in Figure 2.13. 
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Figure 2. 13. Commercial Poly(arylene ether sulfone)s. 
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 Of the various excellent characteristics of poly (arylene ether sulfone)s, thermal 

and oxidative stabilities are the key features which make poly(arylene ether  sulfone)s a 

melt processible engineering plastic.49, 50 As a result of the high oxidation state of the 

sulfur atoms and the enhanced resonance structure of the sulfone group in the polymer 

structure, these polymers can be melt-fabricated at temperatures of up to 400 ºC without 

degradation.51  The exceptional oxidative stability also allows poly(arylene ether 

sulfone)s for prolonged or continuous uses at the temperatures between 150 and 190 ºC.  

Typical poly(arylene ether sulfone)s display relatively high Tgs in the range of 180-250 

ºC depending on the structure of the backbone.  The high glass transition temperatures of 

poly(arylene ether sulfone)s  can be explained by the strong dipole-dipole interactions 

between the rigid phenyl rings and sulfone groups in the backbones of neighboring 

polymer chains.52, 53  On the other hand, the presence of flexible ether linkages can 

decrease strong inter-chain interactions by increasing conformational freedom.  As a 

result, glass transition temperatures of poly(arylene ether sulfone)s  are influenced both 

by the stiffness and flexibility of the polymer chemical structures.  The glass transition 

temperatures of poly(arylene ether sulfone)s, which are synthesized by a step or 

polycondensation of the activated aromatic halide 4,4’-dichlorodiphenylsulfone (DCDPS) 

with different biphenols are summarized in Table 2.1. 45  
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Table 2. 1. Glass Transition Temperatures of Poly(arylene ether sulfone)s Produced from 
the Reaction of 4,4’-Dichlorodiphenylsulfone(DCDPS) with Various Biphenols.45 
 

Bisphenol Chemical Structure 
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Poly(arylene ether sulfone)s are tough, rigid, and ductile materials with high impact 

strength and creep resistance.45  Their stiffness and mechanical strength are much higher 

than those of unaltered aliphatic backbone amorphous plastics.  It is understood that the 

toughness of poly(arylene ether sulfone)s is due to the existence of a strong second-order 

(β) transition at low temperature (e.g., -100ºC) which involves the segmental motion of 

the polymer.52-54  This second order transition is believed to be due to a rotational motion 

of the aryl ether bond as well as a concerted motion of sulfone groups with water 

molecules bound to the sulfone groups. 

 Poly(arylene ether sulfone)s also show good solvent resistance  to non-oxidizing 

acids, alkalis, salts, and aliphatic hydrocarbon solvents.55-58  Moreover, poly(arylene ether 

sulfone)s  exhibit exceptional hydrolytic stability compared to other engineering plastics 

such as polycarbonates, polyesters, and polyether imides.  They showed no significant 

mechanical property degradation after hot steam tests which were carried out by 3 min 

exposure over 1000 times at 140ºC.59  In spite of good mechanical properties and 

chemical resistance, poly(arylene ether sulfone)s were not initially considered a weather-

resistant material because of the tendency of aromatic polymers to have a poor resistance 

to photooxidation.  However, their weatherability has been significantly enhanced by 

incorporation of UV absorbers such as carbon black. 

 On account of outstanding properties including hydrolytic stability and 

mechanical properties, a wide range of applications has been developed for poly(arylene 

ether sulfone)s.  They can be fabricated into injection molded parts, films, coatings, and 

composites which are served traditionally by metals, ceramics, glass and thermosetting 

resins. They are employed in medical and food service applications which require 



 27

prolonged exposure to hot, wet environments as well as repeated cleaning and 

sterilization. Bisphenol A based poly(arylene ether sulfone) is used in purification 

membrane applications such as reverse osmosis, ultrafiltration, and gas separation.60-63 

Recently, applications in the electronics field are expanding, particularly for injection-

molded printed circuit boards and connectors.    

2.2.2. Synthesis of Poly(arylene ether sulfone)s 

Various synthetic methods for poly(arylene ether sulfone)s were developed 

independently in several laboratories: Union Carbide Corporation46, 3M Corporation64 in 

United States and ICI in the United Kingdom.  In general, poly(arylene ether sulfone)s 

are synthesized via four different routes: 

1. Polycondensation by means of an electrophilic substitution of aromatic 

compounds 

2. Polycondensation by means of  a nucleophilic substitution of a chloro, fluoro or 

nitroaromatics activated by a sulfonyl group in para-position 

3. Chemical modification of precursor polymers 

4. Ring-opening polymerization of cyclic oligo(ether sulfone)s 

In the following chapters, each synthetic route will be discussed in detail. 

2.2.2.1. Electrophilic Aromatic Substitution Route  

The polycondensation route, which involves the electrophilic substitution of a phenyl 

ether group by an aromatic sulfonyl chloride group, is known as the oldest approach for 

the synthesis of poly(arylene ether sulfone).65, 66  This approach is known as Friedel-

Crafts sulfonylation and needs to be catalyzed by a strong Lewis acid such as FeCl3, 

AlCl3, or BF3.45, 67, 68  It is widely believed that the sulfonylation process involves a multi-
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stage mechanism (Figure 2.14).  In the first stage, the attacking reagent arylsulfonylium 

cation is formed by the reaction of the sulfonyl chloride with a strong Lewis acid. Then, 

the arylsulfonylium cation attacks the carbon on the aromatic nucleus to generate an 

intermediate, which subsequently converts to the final product by eliminating a proton. 
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Figure 2. 14. Reaction Mechanism of Friedel-Crafts Sulfonylation. 
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The Friedel-Crafts sulfonation approach can be applicable for the preparation of 

poly(arylene ether sulfone)s by two different methods: the sulfonylation reaction of 

monomers containing both functional groups in one molecule ( self-condensation of AB 

type monomer) or the sulfonylation reaction between nucleophilic monomers and 

electrophilic monomers (condensation of AA and BB monomers).69-71  Two examples of 

these types of reactions are shown in Figure 2.15. 
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Figure 2. 15. Polycondensation of AA-BB and AB Types by Friedel-Crafts Sulfonylation. 
 

 

 The polysulfonation reaction can be performed either in the melt or in solution. 

Typical solvents for solution polymerization include nitrobenzene, dimethyl sulfone, and 

chlorinated biphenyls.  Strong acids such as CF3SO3H and MeSO3H-P2O5 mixture can be 

also used.72 
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2.2.2.2. Nucleophilic Aromatic Substitution Route  

 The nucleophilic aromatic substitution reaction (SNAr) is the most widely used 

approach for the synthesis of poly(arylene ether sulfone)s in both academic research and 

commercial production.  This synthetic method, developed at Union Carbide in the early 

1960s, involves the reaction of equimolar amounts of an aromatic dichloro- or 

difluorosulfone and a bisphenol with either aqueous sodium hydroxide or dry K2CO3 

(equimolar or slightly excess) in polar aprotic solvents such as N-methylpyrrolidone 

(NMP), dimethylacetamide (DMAc), dimethylsulfoxide (DMSO) or sulfolane.47, 48, 59, 73  

In this reaction, ether bonds are formed via the displacement of halogen by phenoxide 

anions with removal of the halide as an alkali metal halide.  The generalized mechanism 

of the nucleophilic aromatic substitution (SNAr) is depicted in Figure 2.16.74, 75  
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Figure 2. 16. Reaction Mechanism of Nucleophilic Aromatic Substitution. 
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In nucleophilic substitution polymerization, the reaction rates depend on the type 

of reaction medium, the basicity of the bisphenol salt, and the electron withdrawing 

capacity of the activating group in the dihalide monomer.  Only processes in dipolar 

aprotic solvents can result in a good reaction rate.76, 77  It is believed that dipolar aprotic 

solvents promote the reaction by enhancing the active concentration of the attacking 

nucleophile and stabilizing the bimolecular Meisenheimer intermediate.  Strength and 

position of the activating groups are also key factors affecting the reaction rate.  When 

major activating groups are positioned in the ortho and para positions of the halogen 

leaving groups, the nucleophilic substitution reaction can be accelerated since the 

electron withdrawing activating groups strongly stabilize the Meisenheimer intermediate.  

Another important consideration in reactivity is the electronegativity of the halogen 

leaving group in the dihalide monomer.  In general, difluoride-based monomers show 

better reactivity and reaction rate than those of the dichloride-based monomers, but their 

higher cost limits their applications for commercial uses.78  A typical polycondensation 

reaction of bisphenol A based polysulfone and the reaction developed by Union Carbide 

are shown in Figure 2.17.48  
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Figure 2. 17. A Typical Synthesis of Bisphenol A Based Poly(arylene ether sulfone) (A) 
and The Synthesis Developed by Union Carbide (B).48 
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2.2.2.3. Modification of Poly(arylene ether sulfone)s 

 Modification of a polymer enables the design of the polymer to fulfill the 

requirements for specific applications without sacrificing its intrinsic properties.  Owing 

to its convenience and economic aspects, polymer modification has been an attractive 

synthetic method for generating new types of polymers.  For poly(arylene ether sulfone)s, 

various modifications were explored, including the introduction of new functional groups 

and incorporation of cross-links in the system.  For example, the solvent resistance of 

poly(arylene ether sulfone)s can be enhanced by an introduction of crystalline polymer 

blocks such as polyether ether ketone (PEEK).  Another approach is the introduction of 

cross-links in linear poly(arylene ether sulfone)s by appropriate chain-end 

functionalization. 79-82 

  For the past decades, various approaches of modification methods of 

poly(arylene ether sulfone)s have been reported.83-86  For modifications, poly(arylene 

ether sulfone)s need to be activated either by controlled direct lithiation or by a dual 

process of bromination/lithiation.  Both routes involve aromatic ring lithiated polymer 

intermediates which can react with a variety of electrophiles to give their respective 

products.  It was reported that a maximum of two lithium atoms can be substituted per 

repeat unit.  The substitution position of lithiation on the repeat unit by direct lithiation is 

mainly at the ortho-position to the sulfone, while ortho-position to the ether results from 

the bromination/lithiation method. Figure 2.18 shows the two distinct lithiation processes 

and their lithiation positions. 
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Figure 2. 18. Lithiation of Poly(arylene ether sulfone) by Direct Lithiation and 
Bromination/lithiation Two Step Method. 
 

 

 The lithiated intermediates can be further modified to azides by treatment with 

tosyl azides. Azides are thermally and photochemically labile groups capable of being 

transformed readily into a number of other useful derivatives such as amines. Various 

reactions of poly(arylene ether sulfone) bearing lithium or azide reactive groups are 

depicted in Figure 2.19.   
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Figure 2. 19. Various Reactions with Lithiated Poly(arylene ether sulfone)s. 
 

2.2.2.4. Synthesis of Poly(arylene ether sulfone)s by Ring-opening Polymerization  

 In recent years, a new but not yet important synthetic strategy of poly(arylene 

ether sulfone)s was developed based upon the ring-opening polymerization (ROP) of 

cylic oligo (ether sulfone)s, OESs.87-89  Initially this synthetic method was applied for the 

synthesis of bisphenol-A-based polycarbonates by Brunelle et. al and triggered huge 
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interest for the synthesis of polycondensation type polymers such as polyesters, 

polyethers, and polythioether ketones. Compared to conventional step-growth 

polymerization, the ROP system has several advantages and disadvantages. The main 

drawback of this type of reaction is limited availability of the cyclic macromonomers. 

Only a few cyclic precursors are commercially available for poly(arylene ether sulfone) 

synthesis.   

On the other hand, there are a number of advantages. First, the polymerization can 

be conducted in bulk as the low viscosity of the cyclic oligomer permits it to act as a 

reaction solvent. In addition, the reaction does not produce any byproducts. For these 

facts, the ROP approach is suitable for reaction-molding (RIM) applications.  Also, a 

very high molecular weight (Mn > 105 Da) polymer can be easily obtained by using 

highly strained cyclic monomers. Third, various block copolymers can be synthesized by 

sequential copolymerization with other cyclic monomers. Several synthetic schemes of 

poly(arylene ether sulfone)s based on ROP are shown in Figure 2.20.  
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Figure 2. 20. Examples of Ring-opening Polymerization(ROP) of Poly(arylene ether 
sulfone).88 



 38

2.2.3. Poly(arylene ether sulfone)s for Proton Exchange Membrane Applications 

 As described in the earlier section, poly(arylene ether sulfone) is one of the 

engineering thermoplastics which possesses excellent thermal and oxidative stability, 

good mechanical properties, good processibility and exceptional hydrolytic stability. 

With these outstanding properties, poly(arylene ether sulfone)s are promising candidates 

for use in proton exchange membranes (PEMs) for fuel cell applications. Most PEM 

applications of poly(arylene ether sulfone) are based on incorporation of proton 

conductive sulfonic acid moieties on the polymer.  There are two major methods to 

introduce sulfonic acid groups along polymers which will be described in the following 

chapters.      

2.2.3.1. Post-sulfonation of Poly(arylene ether sulfone)s 

 Post-sulfonation of aromatic ring containing polymers is an electrophilic aromatic 

substitution reaction.  Given that the reaction can easily produce sulfonated polymer by 

using commercially available polymers and sulfonation reagents, a lot of attention has 

been paid to this process since Quentin et. al90 reported the first post-sulfonation of a 

bisphenol-A based poly(arylene ether sulfone) with chlorosulfonic acid for reverse 

osmosis membrane applications.  Based on this pioneering research, various sulfonated 

poly(arylene ether sulfone)s have been successfully synthesized by post-sulfonation 

reactions using  chlorosulfonic acid, sulfuric acid, sulfur trioxide, fuming sulfuric acid 

and acetyl sulfate.91-95  The resulting sulfonic acid moieties attached to the polymer are 

capable of proton conduction.96-98  Bishop et. al99 adjusted the degree of sulfonation by 

varying the sulfonation reaction time and the acid concentration, yielding a degree of 

sulfonation of 30-100%.  In general, proton conductivity and water uptake of the 
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sulfonated polymers increase along with the degree of sulfonation up to a certain point 

where the membranes lose their mechanical integrity because of an abrupt increase in 

swelling. Due to this trade-off between fuel cell performance and mechanical properties, 

the typical degree of sulfonation ranges between 60% and 80% of the repeat units. An 

example of a post-sulfonation reaction is depicted in Figure 2.21. 
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Figure 2. 21. Post-sulfonation of Poly(arylene ether sulfone)91. 
 

However, the harsh reaction conditions cause undesirable degradation and side reaction 

of polymers such as chain scission, branching, and crosslinking, especially in bisphenol 

A based poly(arylene ether sulfone) and when chlorosulfonic acid is used. To address 

these issues, Noshay and Robeson94 introduced an alternative sulfonation method for 

commercially available poly(arylene ether sulfone).94 For this approach, they used a 2:1 

molar ratio complex of SO3 and triethyl phosphate(TEP) as a sulfonating reagent at room 

temperature. This mild condition route could minimize possible side reactions but the 
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complexity of controlling the degree of sulfonation degree and difficulty of handling the 

chemicals limited further applications  

 As briefly introduced in the polymer modification section, the sulfonic acid 

moiety can also be incorporated via metallized polymer intermediates. This approach was 

initially proposed by Kerres et. al. and the procedure includes the lithiation of the Udel 

commercial poly(arylene ether sulfone) by n-butyllithium at low temperature, then 

conversion of lithiated polymer to sulfonated polymer by the reaction with sulfur dioxide 

(SO2).100  Figure 2.22 is the synthetic route to sulfonated poly(arylene ether sulfone) via 

metalation. Although proton exchange membranes synthesized via metalation showed 

promising results, this process is rather complicated and control of the reaction is still not 

easy. 

 Although the post-sulfonation process has a lot of advantages, including reaction 

convenience and low cost, several hurdles have limited its uses for PEM applications 

which require precisely controlled properties.9  Specific disadvantages include 1)  the 

control of the degree of sulfonation, 2) high degree of sulfonation is not feasible; only 

one sulfonic acid moiety per repeating unit can be incorporated because the first 

introduction of a sulfonated group to a repeating unit deactivates the aromatic ring which 

prohibits further sulfonation, 3) sulfonation on the polymer does not produce true a 

random copolymer because of the inhomogeneity of the reaction mixture and 4) the 

hydrolytic stability of the sulfonated polymer might be worse than that of the parent 

polymer.    
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Figure 2. 22. Sulfonation of Poly(arylene ether sulfone) via the Metalation Route.100 
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2.2.3.2.  Direct Statistical Copolymerization of Disulfonated Poly(arylene ether 

sulfone)s 

 Among the disadvantages of sulfonated poly(arylene ether sulfone) derived from  

the post-sulfonation route, its poor chemical stability has been become a critical issue for 

fuel cell applications.  This instability of the polymer can be explained by the position of 

sulfonic acid moiety in poly(arylene ether sulfone).  Generally, sulfonation via the post-

sulfonation route occurs in the electron rich “activated” ring rather than electron deficient 

“deactivated” ring in the polymer, this sulfonation process decreases electron density of 

the ring and, as a result, makes the aromatic carbon-oxygen bond more labile to 

hydrolysis.9  This hydrolytic instability has motivated researchers to develop sulfonated 

poly(arylene ether sulfone)s in which sulfonic acid groups are attached to the electron 

poor “deactivated” ring near the electron-withdrawing sulfone groups (Figure 2.23).  The 

sulfonic acid groups on the deactivated ring might not only provide better hydrolytic 

stability but also higher acidity owing to the electron-withdrawing sulfone group.  

Sulfonation on the deactivated ring can be accomplished by two different methods: 

previously discussed metalation-sulfination-oxidation route developed by Kerres and 

coworkers in the chemical modification section100, and the direct copolymerization of a 

modified monomer.101, 102  However, the metalation-sulfination-oxidation route has 

unavoidable side reactions and is difficult to control, for these reasons the latter method is 

gaining more attraction for the synthesis of sulfonated poly(arylene ether sulfone)s. 

 



 43

O X O S

SO3H

Activated ring Deactivated ring

O X O S

Activated ring Deactivated ring

HO3S SO3H

Typical product by post-sulfonation

Typical product by direct copolymerization

O

O

O

O

X : a bond or C

CH3

CH3  

Figure 2. 23. Placement of Sulfonic Acid in Post-sulfonation and Direct 
Copolymerization Routes. 
 

 Direct copolymerization of a modified monomer affords better control of the 

sulfonation position and degree of sulfonation in the resulting copolymer.  The first 

sulfonated poly(arylene ether sulfone) synthesized by the method was reported by 

Robeson and Matzner in 1983.101  They showed sulfonation of 4,4’-dichlorodiphenyl 

sulfone (DCDPS) and synthesized a sulfonated poly(arylene ether sulfone) by using the 

sulfonated DCDPS as a monomer for the purpose of producing more fire-resistant 

material.  Later, Ueda et al.102 prepared 3,3’-disulfonated-4,4’-dichlorodiphenyl 

sulfone(SDCDPS) by reacting DCDPS with fuming sulfuric acid and reacted this 
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monomer with bisphenol A and unmodified DCDPS to synthesize a sulfonated 

poly(arylene ether sulfone) with a disulfonation degree of up to 30 mol %.  The synthesis 

of the sulfonated monomer by the Ueda research group is shown in Figure 2.24.   

 

 

S

O

O

Cl Cl
SO3/H2SO4

90 ºC, 6 hour
S

O

O

Cl Cl

HO3S SO3H

NaCl

S

O

O

Cl Cl

NaO3S SO3Na

 

 
Figure 2. 24. Syntheiss of 3,3’-Disulfonated 4,4’-Dichlorodiphenyl Sulfone.102 

 

Although pioneer researchers successfully synthesized sulfonated poly(arylene 

ether sulfone)s via monomer modification route, the new process did not immediately 

receive attention for other applications. However, more recently, McGrath et al. made 

considerable progress by preparing wholly aromatic sulfonated poly(arylene ether 

sulfone)s by direct copolymerization for fuel cell applications.103-105  They also modified 

the synthetic route to increase the purity and yield of the sulfonated monomer and there is 

continuing interest in a one stage process that has the potential of reducing the yield loss 

upon recrystallization.106, 107   Various copolymers were synthesized by the reaction of 

SDCDPS, DCDPS, and 4,4’-biphenol via a nucleophilic substitution route.  The modified 
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monomer synthesis and direct copolymerization of wholly aromatic BPSH copolymers by 

the McGrath group are shown in Figures 2.25 and 2.26, respectively. 
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Figure 2. 25.  Modified Synthetic Route of 3,3’-Disulfonated 4,4’-Dichlorodiphenyl 
Sulfone. 
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Figure 2. 26.  Direct Copolymerization of Wholly Aromatic BPSH Copolymer. 
 

 

The proton conductivity and water uptake of the resulting copolymer increased with the  

degree of disulfonation up to 60%. However, when the degree of disulfonation 

approaches 60%, its swelling dramatically increases and results in the deterioration of 

mechanical properties caused by semi-continuous hydrophilic domain morphology.7, 12, 

108 With a 35-40% disulfonation degree, this polymer showed very high proton 

conductivity which is comparable to that of Nafion. Furthermore, its lower cost and 

excellent stability made it attractive as a promising alternative to the perfluorinated 

Nafion-like materials for certain applications including direct methanol fuel cells 

(DMFCs) as portable power. Further research has been devoted to making various 
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copolymers by incorporation of functional groups onto the BPSH copolymer.  Various 

moieties investigated in direct copolymerization by the same research group are 

summarized in Figure 2.27. 109  
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Figure 2. 27.  Various Moieties Explored in Sulfonated Poly(arylene ether sulfone) Type 
Proton Exchange Membrane.109 
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2.3. Proton Exchange Membranes (PEMs) Based on Polyimides 

2.3.1. General Properties of Polyimides 

2.3.1.1. Introduction of Polyimides 

Polyimides are polymers which have a heterocyclic imide moiety in the repeat 

unit.  Most polyimides are synthesized from a condensation reaction between diamines 

and tetracarboxylic acid derivatives.110, 111  The general structure of a polyimide is 

depicted in Figure 2.28.  
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Figure 2. 28. General Structure of a Polyimide. 
 

The first report of aromatic polyimide synthesis goes back to 1908 by Bogert and 

Renshaw.112  They found that the condensation reaction of 4-aminophthalic anhydride 

could afford a polymeric material.  However, this research was not further developed 

until the 1950s, when DuPont’s film department began to focus their research on the 

development of a “convertible polymer”.  The shape of a “convertible polymer” is easily 

changed when it is in its precursor state, but once treatments are applied it converts to a 

permanent configuration and is neither soluble nor fusible.  Their early attempts to make 
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a “convertible polymer” were focused on an aliphatic polyimide system by the reaction 

between 4,4-dimethylheptamethylene diamine and pyromellitic dianhydride (PMDA).  In 

1955, the aliphatic monomer based polyimide was developed by the DuPont research 

group and named Polymer E.113, 114  Although Polymer E gained some attention as a new 

material, its properties were not significantly superior to those of conventional polymers 

such as polyethylene terephthalate.  

One of the approaches to enhance the properties of Polymer E by the film 

department was adopting aromatic diamine “m-phenylenediamine (m-PDA)” instead of 

aliphatic diamine for the synthesis.  In 1956, Andy Endrey successfully synthesized an 

aromatic monomer based polyimide via poly(amic acid) precursor whose thermal, 

mechanical, and electrical properties exceed those of previous aliphatic polyimides.115, 116  

After further research, they found that polyimides synthesized from oxydianiline (ODA) 

monomer had better hydrolytic stability and processability than polyimides synthesized 

from m-PDA.  Finally, the first commercial polyimide was introduced by DuPont with 

the trade name of Kapton® (Figure 2.29). 

 

NN O

O

O

O

O n  

Figure 2. 29. Chemical Structure of Kapton® Polyimide. 
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2.3.1.2. General Applications of Polyimides 

 Polyimides have been widely used as engineering plastics due to their excellent 

thermal and chemical stabilities combined with mechanical toughness since DuPont 

commercialized Kapton®.117, 118  In addition to thermal and mechanical properties, their 

excellent dielectric properties and the similar coefficient of thermal expansion (CTE) 

with a silicon substrate made polyimides one of the best microelectronic materials in the 

semiconductor industry.119-123  Two major applications of polyimides as an electronics 

material are as a protective overcoating and an interlayer dielectric insulator.  

 In the final step of semiconductor production, fabricated microcircuits on silicon 

wafers need to be encapsulated by plastic molding.  During the encapsulation process, the 

delicate circuits can be damaged by handling and induced stresses from the molding 

process.  To protect the circuits from these possible damages, a 4-6 µm polyimide film is 

applied on the circuit using a solution spin coating process before the encapsulation.  In 

this case, the polyimide film can protect the circuit as a protective overcoat and a stress 

buffer layer.  The low dielectric constant of polyimides also made them useful as 

insulators.124-127  Polyimides can be easily coated on copper or other electrical wire and 

act as an insulator.  If this property is combined with photolithography, polyimides can be 

used as a more complex interlayer dielectric insulator layer in a semiconductor. 

 Polyimides are also important in aircraft and aerospace applications.128-131  For 

aircraft and aerospace applications, their extreme environmental stresses have demanded 

not only high performance but also high reliability from candidate materials.  Due to the 

excellent heat and chemical resistance as well as good mechanical properties, polyimides 

have been chosen as a leading candidate for aircraft and aerospace applications.  The high 

flexural modulus and compressive strength results in excellent dimensional stability 
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which enabled polyimides to be used in structure components such as struts, brackets, 

and composites.  Other applications in which polyimides can be implemented are 

coatings.  Due to the ease of the coating process of the polyimide precursor for various 

shapes, DuPont’s Kapton has been used for aerospace cables, wiring, and laminates.    

 

2.3.2. Synthesis of Phthalic 5-Membered Ring Polyimides 

 It has been around 50 years since the first commercial polyimide was introduced 

to the market.117  During this period, various synthetic methods have been developed by 

several research groups to facilitate more efficient and cost-beneficial methods of 

preparation.  Even though there are several different synthetic routes for specific 

purposes, most reactions utilize the reaction of diamines with dianhydrides. In this 

chapter, discuss several synthetic methods in terms will be discussed of their mechanisms 

and reaction conditions.  

 

2.3.2.1. Conventional Two-step Approach  

 Generally speaking, the direct one step synthesis of high molecular weight 

aromatic polyimide is not feasible.  This is due to the insoluble and infusible nature of 

polyimides which tends to cause premature precipitation during the intermediate stages of 

polymerization.  To overcome this problem, a two-step condensation strategy was first 

suggested by Edwards and successfully applied for the production of Kapton in 1965.  

 For the first stage of the two-step approach, diamine and dianhydride monomers 

are dissolved in a suitable polar aprotic solvent, such as dimethylaceteamide (DMAc), 

dimethylsulfoxide (DMSO), or N-methylpyrrolidinone (NMP). Then, the nucleophilic 
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amine moieties on diamine monomers attack the carbonyl carbons on the dianhydride 

monomers to produce a high molecular weight poly(amic acid).131 Figure 2.30 shows the 

reaction mechanism between an anhydride and an amine. 
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Figure 2. 30. Mechanism for Poly(amic acid) Formation via Nucleophilic Substitution 

Reaction.110 
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 For the amidization reaction, several factors should be considered to produce a 

high molecular weight poly(amic acid).  First, using more basic reaction solvents will 

push the reaction equilibrium towards producing poly(amic acid) since the reaction 

product poly(amic acid) is acidic, more basic solvents can stabilize the product by 

stronger hydrogen bonding.132, 133 Second, a mild reaction temperature will shift the 

equilibrium to the product poly(amic acid).  Due to the exothermic nature of the 

amidization reaction, a high reaction temperature will retard the reaction and as a result, 

low molecular weight poly(amic acid) will be obtained.131, 134  For this reason, the first 

step of the synthesis is usually conducted below 30 ºC.  Other factors which can affect the 

reaction rate and molecular weight of the poly(amic acid) are monomer reactivity and the 

presence of water during the reaction.  Based on the fact that the amidization reaction is a 

nucleophilic substitution reaction, higher nucleophilicity of the amine and higher 

electrophilicity of the anhydride results in faster amidization reaction. In addition, the 

presence of water in the reaction mixture can decrease the molecular weight of poly(amic 

acid) which can react with dianhydride monomer to produce nonreactive diacid species. 

 The second step of the two-step reaction is the cyclodehydration reaction 

(imidization) of the poly(amic acid).  It can be accomplished by several methods such as 

heat or chemicals (Figure 2.31).  Detailed methods for the imidization reaction will be 

covered in the following chapters.     
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Figure 2. 31. Imidization Reaction of Poly(amic acid). 

 

2.3.2.2. Bulk (Thermal) Imidization  

 The most frequently used method of imidizing poly(amic acid) is thermal 

imidization which is also known as bulk imidization.135, 136  This method is especially 

useful for the preparation of film type insoluble polyimides. First, poly(amic acid) 

solution is cast onto a shaped substrate and heated to induce cyclization(imidization).  

The heating process is usually carried out under vacuum or in an inert atmosphere to 

promote the cyclization reaction by removing solvent and water, which is a byproduct of 

the cyclization reaction.  The extent of imidization is governed by several parameters 

such as heating temperature, heating time, residual solvent, and the rigidity of the final 

polyimide.  To obtain a high degree of imidization, the treatment temperature should be 

higher than the ultimate Tg of the system.  As the solvents evaporate during the heat 

Heat, -2H2O
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treatment, the viscosity of the system drastically increases and at a certain point, further 

imidization is prohibited by a lack of mobility of the polymer chain.  In this case, heat 

treatment above the system Tg can provide chain mobility to continue the reaction, 

resulting in a high degree of imidization. Residual solvent also can provide additional 

chain mobility of the system by plasticization of the polyimide.   

 

2.3.2.3. Chemical Imidization  

 One of the drawbacks of thermal imidization is a possible hydrolytic degradation 

of the polymer by the water which is a byproduct of the imidization reaction.  During the 

imidization reaction, water is continuously produced by the condensation reaction 

between acid and amide moieties and may cause degradation of unreacted poly(amic 

acid) (Figure 2.32). 
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Figure 2. 32. A Mechanism of Hydrolytic Degradation of Poly(amic acid).110 
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The problem of hydrolytic degradation can be addressed by using a chemical imidization 

process whose reaction mechanism lacks a water production step.  Typically, chemical 

imidization is carried out at room temperature with various combinations of anhydrides 

and amines as imidization catalysts.137-139  A detailed mechanism of chemical imidization 

is shown in Figure 2.33. 
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Figure 2. 33. Proposed Mechanism of Chemical Imidization.110 
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2.3.2.3. One-pot High-temperature Imidization  

When polyimides are soluble in organic solvents, it is possible to synthesize them 

from their corresponding monomers by the so-called one-pot or one-step method.140-144  

In this method, dianhydride and diamines react to produce polyimide in a high boiling-

temperature organic solvent typically higher than 160ºC.  The most widely used solvents 

are m-cresol, NMP, nitrobenzene, and α-chloronaphthalene possibly with isoquinoline 

and benzoic acid as catalysts.  The water generated by imidization during the reaction can 

be easily removed by using azeotroping agents such as N-cyclohexylpyrrolidone (CHP) 

or o-dichlorobenzene (DCB) at the high reaction temperatures.  The one-pot method is 

especially useful for less reactive monomers whose structures are sterically hindered.  

Phenylated dianhydrides are typical monomers which have a sterically hindered structure 

and are not suitable for synthesizing high molecular weight poly(amic acid) by the 

conventional two-step method.  However, these monomers can readily react with 

diamines to give high molecular weight polyimides using the one-step method.  It is 

interesting to note that the polyimides synthesized via the one pot method may show a 

higher degree of crystallinity than those which can be obtained from the conventional 

two-step polymerization method. One possible explanation for this phenomenon is that 

the high degree of solvation of polyimides can be possible at the high reaction 

temperature which may allow it to obtain a more favorable conformation for packing.  

It is also possible to design organic solvent soluble polyimides which can be 

synthesized in a one-pot reaction by structure modification.110 The structure modification 

can reduce stiffness and interchange ordering of the polyimides and allow them to be 

soluble in organic solvents. Typical modification strategies are summarized below.145 
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1. incorporation of flexible structural units such as ether, SO2, CF3 

2. utilizing “kinked” structures, such as meta- or orthocatenation between 

aromatic rings 

3. incorporation of bulky pendant groups along the chain. 

4. limiting molecular weight by monofunctional end capping agents 

 

In spite of extensive research, there is still an incomplete understanding of the 

mechanism of one-pot polyimide synthesis. It is highly likely that the formation of 

polyimide proceeds via a poly(amic acid) route but the observed lifetimes of the amic 

acid moieties on poly(amic acid) were extremely short.  This suggested mechanism has 

been supported by kinetic studies which have shown that the rate-determining step in 

imide formation is the second-order reaction between the anhydride and the amine.146 

Thus imidization occurs either simultaneously with propagation, or very quickly 

thereafter. The typical degree of amidization by one-pot reaction is almost 100%. A 

widely known example of a commercial polyimide by one-pot high temperature reaction 

is General Electric’s UltemTM, The reaction scheme is shown in Figure 2.34. 
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Figure 2. 34. Reaction Scheme of UltemTM Polyimide by One-pot Polymerization. 
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2.3.3. Six-membered Ring Polyimides 

 In the past decades, most of polyimide research has been focused on five-

membered ring polyimides.  On account of these intense efforts, extensive information 

about five-membered ring polyimides has been well established such as the reaction 

mechanism, structure-property relationships, and synthetic methods.  Recently, more 

attention has been paid to six-membered ring polyimides because of their superior 

thermal, chemical, and hydrolytic stabilities over conventional five-membered ring 

polyimides.147, 148  These enhanced properties are attributed to the relatively less strained 

six-membered imide ring structure which is more stable toward nucleophilic attack. 

However, a high molecular weight six-membered ring aromatic polyimide cannot be 

made by the conventional two-step method because of the low reactivity of six-

membered ring anhydrides towards aromatic amines at low reaction temperature. To 

overcome this low reactivity of six-membered ring anhydrides, a higher reaction 

temperature is necessary to carry out the reaction. Typically, the reactions are carried out 

in m-cresol as a reaction solvent at temperatures higher than 140 ºC using catalysts.149-152     

 

2.3.3.1. Dianhydrides for Six-membered Ring Polyimides  

All dianhydride derivatives which can form six-membered ring polyimides are 

based upon naphthalene.  The two most widely used commercial dianhydrides are 

naphthalene-1,4,5,8-tetracarboxylic dianhyride (NDA) and perylene-3,4,9,10-

tetracarboxylic dianhydride (PDA) (Figure 2.35).153-155 
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Figure 2. 35. Chemical Structures of NDA and PDA. 
 

As described in the earlier section, the poor solubility and melt processibility of 

many five-membered ring polyimides can be overcome by using a two-step 

polymerization method which involves the formation of soluble poly(amic acid) and 

followed by the imidization process.  On the other hand, due to the impossibility of 

utilizing the two-step synthetic method for six-membered ring polyimide, the chemical 

structures of diamine monomers which give organic soluble polyimides are very 

important. Generally, the incorporation of flexible bridging units such as ether, CH2, 

C=O, C(CF3)2, and SO2 into the diamine structure is considered.  

 

2.3.3.2. Reaction Conditions for Six-membered Ring Imide Formation. 

  While six-membered ring polyimides show improved thermal and hydrolytic 

stabilities due to the less strained and stable six-membered imide ring in their structure, 

the lower reactivity of six-membered ring dianhydride monomers toward diamine 

monomers needs special reaction conditions to obtain high molecular weight polyimides.  

General approaches in order to overcome the low reactivity between six-membered ring 

dianhydrides and diamines include reaction temperature, catalyst, and reaction solvent. 
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Among them, intense research has explored catalysts such as benzoic acid, isoquinoline, 

imidazole, quinoline, pyridine, triphenylphospine, and triphenyl phosphine oxide.149-152  

In addition to the types of catalyst, the concentration of catalyst, auxiliary catalyst, and 

addition time of each catalyst has also been studied.  Based on a model synthesis, most 

viscous six-membered ring polyimides were synthesized when the reaction was carried 

out in m-cresol reaction solvent with benzoic acid and isoquinoline as catalysts.156  

Furthermore, the addition order of the catalysts and the mole ratio of the catalyst and 

dianhydrides were also evaluated.  The most effective catalyst system was a 2:1 molar 

ratio of benzoic acid and isoquinoline to a dianhydride monomer while benzoic acid 

should be added at the beginning of the reaction, with isoquinoline added after nine hours.  

As a result of these observations, most contemporary research groups who are 

synthesizing six-membered ring polyimides utilize these reaction conditions.157, 158  

 

2.3.3.3. Reaction Mechanism for Six-membered Ring Imide Formation. 

  In order to determine the catalytic effect on the reaction mechanism of one-step 

high temperature polycondensation of six-membered ring polyimides, a series of model 

compounds was synthesized from 4-benzoyl-1.8-naphthalenene anhydride with various 

aromatic diamines by Schab-Balcerzak et al.159  At first, they tried to determine whether 

the mechanism of one-step high temperature polycondensation of six-membered ring 

polyimides involves the formation of poly(amic acid) similar to those of conventional 

one-step high temperature imidization.  If the mechanism has poly(amic acid) as an 

intermediate, the formation of poly(amic acid) should be promoted by acid catalyst.  

However, the results showed a reverse trend, as higher acidity of the catalyst resulted in a 
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lower yield of the final product.  Based on this observation, they concluded that the 

poly(amic acid) is not an intermediate in a high temperature condensation reaction of a 

six-membered ring  polyimde. 

 Then, to understand the role of acid catalysts, especially benzoic acid, in six-

membered ring imidization, various analysis techniques were conducted for model 

compounds which were synthesized from 4-benzoyl-1,8-naphthalene anhydride and 

several amines (ODA, 4-biphenylamine, 4-phenyloxyaniline).  From 15N-NMR analysis, 

it was discovered that the nitrogen atoms in the model compounds have sp2 hybridization 

which is not consistent with an imide structure.  In addition, 13C-NMR showed that the 

chemical shifts of the model compounds are consistent with those of isoimides.  Further 

analyses, such as ultraviolet-visible spectroscopy (UV-VIS), mass spectroscopy, and 

differential scanning calorimetry (DSC) confirmed that the intermediate in the one-step 

high temperature imidization is the isoimide structure.  

For isoimide compounds, two stereoisomers (cis and trans) may exist.  In order to 

determine the effect of the acid catalyst (i.e., benzoic acid) on the chemical structure of 

the model compounds, two series of model compounds were synthesized.160, 161  One was 

synthesized with acid catalyst and the other was synthesized without acid catalysis.  

Based on the UV-VIS spectral analysis along with DSC analysis, the result suggests that 

the model compounds which were synthesized in the absence of acid catalyst were 

completely cis-isoimide while the model compounds prepared with acid catalyst were a 

mixture of cis and trans-isoimide.  Furthermore, they discovered that only the trans-

isoimide can be converted to the consequent imide structure with base catalyst i.e., 
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isoquinoline under high temperature conditions.  A summary of the proposed reaction 

mechanism is shown in Figure 2.36.  
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Figure 2. 36. Summary of the Reaction of 1,8-Naphthalene Type Anhydride with 
Aromatic Amine. 
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2.3.4. PEMs Based on Polyimides 

 Most of polyimides’ properties, including excellent thermal stability, high 

mechanical strength, good film forming ability, and good chemical resistance meet the 

requirements for being an ideal PEM. For this reason, sulfonated polyimides have been 

studied for many years as a PEM material.  Initial approaches utilized conventional five-

membered ring polyimides based on phthalic anhydride.  However, due to the ease of 

hydrolysis of the imido rings under acidic fuel cell environments, sulfonated phthalic 

polyimides for PEM applications were not successful.  Hydrolysis of the imido rings 

causes chain scissions and reduces the polymers’ original molecular weight.162, 163  

Several scientists have shown that this problem can be addressed by using six-membered 

ring polyimides, which are more hydrolytically stable under acidic conditions than five-

membered ring polyimide due to the reduced ring strain in the structures.  Genies et al. 

conducted a systematic hydrolytic stability study with sulfonic acid containing 

polyimides based both on five-membered(phtahlic imide) and six-membered 

ring(naphthalenic imide)  as model compounds.163  Those model compounds were placed 

in 80 ºC water and their chemical structure changes were monitored.  For the sulfonic 

acid containing phthalic imide, an NMR study revealed that it started to degrade after 1 h 

and was completely modified in 10 h.  On the other hand, sulfonic acid containing 

naphthalenic imide started to change its structure after 120 h which confirmed the 

superior hydrolytic stability of the six-membered ring polyimide over the five-membered 

ring polyimide.  

 For the last decade, various sulfonated polyimides based on naphthalenic imide 

have been synthesized and characterized.157, 162, 164-167  Most researchers utilize 

commercially available naphthalenetetracarboxylic dianhydride (NTDA) and 
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sulfonated/nonsulfonated diamines for the polyimides synthesis. These copolymers can 

be classified into two groups based on the used sulfonated diamine structure.168, 169   

“Type I” sulfonated diamines have sulfonic acid and amine moieties on the same 

aromatic rings such as 2,2’-benzidinedisulfonic acid (BDSA), 4,4-diamino-diphenyl-

ether-2,2’-disulfonic acid (ODADS), and 4,4’-bis(4-amino-2-sulfophenoxy)biphenyl 

(iBAPBDS).  In contrast, amine moieties and sulfonic acids are located on different 

aromatic rings for “Type II” sulfonated diamines such as 4,4’-bis(4-

aminophenoxy)biphenyl-3.3’-disulfonic acid (pBAPBDS), 4,4’-bis(3-

aminophenoxy)biphenyl-3,3’-disulfonic acid (BAPFDS), and bis[4-(4-aminophenoxy)-

phenyl]sulfone-3,3’-disulfonic acid (pBAPPSDS) (Figure 2.37). 
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Figure 2. 37. Two Types of Monomers for Sulfonated Polyimide Random Copolymers. 
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It has been believed that sulfonated polyimides from “Type I” and “Type II” monomers 

have different hydrolytic stabilities.  Since high electron withdrawing sulfonic acid 

groups and nitrogen atoms are on the same aromatic rings for “Type I” monomer based 

polyimides, the nitrogen atoms and the next carbon atoms are electron deficient and open 

to attack by water molecules.  In contrast, for “Type II” monomer based polyimides, the 

nitrogen atoms and electron withdrawing sulfonic acid groups are attached on different 

aromatic rings.  This structure difference makes the nitrogen atoms and the next carbon 

atoms on “Type II” monomer based polyimides less positive and results in enhanced 

hydrolytic stability (Figure 2.38). 

 

 

Figure 2. 38. Hydrolytic Stability of Polyimides Derived from Different Monomer Types. 
 
 



 68

Recently, Watanabe et. al prepared polyimides with pendant, bulky unsulfonated 

hydrophobic groups to make inter-chain spacing in the polymers.170-172  By introducing 

bulky pendant groups in polyimides, the authors tried to make a more open structure by 

preventing typical close packing of the polyimide backbones.  The open structure of 

PEMs may hold more water and consequently higher conductivity is expected.  Figure 

2.39 shows the polyimide structures which have bulky pendant groups.  Although the 

polyimides with bulky pendant groups showed very high conductivities at high RH which 

were about one order of magnitude higher than Nafion 112, the conductivities at low RH 

rapidly decreased and were below the Nafion control. 
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Figure 2. 39. Naphthalenic Polyimides with Bulky Pendant Groups. 
 

 
Another approach to improve hydrolytic stability of sulfonated naphthalenic 

polyimide based PEM was made by Einsla et al.157, 158 They synthesized two types of 

naphthalenic polyimides with novel sulfonated diamine monomer 3,3’-disulfonic acid-

bis[4-(3-aminophenoxy)phenyl]sulfone which contained flexible sulfone and ether 

linkages (Figure 2.3.12). These polyimides showed good proton conductivities, low 
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methanol permeation as well as low electro-osmotic drag coefficients. However, their 

hydrolytic stability remained limited.  
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Figure 2. 40. Naphthalenic Polyimides with Flexible Sulfone and Ether Linkages.  
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2.4. Proton Exchange Membranes (PEMs) Based on Block Copolymers 

2.4.1. Morphology of Ionomer Membranes 

 For past decades, various morphological explanations have been proposed to 

explain the ion transport mechanism of Nafion® type membranes. In the late 1970s, the 

morphology of Nafion was initially characterized by means of small-angle X-ray 

scattering(SAXS) and wide-angle X-ray diffraction(WAXD). The results revealed that 

the sulfonic acid groups in dry Nafion membranes tend to aggregate to form ion clusters 

while TFE main backbone forms crystallites.  Based on these observations, Gierke 

proposed a cluster-network model to explain the ion transport phenomenon in the water 

swollen ionomer membranes.173, 174  When the Nafion membrane is swollen with water, 

the ionic clusters swell and are connected by narrow channels which can form a 

continuous pathway for ion transport.(Fig.2.41). 

 

Figure 2. 41. Cluster-network Model for the Morphology of Hydrated Nafion®. 
Reprinted with permission from Journal of Membrane Science.175 Copyright 1983 
Elsevier. 
 

Other research groups proposed different models to explain ion transport in 

Nafion type membranes, including the lamellar-structure model, the modified hard-
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sphere model, and the depleted-zone core-shell model.176-179  Although the true 

morphology of Nafion is still a subject of debate, the cluster-network model has been the 

most widely accepted in the ionomer membrane related literature and provides a 

fundamental foundation for structure-property relationship of ionomer membranes.  It is 

believed that the ion transport phenomenon in ionomer membranes is closely related to 

their nano-scale phase separated morphologies.  

 The morphology and microstructure of Nafion becomes more important if Nafion 

is used for PEM applications.  For higher proton conductivity, the ionic clusters in Nafion 

should be well connected by ionic channels to provide an easy pathway for proton 

conduction.  It is believed that the arrangement of the ionic and crystalline regimes in 

Nafion can be altered by the processing history.6  For example, when extruded Nafion is 

transformed into fine dispersions in an alcohol/water mixture and cast into a membrane 

(often called “recast” Nafion), its mechanical properties and proton conductivities are 

significantly different from those of the extruded film.  Moore et al discovered that recast 

Nafion was “mud-cracked”, brittle, and could form a fine dispersion at room temperature 

in several polar organic solvents which are not observed for an extruded Nafion 

membrane.6  Further WAXD and SAXS studies revealed that a recast membrane was 

virtually amorphous while extruded Nafion was semicrystalline.      

 

2.4.2. Self Assembly Properties of Block Copolymers 

 Knowing that the morphologies of ionomer membranes play a crucial role in ion 

transport phenomenon, intense efforts have been made to enhance proton conductivity 

and other properties of PEMs by tailoring their morphologies.  The main research goal to 
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obtain high performance PEMs has been focused on an establishment of nano-phase 

separated morphology of hydrophilic and hydrophobic domains in PEMs by using block 

copolymers.  

 Block copolymers can be defined as polymers which consist of two or more 

segments of homopolymers (blocks) joined by covalent bonds.180, 181  In general, block 

copolymers can be classified in three main categories: diblock copolymer, triblock 

copolymers, multiblock copolymers.  They are sometimes referred to as AB, ABA, and 

(AB)n type copolymers, respectively.  In addition to these conventional block copolymers, 

there are special types of block copolymers including ABC type block copolymers and 

star block copolymers (Figure 2.42).  

 

 

 
Figure 2. 42. Schematic Representation of Different Types of Block Copolymers. 
 

 

One of the interesting features of block and graft copolymers is their ability to self 

assemble to afford various types of microphase separated morphologies.181-183  For 
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symmetric diblock copolymers (AB), it is known that several different equilibrium 

symmetries are possible: lamellae, hexagonal-packed cylinders, bicontinuous gyroid, and 

body-centered cubic arrays (Figure 2.43).  If there are more than three different 

components in block copolymers, numerous phases can be generated and more than 30 

morphologies have been identified for ABC type block copolymers.  

 

Figure 2. 43. Equilibrium Morphologies for Symmetric Diblock Copolymers as a 
Function of Compositions. Reprinted with Permission from Current Opinion in Solid 
State & Materials Science.184 Copyright 2005 Elsevier. 
 

 

The phase behavior of block copolymers can be illustrated by a morphology 

diagram in terms of volume fraction of one component(f) (Figure 2.44) where χN 

represents the enthalphic-entropic balance (χ is the Flory-Huggins interaction parameter, 

N is the degree of polymerization).  When the χN value exceeds its order-disorder 

transition value [(χN)ODT], the block copolymer initiates its microphase separation into a 

periodically ordered structure.  It is believed that the extent of microphase separation of 

block copolymer is dictated by three factors of the segments: 1) compositional 

incompatibility 2) molecular weight of each segment, and 3) ability to form crystallites 

by segments.  
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Figure 2. 44. Phase Diagram for a Symmetric Diblock Copolymers. In the Phase 
Diagram, Regions of Stability of Disordered (dis), Lamellar (lam), Gyroid (gyr), 
Hexagonal (hex) and Body-centered Cubic (bcc) Phases are Indicated. Reprinted with 
Permission from Current Opinion in Solid State & Materials Science.184 Copyright 2005 
Elsevier. 
 

 

This spontaneous formation of well defined phase-separated morphology of block 

copolymers attracted many scientists for their possible PEM applications. Figure 2.45 

shows co-continuous phase-separated morphology in the styrene-butadiene diblock 

copolymer system.185  They hypothesized that if well defined co-continuous lamellar 

structures can be developed in PEMs with hydrophobic-hydrophilic block copolymers 

similar to a styrene-butadiene system, continuous hydrophilic channels will provide easy 

pathways for proton conduction especially under low relative humidity conditions. 
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A. Noshay and J.E. McGrath, "Block Copolymers: Overview and Critical 
Survey," 520 pages, Academic Press, New York, January 1977, p.91.
A. Noshay and J.E. McGrath, "Block Copolymers: Overview and Critical 
Survey," 520 pages, Academic Press, New York, January 1977, p.91.  

Figure 2. 45. Co-continuous Phase-separated Morphology in Styrene-butadiene Diblock 
Copolymer. 
 

2.4.3. Recent Research Trends on Block Copolymers as PEMs  

To utilize the self-assembly ability of block copolymers for PEM applications, a 

variety of block copolymers based on hydrophilic-hydrophobic segments has been 

explored.  Among numerous types of block copolymers, the most extensively studied 

block copolymers are disulfonated poly(arylene ether sulfone) based multiblock 

copolymers.  As described earlier, disulfonated poly(arylene ether sulfone) based random 

copolymers (BPSH) show excellent proton conductivity under fully hydrated conditions 

as well as exceptional mechanical and chemical stabilities.  The major drawback of 

BPSH type PEMs is low conductivity under low humidity conditions.  McGrath et. al 

have tried to overcome this weakness of BPSH type PEM by adopting multiblock 

architectures.13, 14, 186-189  The researchers prepared fully disulfonated poly(arylene ether 

sulfone)s as hydrophilic blocks and conducted coupling reactions with different types of 

hydrophobic blocks to produce multiblock copolymers (Figure 2.46).       
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Figure 2. 46. Disulfonated Poly(arylene ether sulfone) Hydrophilic Segments Based 
Multiblock Copolymers. 
 

 Multiblock copolymers A,188 B,190 and C186 utilize fluorine containing 

decafluorobiphenyl monomers to produce hydrophobic segments for enhanced phase 

separation.  A hexafluoroisopropylidene unit, an isopropylidene unit, and a sulfone unit 

containing comonomers are used for hydrophobic block synthesis respectively to 

differentiate their chemical structures.  The study of structure-property correlation by 

proton conductivity and self-diffusion coefficient of water revealed that the length of 
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hydrophilic and hydrophobic blocks plays a critical role in the transport properties.  The 

self-diffusion coefficient of water, which cannot only explain transport properties but also 

reflects the extent of morphological barrier of water increases with increasing block 

lengths.  In addition, the proton conductivities showed a similar increasing trend as the 

block length increases and the enhancement of proton conductivity was more significant 

under partially hydrated conditions.186 (Figure 2. 47)    

 

 

Figure 2. 47. Proton Conductivity of BisSF-BPSH ( Structure C in Figure 2.4.6  under 
Partially Hydrated Conditions). Reprinted with Permission from Journal of Membrane 
Science.191 Copyright 2009 Elsevier. 
 
 

 Similar trends were observed for other multiblock copolymers and the authors 

concluded that block lengths of the multiblock copolymers dictate the morphologies of 

the copolymer membranes and the morphologies can be tailored by altering block lengths 

to maximize the performances as PEMs.  
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 A different approach to preparing block copolymers by utilizing poly(arylene 

ether sulfone) was explored by Holdcroft.et.al.192-195  The researchers synthesized 

phenoxide terminated poly(arylene ether sulfone) by a step-growth polymerization of 

bisphenol-A monomer.  The resulting poly(arylene ether sulfone) oligomers were reacted 

with bromine terminated polyvinylidene fluoride(PVDF) oligomers to produce 

multiblock copolymers.  Sulfonic acid groups which facilitate proton conduction were 

introduced by post-sulfonation with trimethylsilyl chlorosulfonate.  The reaction scheme 

of polysulfone and poly(vinylidene fluoride) based multiblock copolymers(SPSF-b-

PVDF) are shown in Figure 2.48.  



 79

SCl Cl

O

O

CHO OH

CH3

CH3

+

1. DMAc / Toluene
    150-160 C, K2CO3
    Reflux, 15 h
2. Excess Bisphenol A
    150-160 C, K2CO3
    Reflux, 5 h

CHO O

CH3

CH3

S

O

O

CO OH

CH3

CH3

m

+

CF2CF2 CH2CF2

NaH
RT, 6 h

C O
CH3

CH3
S
O

O
CO O
CH3

CH3

1.  (CH3)3SiSO3Cl
     CHCl3
     RT, 24 h
2. CH3ONa
      RT, 1 h

CF2CF2 CH2CF2
n

Br Br

3.  DMF
4.  2M HCl

A
B

n

CF2CF2 CH2CF2C O
CH3

CH3
S
O

O
CO O
CH3

CH3

A
B

n

SO3H

A=21   B=17  n=2  

 
Figure 2. 48. Synthesis of SPSF-b-PVDF Block Copolymer.194 
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To evaluate the effects of the fluorine containing hydrophobic blocks in the 

system, the multiblock copolymers were examined in terms of proton conductivity and 

morphology.  Then, the data were compared with a statistically copolymerized sulfonated 

bisphenol A based poly(arylene ether sulfone) (SPSF).  The proton conductivity 

comparison between SPSF and SPSF-b-PVDF revealed that SPSF-b-PVDF have four 

orders greater proton conductivities than those of SPSF random copolymers in the low 

IEC region (e.g., lower than 1.0 mequi/g).  However, as the IEC increases, the 

conductivity difference became smaller and diminishes entirely when IEC is higher than 

1.5 mequi/g. (Figure 2.49)  They explained the high conductivity of the block copolymers 

at lower IEC is due to the assistance of the fluorocopolymer the development of ionic 

aggregates and an ionic network.  In addition, the disappearance of conductivity 

enhancement in high IEC regime was explained by higher acid concentrations in the 

membrane which can easily form ionic networks. 

 

 

Figure 2. 49. Proton Conductivity vs. IEC of Multiblock Copolymer (SPSF-b-
PVDF(Square) and Random SPSF (Diamond).194 
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 Except sulfonated poly(arylene ether sulfone) based block copolymers, sulfonated 

polyimide may be the most intensively and systematically explored PEM material among 

other block copolymer systems.  Genies et al. investigated series of sequenced sulfonated 

naphthalenic polyimides with different chemical components.163  Figure 2.50 shows the 

synthetic strategy to produce segmented sulfonated polyimide copolymers.  
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Figure 2. 50. Synthetic Scheme for Segmented Sulfonated Polyimides.163 
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In the first polymerization step, oligomeric sulfonated polyimide is synthesized via step 

growth polymerization with 4,4’-diamino-2,2’-biphenyl disulfonic acid (BDA) and 

1,4,5,8-tetracarboxylic dianhydride (NDA).  The diamine telechelic functionality and 

molecular weight of the resulting sulfonated polyimide were adjusted by varying feed 

ratios of two monomers.  In the second polymerization step, pre-made sulfonated 

polyimide blocks were coupled with NDA and various non-sulfonated diamine 

monomers.  The control of the IEC value of the copolymers was adjusted by the molar 

ratio of BDA and the unsulfonated diamines.  

 The principal characteristics such as proton conductivity and water uptake were 

determined for the sulfonated naphthalenic block copolymers in terms of sulfonated 

block length.  The water uptake values ranged from 14 to 47% for IEC values varying 

from 0.5 to 1.9 meq/g.  As the hydrophilic block length increases, a linear increase in 

water uptake and λ ([H2O]/[SO3H]) was observed.  However, proton conductivity which 

can be typically related to the water uptake and λ did not show the same trend.  The 

proton conductivity decreased for longer ionic block length.  They demonstrated that the 

decreased conductivity of high IEC is due to the ionic domain percolation.  For low IEC 

samples, there are not enough ionic groups to establish continuous ionic domains and the 

proton conductivities will be directly proportional to the IEC values.  However, once the 

IEC values reach the percolation threshold, the proton conductivity is no longer dictated 

by the IEC while the water uptake still increases along with increasing IEC. 

 In this dissultation, novel multiblock copolymers with hydrophilic-hydrophobic 

sequences are reported including their syntheses and investigation for their potential 

application as PEMs. The hydrophilic-hydrophobic sequences in the systems are 
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expected to form nanophase separated morophologies which can improve proton 

conductivity especially under partially hydrated conditions. The relationship between 

copolymer chemical composition and resulting properties will be probed with a variety of 

hydrophilic and hydrophobic segments. The correlation between the fuel cell 

performances and the hydrophilic-hydrophobic sequences will be also evaluated.   
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3.1. Abstract 
Segmented disulfonated poly(arylene ether sulfone)-b-polyimide copolymers 

based on hydrophilic and hydrophobic oligomers were synthesized and evaluated for use 

as proton exchange membranes (PEMs).  Amine terminated sulfonated poly(arylene ether 

sulfone) hydrophilic oligomers and anhydride terminated naphthalene based polyimide 

hydrophobic oligomers were synthesized via step growth polymerization including high 

temperature one-pot imidization.  Synthesis of the multiblock copolymers was achieved 

by an imidization coupling reaction of hydrophilic and hydrophobic oligomers in a m-

cresol/NMP mixed solvent system, producing high molecular weight tough and ductile 

membranes.  Proton conductivities and water uptake increased with increasing ion 

exchange capacities (IECs) of the copolymers as expected.  The morphologies of the 

multiblock copolymers were investigated by tapping mode atomic force microscopy 

(TM-AFM) and their measurements revealed that the multiblock copolymers had well-

defined nano-phase separated morphologies which were clearly a function of block 

lengths.  Hydrolytic stability testing at 80 ºC in water for 1000 hr showed that multiblock 

copolymer membranes retained intrinsic viscosities of about 80% of their original values 

and maintained flexibility which was much improved over polyimide random copolymers.  

The synthesis and fundamental properties of the multiblock copolymers are reported here 

and the systematic fuel cell properties will be provided in a separate article.     

 

Keywords: multiblock copolymer; sulfonated poly(arylene ether sulfone); 

polyimide; phase separated morphology; proton exchange membrane  
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3.2. Introduction 
The fuel cell is an energy conversion device which directly transforms the chemical 

energy of fuels such as hydrogen and methanol into electrical energy.1  The fuel cell has 

been gaining serious attention as a next-generation energy device owing to its advantages 

including high efficiency, high energy density, quiet operation, and environmental 

friendliness relative to conventional energy generators such as internal combustion 

engines.2  Among the various types of fuel cells, the proton exchange membrane fuel cell 

(PEMFC) is considered to be the most promising power source for portable and 

automotive applications.3, 4  As its name implies, one of the core components of a 

PEMFC is the proton exchange membrane (PEM).  Currently, the state-of-the-art PEMs 

are perfluorinated sulfonated ionomer membranes, such as Nafion® (DuPont), Aciplex® 

(Asahi Kasei), and Flemion® (Asahi Glass).5  These membranes have good mechanical 

strength and high chemical stability along with high proton conductivity, especially under 

high relative humidities at moderate operation temperatures.6  However, at high operation 

temperatures (>80°C), which are essential for practical applications, mechanical and 

electrochemical properties of the perfluorinated membranes are severely deteriorated by 

the depressed hydrated α relaxations of the membranes.7, 8  These disadvantages and 

others, such as cost, have limited perfluorinated membranes’ applicability and triggered 

the quest for alternative membranes.     

Much effort has been devoted in the study of aromatic polymers, including sulfonated 

poly(arylene ether sulfone)s, poly(ether ether ketone)s, and polybenzimidazoles, in order 

to find cost-effective and high performance PEMs.9, 10  Among them, 4, 4’-biphenol-

based disulfonated poly(arylene ether sulfone) random copolymers (BPSH) are strong 

candidates as alternative membranes and have been extensively investigated in high 
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temperature PEM applications.  These random copolymers were synthesized via direct 

step-growth polycondensation by using disulfonated and/or non-sulfonated dihalide 

diphenyl sulfone and biphenol type monomers.11  Even though BPSH-type membranes 

demonstrated enhanced stability at high temperatures and performance comparable to 

Nafion®, their proton conductivities under low relative humidity were inadequate.12  To 

increase the proton conductivity under partially hydrated conditions, the degree of 

disulfonation was increased.  However, once the degree of disulfonation reaches 60 

mol%, a percolated hydrophilic phase appears and results in excessive water swelling, 

forming a hydrogel that is impractical as a PEM.13, 14     

Recently, PEMs based on multiblock copolymers have been considered as a solution 

to overcome the drawbacks of a random copolymer system.15, 16  PEMs based on 

segmented multiblock copolymers consist of ion conducting hydrophilic blocks and 

mechanically robust hydrophobic blocks.  Once they are cast into membranes, they 

exhibit unique phase separated morphologies and each phase governs independent or 

distinct properties.  The ionic groups of the hydrophilic blocks act as proton conducting 

sites while the nonionic hydrophobic component provides dimensional stability.  In the 

case of direct methanol fuel cells (DMFCs), the hydrophobic component may serve as a 

barrier against methanol transport.17, 18  The proton conductivities, water uptake, and 

mechanical properties of multiblock copolymer based PEMs can be tailored by carefully 

adjusting the relative lengths of their hydrophilic and hydrophobic blocks.19 

 One strong candidate for the hydrophobic blocks in multiblock copolymer-based 

PEMs may be polyimides due to their high performance properties.20, 21  These properties 

include excellent thermal stability, high mechanical strength, good film-forming ability, 
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low gas permeability, and superior chemical resistance.  Not all polyimides are ideal for 

PEM applications.  For example, conventional five-membered ring polyimides based on 

phthalic anhydride are easily degraded under acidic conditions due to the ease of 

hydrolysis of imido rings.22-25  Several scientists have shown that this problem can be 

partially addressed by using six-membered ring polyimides, which are found to be more 

hydrolytically stable under acidic conditions than five-membered ring polyimides, yet 

slow hydrolysis can still be problematic.26-31 

In this paper, the synthesis of a full series of multiblock copolymers produced by a 

coupling reaction between hydrophilic BPSH oligomers and hydrophobic polyimide 

oligomers as an extension of our earlier research is reported.32 The BPSH oligomers were 

capped with primary amine groups and prepared with different block lengths ranging 

from 5 kg/mol to 20 kg/mol. These functionalized BPSH telechelic oligomers were then 

combined with controlled molecular weight anhydride terminated naphthalene based 

polyimide oligomers of the same molecular weight range to produce high molecular 

weight multiblock copolymers. By the described synthetic route, a series of multiblock 

copolymers with different block lengths was synthesized and fundamental properties 

were characterized. This paper also evaluates the effect of block lengths in terms of the 

morphologies and membrane properties, including atomic force microscopy (AFM), 

impedance spectroscopy, and hydrolytic stability.  
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3.3. Experimental 

3.3.1. Materials 

N,N-Dimethylacetamide (DMAc), N-methyl-2-pyrrolidinone (NMP), 3-methylphenol 

(m-cresol), and toluene were purchased from Aldrich and distilled from calcium hydride 

before use.  Monomer grade 4,4’-dichlorodiphenyl sulfone (DCDPS) and 4,4’-biphenol 

(BP) were provided by Solvay Advanced Polymers and  Eastman Chemical Company, 

respectively, and vacuum dried at 110 °C prior to use.  1,4,5,8-

Naphthalenetetracarboxylic dianhydride (NDA) and fuming sulfuric acid (SO3 content 

~30%), were used as received from Aldrich.  Bis[4-(3-aminophenoxy)phenyl]sulfone (m-

BAPS) was purchased from TCI and purified by recrystallization from ethanol.  3-

Aminophenol (m-AP) was purchased from Aldrich and sublimed in vacuo before use.  

Potassium carbonate, benzoic acid, ethanol, 2-propanol (IPA), and isoquinoline were 

purchased from Aldrich and used without further purification. 

 

3.3.2. Synthesis of 3,3’-Disulfonated-4,4’-dichlorodiphenylsulfone 

3,3’-Disulfonated-4,4’-dichlorodiphenylsulfone (SDCDPS) was prepared by the reaction 

of DCDPS and fuming sulfuric acid. The detailed synthesis of and purification of 

SDCDPS has been described in the literature.33   
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3.3.3. Synthesis of Controlled Molecular Weight Disulfonated Poly(arylene ether 

sulfone)s with Telechelic Amine Functionality   

Disulfonated poly(arylene ether sulfone) hydrophilic blocks (BPSH) with molecular 

weights ranging from 5 to 20 kg/mol were synthesized via nucleophilic aromatic 

substitution.  Molecular weight control and telechelic amine functionality of BPSH 

hydrophilic blocks were achieved by using stoichiometrically adjusted amounts of 

monomers (BP, SDCDPS) and end-capping reagent (m-AP).  A typical coupling reaction 

was performed as follows: 7.54 g (40.5 mmol) of BP, 21.61 g (44.0 mmol) of SDCDPS, 

0.77 g (7.1 mmol) of m-AP and 7.05 g (51 mmol) of potassium carbonate were added to a 

three-necked 250-mL flask equipped with a condenser, a Dean Stark trap, a nitrogen 

inlet/outlet, and a mechanical stirrer.  Distilled DMAc (70 mL) and toluene (35 mL) were 

added to the flask.  The solution was allowed to reflux at 150 °C while the toluene 

azeotropically removed the water in the system.  After 4 h, the toluene was completely 

removed from the flask by slowly increasing the temperature to 180 ºC. The reaction was 

allowed to proceed for another 96 h.  The resulting viscous solution was cooled to room 

temperature and diluted with DMAc to facilitate filtration.  After filtration, the polymer 

solution was coagulated in IPA.  The polymer was dried at 120 °C in vacuo for at least 24 

h. 

 

3.3.4. Synthesis of Controlled Molecular Weight Anhydride-terminated Polyimides   

Naphthalene dianhydride-based polyimide hydrophobic blocks with molecular weights 

ranging from 5 to 20 kg/mol were synthesized via a one-pot high temperature imidization 

process.  Molecular weight control and end group functionality were achieved by 
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stoichiometrically adjusted amounts of the monomers.  A typical coupling reaction was 

performed as follows: 4.96 g (18.5 mmol) of NDA, 7.05 g (16.3 mmol) of m-BAPS, and 

2.26 g (18.5 mmol) of benzoic acid were dissolved in 108 mL of m-cresol in a three-

necked 250-mL flask equipped with a condenser, a Dean Stark trap, a nitrogen 

inlet/outlet and a mechanical stirrer.  The reaction mixture was heated at 80 ºC for 4 h 

and then at 180 ºC for 12 h.  Then 2.39 g (18.5 mmol) of isoquinoline was added and the 

reaction was conducted at 180 ºC for another 12 h.  The resulting dark red polymer 

solution was precipitated in IPA.  The polymer was filtered and purified in a Soxhlet 

extractor with methanol overnight.  The polymer was dried at 120 °C in vacuo for at least 

24 h. 

 

3.3.5. Synthesis of Hydrophilic-hydrophobic  Multiblock Copolymers 

A series of multiblock copolymers was synthesized via a modified one-pot high 

temperature imidization.  The series consisted of 16 different copolymers with a 

systematic combination of hydrophilic and hydrophobic block lengths.  A typical 

coupling reaction was performed as follows: 3.0 g (0.6 mmol) of hydrophilic oligomer 

( nM  = 5 kg/mol), 3.0 g (0.6 mmol) of hydrophobic oligomer ( nM = 5 kg/mol), 0.73g (6 

mmol) of benzoic acid, and 30 mL of NMP were added to a three-necked 100-mL flask 

equipped with a mechanical stirrer, and a nitrogen inlet/outlet.  The reaction mixture was 

heated at 80 ºC for 4 h to obtain a homogeneous solution.  Approximately 15 mL of m-

cresol was slowly added until the mixture became inhomogeneous.  The solution 

homogeneity was recovered by adding additional NMP (approximately 15 mL) to 

achieve a final solution concentration of approximately 10% (w/v) solid.  A coupling 
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reaction was conducted at 180 ºC for 12 h and then 0.78 g (6 mmol) of isoquinoline was 

added.  The reaction was allowed to proceed for another 12 h at 180 ºC.  The resulting 

dark red viscous polymer solution was precipitated in IPA.  The polymer was filtered and 

purified in a Soxhlet extractor with methanol overnight.  The polymer was dried at 

120 °C in vacuo for at least 24 h. 

 

3.3.6. Characterization 

 1H NMR analyses were conducted on a Varian INOVA 400 MHz spectrometer with 

DMSO-d6 to confirm the chemical structures of oligomers and copolymers.  1H NMR 

spectroscopy was also used to determine copolymer compositions and molecular weights 

of the oligomers via end-group analyses.  Intrinsic viscosities were determined in NMP 

containing 0.05 M LiBr at 25 ºC using an Ubbelohde viscometer.  Thermooxidative 

behavior of both the salt- and acid-form copolymers was measured on a TA Instruments 

TGA Q500.  The samples were evaluated over the range of 80-800 °C at a heating rate of 

10 °C/min in air. The ion exchange capacity (IEC) values of the acid-form copolymers 

were determined by titration with 0.01 M NaOH.     

 

3.3.7. Film Casting and Membrane Acidification  

Copolymer membranes in the potassium sulfonate salt form were prepared by solution 

casting.  The copolymers were dissolved in NMP (10% w/v), filtered through 0.45 µm 

Teflon® syringe filters, and cast onto clean glass substrates.  The solvent was evaporated 

under an infrared lamp for 48 h, resulting in transparent, tough, and flexible films.  The 

films were further dried in vacuo at 120 °C for 24 h to remove residual solvent.  The salt 
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form films were acidified by boiling in 0.5 M sulfuric acid for 2 h, followed by boiling in 

deionized water for 2 h.  

 

3.3.8. Determination of Proton Conductivity and Water Uptake  

Proton conductivities were measured in liquid water at 30 °C.  All conductivity 

measurements were made using a Solartron (1252A +1287) impedance/gain-phase 

analyzer over the frequency range of 10 Hz - 1 MHz.  The conductivity of the membrane 

was determined from the geometry of the cell and resistance of the film which was taken 

at the frequency that produced the minimum imaginary response.  To obtain water uptake 

values, membranes were dried in vacuo for 24 h at 100 °C, weighed, and then immersed 

in deionized water at room temperature for 24 h.  The wet membranes were blotted dry 

and immediately re-weighed.  The water uptake of the membranes was calculated from 

the ratio of the increase in membrane weight divided by the dry membrane weight and 

expressed as a weight percent. 

 

3.3.9. Atomic Force Microscopy (AFM) Characterization 

AFM images were obtained with a Digital Instruments MultiMode scanning probe 

microscope with a NanoScope IVa controller (Veeco Instruments, Santa Barbara, CA) in 

tapping mode.  A silicon probe (Veeco) with an end radius of less than 10 nm and a force 

constant of 5 N/m was used to image samples.  The ratio of amplitudes used in the 

feedback control was adjusted to 0.90-0.98 of the free-air amplitude.  The samples were 

dried in vacuo at 60 °C for 3 h and then equilibrated at 30% relative humidity for at least 
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12 h before being imaged immediately at room temperature and a relative humidity of 

approximately 15-20% . 

 

 

3.4. Results and Discussion 

3.4.1. Synthesis of Hydrophilic and Hydrophobic Oligomers 

Amine-terminated sulfonated poly(arylene ether sulfone) hydrophilic oligomers 

(BPSH) were synthesized via polycondensation of SDCDPS, BP, and m-AP (Fig. 3.1).  

The m-AP was used as an end-capping agent to produce amine telechelic functionality of 

the oligomers.  The target number-average molecular weights of the BPSH oligomers 

were 5, 10, 15, and 20 kg/mol.  Control of molecular weight was achieved by 

stoichiometric imbalance of monomers and end-capping agent.  The number-average 

molecular weights of the BPSH oligomers were determined by 1H NMR spectra end 

group analysis.  The peaks at 6.15 and 8.25 ppm were assigned to the protons on the m-

AP moieties, which are located at the end of the oligomers, and the protons on the phenyl 

ring next to the sulfonated groups, respectively (Fig. 3.2).  The integrals of both peaks 

were compared to calculate the number-average molecular weights of the hydrophilic 

oligomers (Table 3.1). These match well with the target molecular weights. 
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Figure 3. 1. Synthesis of an Amine-terminated Disulfonated Hydrophilic Oligomer. 
 

 

Figure 3. 2. 1H NMR Spectrum of an Amine-terminated Disulfonated Hydrophilic 
Oligomer. 
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Table 3. 1. Characterization of Hydrophilic and Hydrophobic Telechelic Oligomers.  
 

Hydrophilic Blocks  Hydrophobic Blocks Target 
Mn 

(g mol-1) Mn (g mol-1)a
 IV (dL g-1)b  Mn (g mol-1)a

 IV (dL g-1)b 

5,000 5,500 0.18  5,600 0.16 

10,000 9,800 0.28  10,200 0.22 

15,000 14,500 0.30  17,200 0.34 

20,000 20,100 0.47  23,800 0.41 
a Determined by 1H NMR. 
b In NMP with 0.05 M LiBr at 25 ºC. 
 

Naphthalene dianhydride-based polyimide hydrophobic oligomers (PI) were 

synthesized via a one-pot high-temperature imidization of NDA and m-BAPS (Fig. 3.3).  

NDA is a six-membered ring anhydride, and due to lower strain in the structure, is less 

reactive with amines than five-membered ring anhydrides.  To overcome the low 

reactivity of NDA, benzoic acid and isoquinoline were used as catalysts.26, 34  In addition, 

the imidization was carried out in m-cresol, which has been reported as the sole 

successful solvent for the synthesis of six-membered ring polyimides.26-31  The molecular 

weight control and anhydride end group functionality of the oligomers were achieved by 

offsetting monomer stoichiometry.  The number-average molecular weights of the PI 

oligomers were determined by 1H NMR spectra.  The peaks ranging from 8.5 to 8.7 ppm 

and from 7.8 to 8.0 were assigned to the protons on the naphthalene moieties and the 

protons on the m-BAPS phenyl ring, respectively (Fig. 3.4).  By comparing the integrals, 

number-average molecular weights were determined and are summarized in Table 3.1. A 

log-log plot between intrinsic viscosity and number-average molecular weight showed a 

linear relationship, confirming successful control of molecular weight for each 

hydrophilic and hydrophobic block series (Fig. 3.5, 3.6).  
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Figure 3. 3. Synthesis of an Anhydride-terminated Polyimide Hydrophobic Oligomer. 
 
 
 
 

 

Figure 3. 4. 1H NMR Spectrum of an Anhydride-terminated Polyimide Hydrophobic 
Oligomer. 
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Figure 3. 5. Double Logarithmic Plot of [η] versus Mn of Disulfonated Poly(arylene ether 
sulfone) Hydrophilic Oligomers. Intrinsic Viscosity was Measured in NMP with 0.05 M 
LiBr at 25 ºC. 
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Figure 3. 6. Double Logarithmic Plot of [η] versus Mn of Polyimide Hydrophobic 
Oligomers. Intrinsic Viscosity was Measured in NMP with 0.05 M LiBr at 25 ºC. 
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3.4.2. Synthesis of BPSH-PI Multiblock Copolymers 

A series of multiblock copolymers was synthesized by an imidization coupling 

reaction between amine moieties on the BPSH oligomers and anhydride moieties on the 

PI oligomers (Fig. 3.7).  As described in the section on PI synthesis, a successful 

imidization of six-membered ring anhydrides needs to be conducted in m-cresol with 

catalysts.  However, the coupling reaction between BPSH and PI oligomers in m-cresol 

was unsuccessful due to the insolubility of BPSH oligomers in m-cresol.  Although many 

sulfonated compounds can be dissolved in m-cresol by converting the sulfonic acid 

groups into triethylammonium salts,26-31 this modification did not improve the solubility 

of the BPSH oligomers.  For this reason, early attempts of the coupling reaction were 

performed in NMP, which dissolved both BPSH and PI oligomers.  Unfortunately, the 

coupling reaction in the absence of m-cresol resulted in relatively low molecular weight 

multiblock copolymers.  Their intrinsic viscosities ranged from 0.3 to 0.45 dL g-1 and the 

copolymers did not produce tough ductile membranes (Table 3.2).  

This low degree of coupling reaction was addressed by utilizing a mixed solvent 

system which consisted of m-cresol and NMP.  By using a mixed solvent system, NMP 

provided good solubility of both oligomers, and this afforded homogeneous solutions 

wherein m-cresol facilitated the imidization coupling reaction.  On the NMR spectrum of 

BPSH5-PI5 copolymer, the disappearance of the end group peaks of the BPSH oligomer 

confirmed that the coupling reaction was successful (Fig. 3.8).  The BPSH-PI multiblock 

copolymers which were synthesized from the mixed solvent system showed higher 

intrinsic viscosities and produced tough, ductile membranes.  A comparison of the 

membrane properties synthesized in different solvents is summarized in Table 3.2.   
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Table 3. 2. Comparison of Membrane Properties of BPSHx –PIy a Copolymers 
Synthesized in Different Reaction Solvents.  
 

NMP  Mixed Solvent  
( NMP + m-Cresol ) 

Copolymers 
IV 

(dL g-1)b 

Water 
Uptake 

(%) 

Conductivity 
(S cm-1)c 

 IV 
(dL g-1)b 

Water 
Uptake 

(%) 

Conductivity 
(S cm-1)c 

BPSH5 – PI5 0.30 58 0.054 

 

0.50 55 0.090 

BPSH10 – PI10 0.35 100 0.060 
 

0.63 70 0.100 

BPSH15 – PI15 0.40 -d -d 

 

0.68 85 0.110 

BPSH20 – PI20 0.44 -d -d 

 

1.20 56 0.100 

a Acronym for copolymers (BPSHx – PIy) :  
x = molecular weight of the hydrophilic block (BPSH) in units of kg/mol  
y = molecular weight of the hydrophobic block (polyimide) in units of kg/mol 

b In NMP with 0.05 M LiBr at 25 ºC 
c Measured in deionized water at 30 ºC 
d Not available due to poor mechanical strength of hydrated film 
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Figure 3. 7. Synthesis of a Segmented Sulfonated Poly(arylene ether sulfone)-b-
polyimide Copolymer. 
 
 
 

 

Figure 3. 8. 1H NMR Spectrum of a Poly(arylene ether sulfone)-b-polyimide Copolymer. 
Black Arrows Represent the Disappearance of the Amine End Groups on the Hydrophilic 
Blocks after the Coupling Reaction with Anhydride-terminated Hydrophobic Blocks.  
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3.4.3. Characterization of Membrane Properties of BPSH-PI Multiblock 

Copolymers 

The IEC values of the copolymers were determined by titrating the acid form 

membranes in aqueous sodium sulfate solution with standard sodium hydroxide solution 

(0.01 N).  In all cases, the IEC values agreed with the theoretical values (Table 3.3).  The 

proton conductivities of the multiblock copolymers were measured under fully hydrated 

conditions in water at room temperature.  The proton conductivities showed linear 

correlation with the IECs and increased up to 1.6 S cm-1 at an IEC of 1.9 meq g-1.  

Conductivities of the samples with IECs higher than 1.9 meq g-1 could not be determined 

due to the poor mechanical strength of the hydrated membranes.  The water uptake of the 

multiblock copolymers was investigated as a function of IEC (Fig. 3.9).  It also exhibited 

a linear relationship with IEC values up to 1.8 meq g-1.  However, once the IEC reached 

1.8 meq g-1, a drastic increase in water uptake was observed and the membranes became 

highly swollen hydrogels.  This phenomenon can be explained by the development of a 

percolated morphology in the hydrophilic phase.10  A systematic explanation of the 

relationship between IECs, water uptake and proton conductivity will be provided in a 

separate article.  

Thermal and oxidative stabilities of the copolymers in their acid form were 

investigated by TGA.  The copolymer samples were pre-heated at 200 ºC for 10 min in 

the TGA furnace to remove the moisture.  The TGA was conducted from 100 to 800 ºC at 

a heating rate of 10 ºC min-1 under air (Fig. 3.10).  All films displayed a two-step 

degradation profile.  The initial weight loss was observed from 300 ºC and was assigned 

to the decomposition of sulfonic acid groups on the BPSH block.  The second 

decomposition, which ranged from 550 to 650 ºC, was assigned to main-chain polymer 
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degradation.  As the hydrophilic component of the copolymer increased, the weight loss 

between 300 and 400 ºC increased due to the increase of sulfonic acid content in the 

copolymer. 

Table 3. 3. Properties of BPSH–PI Multiblock Copolymers in the Sulfonic Acid Form.  
 

Copolymers 
Calculated 

IEC 
(meq g-1) 

Experimental 
IEC 

(meq g-1)a 

Intrinsic 
Viscosity 
(dL g-1)b 

Water 
Uptake 

(%) 

Conductivity 
(S cm-1)c 

Temp. at 5% 
Weight Loss  

(ºC)d 

BPSH5 – PI5 1.63 1.65 0.50 55 0.090 367 

BPSH5 – PI10 1.13 1.09 0.74 22 0.018 448 

BPSH5 – PI15 0.80 0.78 0.71 15 0.010 484 

BPSH5 – PI20 0.62 0.53 0.71 12 0.006 493 

BPSH10 – PI5 2.10 1.98 0.61 -e -e 340 

BPSH10 – PI10 1.59 1.57 0.63 70 0.100 346 

BPSH10 – PI15 1.20 1.17 0.72 40 0.073 351 

BPSH10 – PI20 0.96 0.86 0.92 24 0.030 507 

BPSH15 – PI5 2.38 2.12 0.77 -e -e 347 

BPSH15 – PI10 1.91 1.83 0.71 156 0.161 369 

BPSH15 – PI15 1.51 1.55 0.68 85 0.110 373 

BPSH15 – PI20 1.25 1.12 0.89 38 0.055 510 

BPSH20 – PI5 2.58 2.20 0.75 -e -e 317 

BPSH20 – PI10 2.17 2.02 0.92 -e -e 333 

BPSH20 – PI15 1.78 1.71 0.83 97 0.092 345 

BPSH20 – PI20 1.51 1.20 1.20 56 0.100 365 

 
a Determined by titration with NaOH. 
b In NMP with 0.05 M LiBr at 25 ºC. 
c Measured in deionized water at 30 ºC. 
d Conducted under air. 
e Not available due to poor mechanical strength of the hydrated film. 
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Figure 3. 9. Influence of IEC on Water Uptake of BPSH-PI Multiblock Copolymers. 
 

 

Figure 3. 10. TGA Thermograms of BPSH-PI Multiblock Copolymers with Different 
Hydrophilic and Hydrophobic Block Lengths. 
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3.4.4. Morphological Characterization of the Multiblock Copolymers 

Phase separated morphologies of the cast film surfaces were characterized by 

tapping mode atomic force microscopy (TM-AFM).  It has been shown that water 

adsorbed on the surface of a sample increases adhesive forces between the tip and 

sample.35 This causes energy dissipation which results in a phase lag between the 

cantilever’s oscillation and the initial oscillation imparted by the piezoelectric actuator.  

In these BPSH-PI films, the ionic groups on the BPSH adsorb water, resulting in an 

increased phase lag.  Consequently, the ionic domains of the films appear darker in the 

TM-AFM phase images while the non-ionic domains appear brighter.  Contrast in the 

TM-AFM height images is based on height; lower features appear darker and higher 

features appear brighter. 

TM-AFM images were obtained for the BPSH-PI copolymers.  While phase 

separated morphologies were observed for multiblock copolymers with unequal block 

lengths, the sharpest and most uniform phase separated morphologies were observed for 

the copolymers with equal block lengths (Fig. 3.11).  The brighter non-ionic domains 

increased in size from small round domains (Fig. 3.11a) to co-continuous lamellar 

structures (Fig. 3.11c) as block length increases.  The darker ionic domains also formed 

longer channels with increasing block length.  These morphologies were not limited to 

isolated regions within each membrane, but existed over longer scales across each 

membrane surface as evidenced by the uniform, long-range order displayed in the height 

and phase micrographs of BPSH15-PI15 (Fig. 3.11d and 3.11e). 
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Figure 3. 11. (a)-(c) Tapping Mode AFM Phase Images of BPSH-PI Multiblock 
Copolymers with Different Block Lengths, (d) Height Image and (e) Phase Image of 
BPSH15-PI15 Demonstrating Long-range Order.  
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3.4.5. Hydrolytic Stability Test 

Hydrolytic stability of a PEM is a crucial property for long-term fuel cell 

operation.  Intense research on sulfonated polyimides revealed that five-membered ring 

polyimides were not suitable for PEM applications due to hydrolysis of the imido ring 

under acidic conditions.22-25  Although this poor hydrolytic stability has been improved 

by using a six-membered ring polyimide,26-31 their long-term stability under a harsh fuel 

cell environment is still suspect.  The hydrolytic stabilities of two series of sulfonated 

naphthalene dianhydride-based random copolymers were previously reported by our 

laboratory.26, 27  Those membranes became brittle in less than 100 hours of submersion in 

80 ºC water.  The intrinsic viscosities of the samples after the test were reduced to 10-

20% of the original values, which is attributed to hydrolysis of the imide moieties within 

the polymer.  

Hydrolytic stabilities of the BPSH-PI copolymers were determined by monitoring 

changes in intrinsic viscosity and mechanical flexibility.  The acid-form membranes were 

placed in 80 ºC water and tested for 1000 hours.  The flexibilities of the membranes were 

evaluated by manually bending the hydrated membranes 90º.27 After the 1000-hour test, 

all samples still maintained flexibility, and their intrinsic viscosities were 76-85% of the 

original values (Table 3.4).  In addition, 1H NMR revealed that the IECs were 84-95% of 

the original values.  The morphologies of the multiblock copolymers may explain their 

enhanced hydrolytic stabilites relative to the random copolymers.  It is tempting to 

speculate that in the phase-separated morphology, the hydrolytically unstable polyimide 

hydrophobic regime was somewhat isolated from the acidic, moisture-rich hydrophilic 

regime.   
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Table 3. 4. Hydrolytic Stabilities of BPSH–PI Multiblock Copolymers at 80 ºC for 1000 
Hours. 
 

Before Hydrolytic Stability Test  After Hydrolytic Stability Test 
Copolymers 

IV 
(dL g-1)a 

IEC 
(meq g-1)b 

 IV 
(dL g-1)a 

IEC 
(meq g-1)b 

BPSH 5 – PI 5 0.49 1.69  0.40 1.60 

BPSH 10 – PI 10 0.71 1.57  0.60 1.39 

BPSH 15 – PI 15 0.67 1.55  0.51 1.30 

 
a In NMP with 0.05 M LiBr at 25 ºC 
b Determined by titration with NaOH 
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3.5. Conclusions 
Novel multiblock copolymers based on hydrophilic and hydrophobic blocks were 

developed and characterized.  The multiblock copolymers were synthesized from amine 

terminated sulfonated poly(arylene ether sulfone) as hydrophilic block and anhydride 

terminated polyimide as hydrophobic block by imidization coupling reaction.  In the 

coupling reaction, m-cresol and catalysts were required to produce high molecular weight 

multiblock copolymers.  Transparent and ductile membranes were prepared from NMP 

by solvent casting.  Their proton conductivities and water uptake values were influenced 

by IEC values.  Morphological characterization by tapping-mode AFM showed clear 

nano-phase separation of hydrophilic and hydrophobic domains.  Changes in block length 

affected the morphologies of the multiblock copolymers and the BPSH15-PI15 

membrane showed long-range co-continuous morphology of the hydrophilic and 

hydrophobic regimes.  Hydrolytic stability testing of the multiblock copolymers in 80 ºC 

water revealed that they maintained flexibility after 1000 hour, which is much improved 

over earlier random copolymer systems.  

The authors thank the Department of Energy (DE-FG36-06G016038) for its support 

of this research. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 125

3.6. References 
 
1. Lashway, Robert W. Fuel cells: The next evolution. MRS Bulletin 2005, 30, (8), 

581-583. 
2. de Bruijn, Frank. The current status of fuel cell technology for mobile and 

stationary applications. Green Chemistry 2005, 7, (3), 132-150. 
3. Kreuer, K. D. On the development of proton conducting polymer membranes for 

hydrogen and methanol fuel cells. Journal of Membrane Science 2001, 185, (1), 
29-39. 

4. Steele, Brian C. H.; Heinzel, Angelika. Materials for fuel-cell technologies. 
Nature (London, United Kingdom) 2001, 414, (6861), 345-352. 

5. Banerjee, Shoibal; Curtin, Dennis E. Nafion perfluorinated membranes in fuel 
cells. Journal of Fluorine Chemistry 2004, 125, (8), 1211-1216. 

6. Mauritz, Kenneth A.; Moore, Robert B. State of understanding of Nafion. 
Chemical Reviews (Washington, DC, United States) 2004, 104, (10), 4535-4585. 

7. Kim, Yu Seung; Dong, Limin; Hickner, Michael A.; Glass, Thomas E.; Webb, 
Vernon; McGrath, James E. State of Water in Disulfonated Poly(arylene ether 
sulfone) Copolymers and a Perfluorosulfonic Acid Copolymer (Nafion) and Its 
Effect on Physical and Electrochemical Properties. Macromolecules 2003, 36, 
(17), 6281-6285. 

8. Savadogo, O. Emerging membranes for electrochemical systems Part II. High 
temperature composite membranes for polymer electrolyte fuel cell (PEFC) 
applications. Journal of Power Sources 2004, 127, (1-2), 135-161. 

9. Smitha, B.; Sridhar, S.; Khan, A. A. Solid polymer electrolyte membranes for fuel 
cell applications - a review. Journal of Membrane Science 2005, 259, (1-2), 10-26. 

10. Hickner, Michael A.; Ghassemi, Hossein; Kim, Yu Seung; Einsla, Brian R.; 
McGrath, James E. Alternative Polymer Systems for Proton Exchange 
Membranes (PEMs). Chemical Reviews (Washington, DC, United States) 2004, 
104, (10), 4587-4611. 

11. Wang, Feng; Hickner, Michael; Kim, Yu Seung; Zawodzinski, Thomas A.; 
McGrath, James E. Direct polymerization of sulfonated poly(arylene ether 
sulfone) random (statistical) copolymers: candidates for new proton exchange 
membranes. Journal of Membrane Science 2002, 197, (1-2), 231-242. 

12. Kim, Yu Seung; Wang, Feng; Hickner, Michael; McCartney, Stephan; Hong, 
Young Taik; Harrison, William; Zawodzinski, Thomas A.; McGrath, James E. 
Effect of acidification treatment and morphological stability of sulfonated 
poly(arylene ether sulfone) copolymer proton-exchange membranes for fuel-cell 
use above 100 Deg. Journal of Polymer Science, Part B: Polymer Physics 2003, 
41, (22), 2816-2828. 

13. Kim, Yu Seung; Hickner, Michael A.; Dong, Limin; Pivovar, Bryan S.; McGrath, 
James E. Sulfonated poly(arylene ether sulfone) copolymer proton exchange 
membranes: composition and morphology effects on the methanol permeability. 
Journal of Membrane Science 2004, 243, (1-2), 317-326. 

14. Harrison, W. L.; Hickner, M. A.; Kim, Y. S.; McGrath, J. E. Poly(arylene ether 
sulfone) copolymers and related systems from disulfonated monomer building 



 126

blocks: synthesis, characterization, and performance - a topical review. Fuel Cells 
(Weinheim, Germany) 2005, 5, (2), 201-212. 

15. Ghassemi, Hossein; Ndip, Grace; McGrath, James E. New multiblock copolymers 
of sulfonated poly(4'-phenyl-2,5-benzophenone) and poly(arylene ether sulfone) 
for proton exchange membranes. II. Polymer 2004, 45, (17), 5855-5862. 

16. Wang, Hang; Badami, Anand S.; Roy, Abhishek; McGrath, James E. Multiblock 
copolymers of poly(2,5-benzophenone) and disulfonated poly(arylene ether 
sulfone) for proton-exchange membranes. I. Synthesis and characterization. 
Journal of Polymer Science, Part A: Polymer Chemistry 2006, 45, (2), 284-294. 

17. Okamoto, Ken-ichi. Sulfonated polyimides for polymer electrolyte membrane fuel 
cell. Journal of Photopolymer Science and Technology 2003, 16, (2), 247-254. 

18. Okamoto, Ken-ichi; Yin, Yan; Yamada, Otoo; Islam, Md Nurul; Honda, Tatsuaki; 
Mishima, Takashi; Suto, Yoshiki; Tanaka, Kazuhiro; Kita, Hidetoshi. Methanol 
permeability and proton conductivity of sulfonated co-polyimide membranes. 
Journal of Membrane Science 2005, 258, (1-2), 115-122. 

19. Roy, Abhishek; Hickner, Michael A.; Yu, Xiang; Li, Yanxiang; Glass, Thomas 
E.; McGrath, James E. Influence of chemical composition and sequence length on 
the transport properties of proton exchange membranes. Journal of Polymer 
Science, Part B: Polymer Physics 2006, 44, (16), 2226-2239. 

20. Devadoss, E. High-performance polyimide coatings for electronic and space 
applications. Journal of Scientific & Industrial Research 1989, 48, (1), 22-30. 

21. Senzenberger, Horst D. Preparation and properties of high performance polyimide 
composites. Applied Polymer Symposia 1973, No. 22, 77-88. 

22. Genies, C.; Mercier, R.; Sillion, B.; Petiaud, R.; Cornet, N.; Gebel, G.; Pineri, M. 
Stability study of sulfonated phthalic and naphthalenic polyimide structures in 
aqueous medium. Polymer 2001, 42, (12), 5097-5105. 

23. Meyer, Gilles; Gebel, Gerard; Gonon, Laurent; Capron, Philipe; Marscaq, Didier; 
Marestin, Catherine; Mercier, Regis. Degradation of sulfonated polyimide 
membranes in fuel cell conditions. Journal of Power Sources 2006, 157, (1), 293-
301. 

24. Meyer, Gilles; Perrot, Carine; Gebel, Gerard; Gonon, Laurent; Morlat, Sandrine; 
Gardette, Jean-Luc. Ex situ hydrolytic degradation of sulfonated polyimide 
membranes for fuel cells. Polymer 2006, 47, (14), 5003-5011. 

25. Perrot, C.; Meyer, G.; Gonon, L.; Gebel, G. Aging mechanisms of proton 
exchange membrane used in fuel cell applications. Fuel Cells (Weinheim, 
Germany) 2006, 6, (1), 10-15. 

26. Einsla, Brian R.; Hong, Young-Taik; Kim, Yu Seung; Wang, Feng; Gunduz, 
Nazan; McGrath, James E. Sulfonated naphthalene dianhydride based polyimide 
copolymers for proton-exchange-membrane fuel cells. I. Monomer and copolymer 
synthesis. Journal of Polymer Science, Part A: Polymer Chemistry 2004, 42, (4), 
862-874. 

27. Einsla, Brian R.; Kim, Yu Seung; Hickner, Michael A.; Hong, Young-Taik; Hill, 
Melinda L.; Pivovar, Bryan S.; McGrath, James E. Sulfonated naphthalene 
dianhydride based polyimide copolymers for proton-exchange-membrane fuel 
cells. II. Membrane properties and fuel cell performance. Journal of Membrane 
Science 2005, 255, (1-2), 141-148. 



 127

28. Genies, C.; Mercier, R.; Sillion, B.; Cornet, N.; Gebel, G.; Pineri, M. Soluble 
sulfonated naphthalenic polyimides as materials for proton exchange membranes. 
Polymer 2000, 42, (2), 359-373. 

29. Guo, Xiaoxia; Fang, Jianhua; Watari, Tatsuya; Tanaka, Kazuhiro; Kita, Hidetoshi; 
Okamoto, Kenichi. Novel Sulfonated Polyimides as Polyelectrolytes for Fuel Cell 
Application. 2. Synthesis and Proton Conductivity of Polyimides from 9,9-Bis(4-
aminophenyl)fluorene-2,7-disulfonic Acid. Macromolecules 2002, 35, (17), 6707-
6713. 

30. Hu, Zhaoxia; Yin, Yan; Chen, Shouwen; Yamada, Otoo; Tanaka, Kazuhiro; Kita, 
Hidetoshi; Okamoto, Ken-Ichi. Synthesis and properties of novel sulfonated 
(co)polyimides bearing sulfonated aromatic pendant groups for PEFC applications. 
Journal of Polymer Science, Part A: Polymer Chemistry 2006, 44, (9), 2862-2872. 

31. Miyatake, Kenji; Asano, Naoki; Watanabe, Masahiro. Synthesis and properties of 
novel sulfonated polyimides containing 1,5-naphthylene moieties. Journal of 
Polymer Science, Part A: Polymer Chemistry 2003, 41, (24), 3901-3907. 

32. Lee, Hae-Seung; Roy, Abhishek; Badami, Anand S.; McGrath, James E. 
Synthesis and characterization of sulfonated poly(arylene ether) polyimide 
multiblock copolymers for proton exchange membranes. Macromolecular 
Research 2007, 15, (2), 160-166. 

33. Sankir, M.; Bhanu, V. A.; Harrison, W. L.; Ghassemi, H.; Wiles, K. B.; Glass, T. 
E.; Brink, A. E.; Brink, M. H.; McGrath, J. E. Synthesis and characterization of 
3,3'-disulfonated-4,4'-dichlorodiphenyl sulfone (SDCDPS) monomer for proton 
exchange membranes (PEM) in fuel cell applications. Journal of Applied Polymer 
Science 2006, 100, (6), 4595-4602. 

34. Sek, Danuta; Pijet, Pawel; Wanic, Andrzej. Investigation of polyimides 
containing naphthalene units: 1. Monomer structure and reaction conditions. 
Polymer 1992, 33, (1), 190-193. 

35. James, P. J.; Antognozzi, M.; Tamayo, J.; McMaster, T. J.; Newton, J. M.; Miles, 
M. J. Interpretation of Contrast in Tapping Mode AFM and Shear Force 
Microscopy. A Study of Nafion. Langmuir 2001, 17, (2), 349-360. 

 
 

 
 
 

 

 

 



 128

CHAPTER 4 
Hydrophilic-Hydrophobic Multiblock Copolymers Based on 

Poly(arylene ether sulfone) via Low Temperature Coupling 

Reactions for Proton Exchange Membrane Fuel Cells  

 

Hae-Seung Lee1, Abhishek Roy1, Ozma Lane1, Stuart Dunn1,2 and James E. McGrath1,* 
1Macromolecules and Interfaces Institute,  

Virginia Polytechnic Institute and State University, Blacksburg, VA 24061 
2 Department of Chemistry, University of North Carolina, Chapel Hill, NC 27599 

 

*Correspondence to: James E. McGrath  

(Email: jmcgrath@vt.edu, Phone: 540-231-5976, Fax: 540-231-8517) 

 
 

Taken from Polymer, 49 (2008), 715-723 

 

 

 

 

 

 

 

 

 



 129

4.1. Abstract 
Two series of multiblock copolymers based on poly(arylene ether sulfone)s were 

developed and evaluated for use as proton exchange membranes (PEMs).  The multiblock 

copolymers were synthesized by a coupling reaction between phenoxide terminated fully 

disulfonated poly(arylene ether sulfone) (BPSH100) and decafluorobiphenyl (DFBP) or 

hexafluorobenzene (HFB) end-capped unsulfonated poly(arylene ether sulfone) (BPS0) 

as hydrophilic and hydrophobic blocks, respectively.   The highly reactive nature of 

DFBP and HFB allowed the coupling reactions to be accomplished under mild reaction 

conditions (e.g., < 105 °C).  The low coupling temperatures prevented possible ether-

ether exchange reactions which can cause a loss of order due to randomization of the 

hydrophilic-hydrophobic sequences.  The multiblock copolymers produced tough and 

ductile membranes and their fundamental properties as PEMs were explored.  They 

showed enhanced conductivities under fully hydrated conditions when compared with a 

random BPSH copolymer with a similar IEC.  These copolymers also showed anisotropic 

swelling behavior, whereas the random copolymers were isotropic.  The synthesis and 

fundamental properties of the multiblock copolymers are reported here and the systematic 

fuel cell properties and more detailed morphology characterization will be provided 

elsewhere. 

 

Keywords: Hydrophilic-hydrophobic multiblock copolymers; Sulfonated 

poly(arylene ether sulfone); fluoroaromatic endlinking  
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4.2. Introduction 
 Fossil fuel resources are limited, expensive and combustion engines can 

contribute to environmental degradation; the need to find alternative energy sources has  

thus becomes imperative.1  Polymer electrolyte membrane fuel cells (PEMFC) are 

potentially one of the best candidates to replace  conventional internal combustion 

engines in automobiles, stationary power and batteries in portable electronic devices 

because of their high energy efficiency and environmental friendliness.2  

Nafion® is a perfluorosulfonic acid (PFSA) ionomer  manufactured by DuPont 

which has been fabricated into membranes by both extrusion of a precursor and 

dispersion casting. It has been the benchmark membrane  as a result of its outstanding 

properties, such as high proton conductivity, stability in the fuel cell environment, 

mechanical toughness and moderate water uptake.3  Furthermore, the nature of the 

poly(tetrafluoroethylene)-like backbone (~ 87 mole %) and the existence of  partial-

crystallinity in the main backbone provides excellent chemical and hydrolytic stabilities, 

as well as good mechanical properties.4  However, Nafion-type membranes have several 

disadvantages at higher operation temperatures (e.g., > 100 ºC) which are desirable for 

several reasons, including faster electrode kinetics and higher tolerance to CO poisoning.  

Absorbed water also depresses the glass transition temperature (Tg) and α relaxation of 

the membranes, resulting in the deterioration of mechanical properties as well as fuel cell 

performance.5, 6  Although the poor mechanical properties at high temperature may be 

improved by fabrication of composite membranes with Teflon fabric reinforcements,7 the 

high cost along with high fuel permeability have spurred the development of new PEM 

materials.  
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 As an alternative to Nafion, sulfonated poly(arylene ether) copolymers have been 

proposed as one of the most attractive new PEM materials due to their excellent thermal 

and oxidative stability, good mechanical properties, good processability and exceptional 

hydrolytic stability.8, 9  The direct copolymerization of partially disulfonated poly(arylene 

ether sulfone) random copolymers (BPSH) was largely developed in our research group, 

10 and we have intensively explored their  performance and properties for PEM 

applications.11, 12 Although the excellent stability and proton conductivity under fully 

hydrated conditions makes BPSH system a promising and likely lower cost alternative to 

Nafion, the proton conductivities under low humidity were significantly lower.13   

Rencent efforts to address this drawback has been pursued using hydrophilic-

hydrophobic multiblock copolymer systems that can have much higher water diffusion 

coefficients than either the random copolymers or the perfluorosulfonic acid (PFSA) 

ionomers, which is important for conductivity at lower humidities.  Several series of 

multiblock copolymers were synthesized via coupling reactions of fully disulfonated 

poly(arylene ether sulfone) hydrophilic blocks (BPSH100) and various types of 

hydrophobic blocks.14-19 The multiblock copolymer membranes exhibited unique phase 

separated morphologies and permitted significantly enhanced proton conductivities under 

partially hydrated conditions by forming well connected hydrophilic domains.19, 20 Most 

recent research activities was  to prepare hydrophilic-hydrophobic multiblock copolymers 

whose chemical components are similar to that of BPSH random copolymer. By adopting 

ordered hydrophilic-hydrophobic sequences in the multiblock copolymers, the proton 

conductivities can be significantly improved with the same chemical components of 

BPSH random copolymers.   
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Unfortunately, conventional approaches to prepare multiblock copolymers (e.g., 

coupling reactions between two different telechelic oligomers via nucleophilic aromatic 

substitution) are highly limited since their high reaction temperatures can randomize 

hydrophilic-hydrophobic sequences by well-known ether-ether exchanges which can take 

place under nucleophilic step copolymerization conditions.  Of the different approaches 

to preventing the ether-ether exchange reactions, lowering the reaction temperature 

should be the simplest methodology. For this reason, utilizing perfluorinated small 

molecules such as decafluorobiphenyl (DFBP) and hexafluorobenzene (HFB) as the 

linkage groups between the hydrophilic and hydrophobic oligomers is appealing. Their 

highly reactive nature in nucleophilic aromatic substitution reactions can permit a 

significantly lower coupling reaction temperature which should minimize side-reactions, 

including the ether-ether exchange reaction.  

In this chapter the synthesis and characterization of segmented sulfonated multiblock 

copolymers based on poly(arylene ether sulfone) by utilizing DFBP and HFB as linkage 

groups are described. The multi-block copolymers were produced by coupling reactions 

between hydrophilic BPSH100 and DFBP or HFB end-capped hydrophobic BPS0 blocks, 

respectively. The highly reactive perfluorinated end groups on the hydrophobic blocks 

allowed the coupling reaction to proceed below 105 °C and prevented potential ether-

ether exchange reactions. By the described synthetic routes, two series of multiblock 

copolymers with different linkage groups were synthesized and characterized. This paper 

also evaluates the effect of block length on proton conductivity, water uptake and other 

membrane properties.  
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4.3. Experimental 

4.3.1. Materials 

Monomer grade 4,4’-dichlorodiphenyl sulfone (DCDPS) and 4,4’-biphenol (BP) were 

provided by Solvay Advanced Polymers and  Eastman Chemical Company, respectively, 

and dried in vacuo at 110 °C prior to use.  The enabling comonomer ,3,3’-Disulfonated-

4,4’-dichlorodiphenylsulfone (SDCDPS) was synthesized from DCDPS and purified 

according to a procedure reported elsewhere.21  Decafluorobiphenyl (DFBP) and 

hexafluorobenzene (HFB) were used as received from Lancaster and Aldrich, 

respectively.  N-methyl-2-pyrrolidinone (NMP), N,N-dimethylaceteamide (DMAc),   

cyclohexane, and toluene were purchased from Aldrich and distilled from calcium 

hydride before use.  Potassium carbonate, chloroform, acetone, and 2-propanol (IPA) 

were purchased from Aldrich and used without further purification. 

 

4.3.2. Synthesis of Phenoxide Terminated Fully Disulfonated Hydrophilic Oligomer 

(BPSH100) 

A series of fully disulfonated poly(arylene ether sulfone) hydrophilic oligomers 

(BPSH100) was synthesized with different molecular weights.  A sample synthesis of 

5,000 g/mol BPSH100 is as follows: 8.9720 g (48.2 mmol) of BP, 21.0280 g (42.8 mmol) 

of SDCDPS and 7.9911 g (57.8 mmol) of potassium carbonate were charged to a three-

necked 250-mL flask equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and 

a mechanical stirrer.  Then distilled DMAc (120 mL) and toluene (60 mL) were added to 

the flask and the reaction was heated at 145 °C with stirring.  The solution was allowed to 

reflux at 145 °C while the toluene azeotropically removed the water in the system.  After 
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4 h, the toluene was removed from the reaction by slowly increasing the temperature to 

180 ºC. The reaction was allowed to proceed for another 96 h.  The resulting viscous 

solution was cooled to room temperature and diluted with DMAc to facilitate filtration.  

After filtration, the solution was coagulated in IPA.  The oligomer was dried at 120 °C in 

vacuo for at least 24 h. 

 

4.3.3. Synthesis of Phenoxide Terminated Unsulfonated Hydrophobic Oligomers 

(BPS0)  

A series of unsulfonated poly(arylene ether sulfone) hydrophobic oligomers (BPS0) was 

synthesized with different molecular weights..  A sample synthesis of 5,000 g/mol BPS0 

oligomer is as follows: 13.0210 g (66.5 mmol) of BP, 12.0210 g (61.4 mmol) of DCDPS 

and 11.0245 g (79.8 mmol) of potassium carbonate were charged to a three-necked 250-

mL flask equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and a mechanical 

stirrer.  Distilled DMAc (120 mL) and toluene (60 mL) were added to the flask and the 

solution was heated at 145 °C with stirring.  The solution was allowed to reflux at 145 °C 

while the toluene azeotropically removed the water in the system.  After 4 h, the toluene 

was removed from the flask by slowly increasing the temperature to 180 ºC. The reaction 

was allowed to proceed for another 48 h. The same isolation and purification process of 

BPSH100 oligomer was applied for BPS0 oligomers.  
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4.3.4. End-capping of Phenoxide Terminated Hydrophobic Oligomers with DFBP 

and HFB 

Phenoxide terminated BPS0 oligomers were end-capped with DFBP or HFB via a 

nucleophilic aromatic substitution reaction.  A typical end-capping reaction of 5,000 

g/mol BPS0 oligomer is as follows: 5.0000 g (1.0 mmol) of BPS0 oligomer, 0.5528 g 

(4.0 mmol) of potassium carbonate were charged to a three-necked 100-mL flask 

equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and a mechanical stirrer.  

Distilled DMAc (50 mL) and cyclohexane (15 mL) were added to the flask.  The solution 

was allowed to reflux at 100 °C to azeotropically remove the water in the system.  After 4 

h, the cyclohexane was removed from the system. The reaction temperature was set to 

105 °C (DFBP) or 80 °C (HFB). When HFB was used, the nitrogen purge was stopped at 

this point because of its lower boiling point. Then 2.0047 g (6.0 mmol) of DFBP or 

1.1163 g (6.0 mmol) of HFB was added and the reaction was allowed to proceed for 12 h. 

The solution was then cooled to room temperature and filtered.  The filtered solution was 

coagulated in methanol.  The polymer was dried at 110 °C in vacuo for 24 h. 

 

4.3.5. Synthesis of Hydrophilic-hydrophobic Multiblock Copolymers 

Two series of multiblock copolymers with different linkage groups were synthesized via 

a coupling reaction between phenoxide terminated BPSH100 oligomers and DFBP or 

HFB end-capped BPS0 oligomers.  A typical coupling reaction was performed as 

follows: 5.0000 g (1.0 mmol) of BPSH100 ( nM  = 5,000 g/mol), 0.5528 g (4.0 mmol) of 

potassium carbonate,  100 mL of DMAc, and 30 mL of cyclohexane were added to a 

three-necked 250 mL flask equipped with a condenser, a Dean Stark trap, a nitrogen inlet, 
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and a mechanical stirrer.  The reaction mixture was heated at 100 ºC for 4 h to dehydrate 

the system with refluxing cyclohexane. After removing the cyclohexane, 5.0000 g (1.0 

mmol) of DFBP or HFB end-capped BPS0 ( nM  = 5,000 g/mol) was added.  The 

coupling reaction was conducted at 105 ºC for 24 h.  The resulting yellowish polymer 

solution was filtered and precipitated in IPA.  The copolymer was purified in a Soxhlet 

extractor with methanol for 24 h and with chloroform for another 24 h.  The copolymer 

was dried at 120 °C in vacuo for 24 h. 

 

4.3.6. Characterization 

 1H and 13C NMR analyses were conducted on a Varian INOVA 400 MHz spectrometer 

with DMSO-d6 to confirm the chemical structures of the oligomers and copolymers.  1H 

NMR spectroscopy was also used to determine number-average molecular weights of the 

oligomers via end-group analysis.  Intrinsic viscosities were determined in NMP 

containing 0.05 M LiBr at 25 ºC using an Ubbelohde viscometer.  The thermooxidative 

stabilities of the acid-form membranes were determined by using a TA Instruments TGA 

Q500.  Prior to TGA characterization, the membranes were placed in the TGA furnace at 

150 °C in a nitrogen atmosphere for 30 min to remove residual solvent and moisture.  

The samples were then evaluated over the range of 80-800 °C at a heating rate of 

10 °C/min under nitrogen atmosphere. The ion exchange capacity (IEC) values of the 

acid-form copolymers were determined by titration with 0.01 M NaOH solution.     
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4.3.7. Film Casting and Membrane Acidification  

The copolymers in salt form were dissolved in NMP (7% w/v) and filtered through 0.45 

µm Teflon® syringe filters. The solutions were then cast onto clean glass substrates.  The 

films were dried for 2 days with an infrared lamp at 45-55 °C for 48 h.  The residual 

solvent was removed by drying in a vacuum oven at 110 °C for 24 h.  The membranes in 

the salt form were converted to acid form by boiling in 0.5 M sulfuric acid for 2 h, 

followed by boiling in deionized water for 2 h.  

 

4.3.8. Determination of Proton Conductivity and Water Uptake  

Proton conductivities under fully hydrated conditions were evaluated in liquid water. The 

conductivity of the membrane was determined from the geometry of the cell and 

resistance of the film which was taken at the frequency that produced the minimum 

imaginary response.  A Solartron (1252A +1287) impedance/gain-phase analyzer over 

the frequency range of 10 Hz - 1 MHz was used for the measurements.  The membrane 

water uptake was determined by the weight difference between dry and wet membranes. 

The vacuum dried membranes were weighed (Wdry), and then immersed in deionized 

water at room temperature for 24 h.  The wet membrane was blotted dry and immediately 

weighed again (Wwet).  The water uptake of the membranes was calculated according to 

the following equation.  

 

100(%) ×
−

=
dry

drywet

W
WW

UptakeWater  
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The hydration number (λ) which can be defined as the number of water molecules 

absorbed per sulfonic acid unit, was determined from the water uptake and the ion 

content of the dry membrane according to the following equation. 

 

  1000
/)(

2 ×
×

−
=

dry

OHdrywet

WIEC
MWWW

λ  

where MWH2O is the molecular weight of water (18.01 g/mol).  

 

4.3.9. Determination of Swelling Ratio 

The volume swelling ratios of all of the membranes were determined from the 

dimensional changes from wet to dry state in both in-plane and through-plane. Initially, 

samples were equilibrated in water and wet dimensions were measured. The dried 

dimensions were obtained by drying the wet membrane at 80 oC in convection oven for 2 

h. 

 

 

 

 

 

 

 

 

 



 139

4.4. Results and Discussion 

4.4.1. Synthesis of Hydrophilic and Hydrophobic Oligomers 

Fully disulfonated poly(arylene ether sulfone) hydrophilic oligomers (BPSH100) 

and unsulfonated poly(arylene ether sulfone) hydrophobic oligomers (BPS0) with 

phenoxide telechelic functionality  were synthesized via step growth polymerization (Fig. 

4.1, 4.2).  The control of the molecular weight and end group functionality was achieved 

by off-setting the molar ratios of monomers for the synthesis. In all cases, the molar feed 

ratios of BP over SDCDPS or DCDPS were greater than 1 to produce phenoxide 

telechelic functionality.   The target number-average molecular weights of the oligomers 

ranged from 3 to 20 kg/mol.  The number-average molecular weights of the oligomers 

were determined by 1H NMR end group analysis.  On the 1H NMR spectra of both 

BPSH100 and BPS0, four small peaks at 6.80 , 7.40, 7.05 and 6.80 ppm were assigned to 

the protons on the BP moieties which are located at the end of the oligomers. Meanwhile, 

the peaks at 7.1, 7.65 and 7.1, 7.9 were assigned to the protons on the BP moieties in the 

middle of the main chain of BPSH 100 and BPS0, respectively (Fig. 4.3, 4.4).  By 

comparing the integrations of the end group BP and the main chain BP, the number-

average molecular weights of oligomers were determined.  The determined molecular 

weights and measured intrinsic viscosities of the oligomers are summarized in Table 4.1. 

When a log-log plot between the intrinsic viscosities and the number-average molecular 

weights was made, it showed a linear relationship, confirming successful control of 

molecular weight for both hydrophilic and hydrophobic block series (Fig. 4.5).  
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Figure 4. 1. Synthesis of a Fully Disulfonated Hydrophilic Oligomer with Phenoxide 
Telechelic Functionality. 
 

 

 

 

Figure 4. 2. Synthesis of an Unsulfonated Hydrophobic Oligomer with Phenoxide 
Telechelic Functionality. 
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Figure 4. 3. 1H NMR Spectrum of Phenoxide Terminated BPSH100 Hydrophilic 
Oligomer. 

 

Figure 4. 4. 1H NMR Spectrum of Phenoxide Terminated BPS0 Hydrophobic Oligomer. 



 142

y = 0.66x - 3.03

y = 0.72x - 3.42

-1.00

-0.90

-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60

log (Mn)

lo
g 

(I
V

) BPSH100
BPS0

Determined Mark-Houwink Constants
K×104 [dlg-1] = 3.80 (BPSH100), 9.33 (BPS0)
a = 0.72 (BPSH100), 0.66 (BPS0)

y = 0.66x - 3.03

y = 0.72x - 3.42

-1.00

-0.90

-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60

log (Mn)

lo
g 

(I
V

) BPSH100
BPS0

Determined Mark-Houwink Constants
K×104 [dlg-1] = 3.80 (BPSH100), 9.33 (BPS0)
a = 0.72 (BPSH100), 0.66 (BPS0)

 

Figure 4. 5. Double Logarithmic Plot of [η] versus Mn of Hydrophilic (BPSH100) and 
Hydrophobic (BPS0) Oligomers. Intrinsic Viscosity was Measured in NMP with 0.05M 
LiBr at 25 ºC. 
 
 

Table 4. 1. Characterization of Hydrophilic and Hydrophobic Telechelic Oligomers.  
 

Hydrophilic Blocks  Hydrophobic Blocks Target 
Mn 

(g mol-1) Mn (g mol-1)a
 IV (dL g-1)b  Mn (g mol-1)a

 IV (dL g-1)b 

3,000 3,190 0.12  3,160 0.19 

5,000 4,790 0.17  5,020 0.24 

10,000 9,180 0.28  9,130 0.38 

15,000 15,290 0.37  13,900 0.49 

20,000 20,000 0.46  - - 

a Determined by 1H NMR. 
b In NMP with 0.05 M LiBr at 25 ºC. 
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4.4.2. End-capping of the Hydrophobic Oligomers 

Since both the BPSH100 and BPS0 oligomers have the same telechelic 

functionality (e.g., phenoxide end group), a modification of one of the oligomers is 

necessary to facilitate a coupling reaction for producing multiblock copolymers. In the 

research, BPS0 hydrophobic blocks were end-capped with HFB or DFBP to produce 

fluorine terminated end group functionality (Fig.4.6). The amounts of the end-capping 

reagents used in the reaction were a 200% molar excess.  Due to the high reactivity of 

DFBP and HFB, the end-capping reactions were completed in 12 h under mild conditions. 

The end-capping reaction temperatures were 105 and 80 °C for DFBP and HFB, 

respectively. To prevent a loss of low-temperature boiling HFB (e.g., 80 °C) during the 

reaction, the temperature was chosen not to exceed its boiling temperature without a 

nitrogen purge.  On the 1H NMR spectra of the end-capped oligomers, the disappearance 

of the phenoxide bearing BP peaks at 6.80 , 7.40, and 7.60 ppm confirmed that all of the 

phenoxide groups reacted with the end-capping reagents (Fig. 4.7).  Although the 

disappearance of the end group peaks on the NMR spectra is an evidence of the end-

capping reaction, there is still possibility of inter-oligomer coupling between the BPS0 

oligomers since DFBP and HFB are multifunctional. If there was a significant degree of 

the inter-oligomer coupling, the intrinsic viscosities after end-capping should be much 

higher than the initial values. This possibility was excluded by comparing the intrinsic 

viscosities of BPS0 oligomers before and after the end-capping reaction. Table 4.2 shows 

the intrinsic viscosity change before and after the end-capping reaction.  Slight increases 

in the intrinsic viscosity were observed for the end-capped BPS0. However, these 

increases are not due to the inter-oligomer coupling reaction but the chain length 

extension by the end-capping reagents. This conclusion was also confirmed by 
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conducting the end-capping reaction with various amounts of end-capping reagents (Fig 

4.8). Even with a 400% molar excess of the end-capping agents, slight increases in 

intrinsic viscosity were observed, but no further increases were observed until 200% 

molar excess was used. Then, the increases were significantly enlarged at a molar excess 

of less than 100% due to the inter-oligomer coupling reactions. Therefore, a molar excess 

of 200% is sufficient for preventing inter-oligomer coupling.  

 

 

 

Figure 4. 6. End-capping of BPS0 Hydrophobic Oligomer with DFBP or HFB. 
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Figure 4. 7. 1H NMR Spectra of BPSH and HFB End-capped BPS0 Hydrophobic 
Oligomers. Black Arrows Indicate the Peaks from the End-capped BP Moieties.  
 
 
 

 

Figure 4. 8. Changes in Intrinsic Viscosity of the End-capped BPS0 Hydrophobic 
Oligomer as a Function of the Molar Excess of End-capping Reagent. The Initial Intrinsic 
Viscosity of the Oligomer was 0.41 dL/g. 
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Table 4. 2.  Intrinsic Viscosities of BPS0 Hydrophilic Blocks Before and After End-
capping.  
 

IV after end-capping (dL g-1)b  Mn
a

 

(g mol-1) 

Initial IV 

(dL g-1)b DFBP  HFB  

3,160 0.19 0.23 0.22  

5,020 0.24 0.29 0.26  

9,130 0.38 0.44 0.39  

13,900 0.49 0.56 0.50  

a Determined by 1H NMR. 

b In NMP with 0.05 M LiBr at 25 ºC. 

 

4.4.3. Synthesis of BPSH-BPS Multiblock Copolymers 

Two series of multiblock copolymers were synthesized by a coupling reaction 

between phenoxide terminated BPSH100 oligomers and DFBP or HFB end-capped BPS0 

oligomers (Fig. 4.9). Hereafter, an acronym of the multiblock copolymer BPSHx-BPSy 

will be used where the BPSH and BPS imply the used BPSH100 and BPS0, while x and y 

denote the molecular weight of the reacted oligomers, respectively.   The coupling 

reactions were conducted between the fluorine on the hydrophobic oligomers and the 

phenoxide end groups on the hydrophilic oligomers.  The disappearance of the phenoxide 

end group peaks from the hydrophilic oligomer confirmed that the coupling reaction was 

successful (Fig. 4.10).  As we hypothesized earlier, the low temperature of the coupling 

reaction minimized the ether-ether chain exchange reaction as confirmed by the 13C NMR 

spectra. Figure 4.11 is a comparison of the 13C NMR of the BPSH35 random copolymer 

and BPSH10-BPS10 multiblock copolymer. As can be seen, each peak from the random 

copolymer shows multiplet, suggesting a random sequence of sulfonated moieties on the 
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main chain. On the other hand, the multiblock copolymer showed sharp narrow peaks, 

explaining the ordered sequences in the copolymer and confirming the prevention of 

randomization during the reaction.      

 

 

Figure 4. 9. Synthesis of Segmented Sulfonated Multiblock Copolymers (BPSH-BPS) 
with Different Linkage Groups. 
 

 

 

 



 148

 

Figure 4. 10. 1H NMR Spectrum of BPSH5-BPS5 with DFBP Linkage. Black Arrows 
Indicate the Disappearance of the End Groups on the Hydrophilic Blocks after the 
Coupling Reaction with Fluorine-terminated Hydrophobic Blocks.  
 
 
 

 

Figure 4. 11. 13C NMR Spectra of BPSH35 Random Copolymer and BPSH5-BPS5 
Multiblock Copolymer with DFBP Linkage.  
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4.4.4. Characterization of Membrane Properties of BPSH-BPS Multiblock 

Copolymers 

One of the primary objectives in the preparation of this copolymer series was to 

keep the IEC fixed by varying hydrophilic and hydrophobic block lengths. To synthesize 

the fixed IEC copolymers, equal block lengths of hydrophilic hydrophobic blocks were 

used with 1:1 stoicheometry (e.g., BPSH3-BPS3, BPSH5-BPS5 etc.). The other objective 

was to make higher IEC copolymers by using longer hydrophilic blocks than 

hydrophobic blocks with 1:1 stoichiometry (e.g., BPSH10-BPS5, BPSH15-BPS10 etc.). 

The developed copolymers and their fundamental properties are summarized in Table 4.3. 

BPSH 35 random copolymer was put in the table as a control.  The determined IEC 

values by titration were close to the theoretical values. For the equal block length 

copolymers, the IEC values ranged from 1.28 to 1.40 meq/g and were slightly lower than 

BPSH35 random copolymer value of 1.50 meq/g. However, even with lower IECs, the 

proton conductivity values of the BPSH-BPS copolymers ranged from 0.065 to 0.120 

S/cm, which are comparable or even higher than that of BPSH35. It is interesting to 

observe the effect of block length on the proton conductivity and water uptake. 

Multiblock copolymers based on hydrophilic and hydrophobic blocks are known to have 

an ability to form phase separated morphologies.14, 19, 20, 22 It has been also reported that 

the degree of phase separation increases with increasing block lengths and that the 

developed phase separated morphologies enhances proton conductivity by forming a well 

connected hydrophilic domain. This trend was confirmed in BPSH-BPS copolymers with 

equal block lengths. For example, with DFBP linkage group, as the block length 

increases from 3 to 15k, the proton conductivities also increase from 0.065 to 0.120 S/cm. 

The water uptake of the multiblock copolymers revealed the similar trend of the proton 
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conductivities and increased with increasing block lengths with the equal block lengths. 

For higher IEC copolymers with unequal block lengths, their proton conductivities were 

exceptionally high and reached up to 0.160 S/cm with an IEC of 1.83 meq/g. Except for 

the higher water uptake and hydration number values which were observed in the HFB 

linked copolymers, no significant differences were noticed between DFBP and HFB 

linked systems.  A systematic explanation of the relationship between IECs, water uptake 

and proton conductivity will be provided in a separate article.  

Figure 4.12 shows the swelling ratios of BPSH-BPS with the DFBP linkage group. 

The x,y represent the in-plane swelling and z represents the through-plane swelling. All 

multiblock copolymers showed anisotropic swelling behaviors in comparison to BPSH 35 

and Nafion (NRE211). Although all the multiblock copolymers showed similar in-plane 

swelling, the through-plane swelling increased along with block length. The increase in 

water uptake and through-plane swelling with increasing block length may suggest the 

formation of ordered hydrophilic domains within the copolymer. Also the in plane 

swelling measurements for the higher block length materials were lower than NRE211. 

In-plane swelling is considered to be an important property for addressing durability 

under low relative humidity cycling operation. 

Thermal and oxidative stabilities of the copolymers in their acid form were 

investigated by TGA (Fig. 4.13).  All films displayed a two-step degradation profile.  The 

initial weight loss was observed at 270 ºC and was assigned to the decomposition of the 

sulfonic acid groups on the BPSH100 block.  The second decomposition, which started at 

500 ºC, was attributed to main-chain polymer degradation. For BPSH3-BPS3 and 

BPSH5-BPS5 which have relatively short block lengths, their initial 5% weight loss 
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temperatures ranged from 300 to 313 °C and were similar to the 5% weight loss 

temperature 313 °C of the BPSH 35 random copolymer. However, BPSH10-BPS10 and 

BPSH15-BPS15 showed much higher temperatures ranged from 357 to 367 °C.  This 

might be another block length effect on the thermal stability of the copolymers. 

In this study, the various properties of BPSH-BPS copolymers using both DFBP 

and HFB linkage groups have been characterized.  Assuming that two copolymers, which 

feature the same hydrophilic and hydrophobic blocks but with different linkage groups, 

do not have significantly different properties, HFB is the preferred linkage group due to 

its commercial availability and cost.  According to the Chemical Abstracts Service (CAS) 

database, only HFB is available in a kilogram-scale quantity at a tenth of the cost of 

DFBP. When we consider that the molecular weight of DFBP is almost twice that of HFB, 

the molar cost of HFB is far more affordable. 
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Figure 4. 12. Comparison of Swelling Ratios of Random Copolymer and BPSH-BPS 
Multiblock Copolymers with DFBP Linkage.  
 
 
 

 

Figure 4. 13. TGA Thermograms of BPSH35, Nafion112 and BPSH-BPS Multiblock 
Copolymers with Different Block Lengths. 
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Table 4. 3. Properties of BPSH–BPS Multiblock Copolymers in the Sulfonic Acid Form.  
 

Copolymers Linkage 
Calculated 

IEC 
(meq g-1) 

Experimental 
IEC 

(meq g-1)a 

Intrinsic 
Viscosity 
(dL g-1)b 

Water  
Uptake 

(%) 

Conductivity 
(S cm-1)c 

Hydration 
Number 

(λ) 

Nafion 112 - - 0.90 - 25 0.090 15.0 

BPSH 35 - 1.53 1.50 0.70 36 0.070 13.3 

BPSH3 – BPS3 DFBP 1.42 1.33 0.78 30 0.065 12.5 

BPSH5 – BPS5 DFBP 1.46 1.39 1.01 33 0.088 13.2 

BPSH10 – BPS10 DFBP 1.57 1.28 0.68 60 0.095 25.6 

BPSH15 – BPS15 DFBP 1.67 1.33 0.94 74 0.120 30.9 

BPSH10 – BPS5 DFBP 1.97 1.83 0.94 100 0.160 30.3 

BPSH15 – BPS10 DFBP 1.86 1.71 0.97 90 0.140 29.2 

BPSH20 – BPS15 DFBP 1.79 1.71 1.12 70 0.120 22.7 

BPSH5 – BPS5 HFB 1.55 1.30 0.62 52 0.090 22.2 

BPSH10 – BPS10 HFB 1.57 1.38 0.76 79 0.100 31.8 

BPSH15 – BPS15 HFB 1.66 1.40 0.94 79 0.090 31.3 

BPSH10 – BPS5 HFB 2.08 2.06 1.01 158 0.120 43.1 

BPSH15 – BPS10 HFB 1.98 1.83 0.85 139 0.120 42.2 

BPSH20 – BPS15 HFB 1.88 1.91 0.85 107 0.140 31.1 

 

a Determined by titration with NaOH. 
b In NMP with 0.05 M LiBr at 25 ºC. 
c Measured in deionized water at 30 ºC. 
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4.5. Conclusions 
Hydrophilic-hydrophobic multiblock copolymers based on poly(arylene ether 

sulfone)  were developed and characterized.  The multiblock copolymers were 

synthesized utilizing highly reactive DFBP and HFB as the linkage groups to lower the 

coupling reaction temperatures. The mild reaction conditions prevented possible ether-

ether exchange reactions which can randomize the hydrophilic-hydrophobic sequences.  

The multiblock copolymers showed ordered sequences which were confirmed by 13C 

NMR.  Transparent and ductile membranes were prepared from NMP by solvent casting.  

Their proton conductivities and water uptake values were influenced by block lengths at 

similar IEC values. As the block length increased, the proton conductivity and water 

uptake increased. The proton conductivities of the multiblock copolymers were 

comparable or even higher than those of BPSH random copolymers with similar IECs 

which supports the existence of well connected hydrophilic domains in the system.   
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5.1. Abstract 
Multiblock copolymers based on poly(arylene ether sulfone) and 

polybenzimidazole (PBI) with different block lengths were synthesized by coupling 

carboxyl functional aromatic poly(arylene ethers) with ortho diamino functional PBI 

oligomers in NMP, selectively doped with phosphoric acid, and evaluated as a high 

temperature proton exchange membrane (PEM).  Transparent and ductile membranes 

were produced by solvent casting from DMAc.  From dynamic mechanical analysis 

(DMA), the neat copolymer membranes showed two distinct glass transition temperatures 

which implies the existence of a nanostructured morphology in the membranes. These 

two nanophases became more distinct with increasing block length. The membranes were 

immersed in various concentrations of phosphoric acid solution to produce the proton 

conductivity.  The doping level increased with increasing concentration of the acid 

solution and a maximum doping level of 12 was achieved when 14.6 M phosphoric acid 

solution was used.  The acid doped membranes showed significantly reduced swelling 

behavior compared to a control conventional phosphoric acid doped PBI homopolymer 

system which appears to be related to the selective sorption into the PBI phase. The ionic 

conductivity of the doped samples at 200 °C afforded up to 47 mS/cm without external 

humidification.  The protonic conductivity was found to increase with block length at a 

given doping level, reflecting the sharpness of the nanophase separation and the effect 

was even more prominent at a low doping level of 6-7.  It is suggested that the 

phosphoric acid doped multiblock copolymer system would be a strong candidate for 

high temperature and low relative humidity PEM applications such as those required for 

stationary power. 
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5.2. Introduction 
The fuel cell is well known to be an energy conversion device which transforms 

chemical energy directly into electrical energy.1 Its high energy efficiency and 

environmentally friendly nature have attracted much attention, making the fuel cell an 

alternative to conventional energy conversion devices such as internal engines.  Among 

several types of fuel cells, polymer electrolyte membrane fuel cells (PEMFCs) have been 

most intensively explored for the past two decades due to their promise for mobile, 

automotive, and stationary applications.2 The state-of-the-art PEMs are perfluorinated 

sulfonic acid containing ionomers (PFSAs) which have demonstrated excellent 

performance including high proton conductivity and excellent chemical stability.3, 4 

However, their mechanical and electrochemical properties deteriorate 5 at higher 

operating temperatures and low relative humidity (RH) conditions since the proton 

transport of sulfonic acid based PEMs strongly depends on water in the membranes. It 

has been proposed that the proton conduction of the sulfonic acid containing PEMs is 

governed by a vehicle mechanism, where water acts as the vehicle for proton transport.6  

Hence at high temperature and at very low RH, the proton transport is restricted due to 

insufficient water. Consequently, various approaches have been made to develop PEMs 

which are suitable for high temperature applications under low RH conditions. 

 One of the successful high temperature, low RH PEMs is well recognized to be  

an inorganic acid doped polymer membrane system.7-10  The inorganic acids act as ion 

conducting materials while polymers, which typically possess basic moieties which can 

immobilize the acid.  Among various inorganic acids, phosphoric acid (H3PO4) has been 

widely studied due to its excellent thermal stability, low vapor pressure, and high ionic 

conductivity even under anhydrous conditions.11-15 For the matrix polymer, the 
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polybenzimidazole (PBI) family, especially poly 2,2’-m-(phenylene)-5,5’-

bibenzimidazole, has been intensively studied due to the ease of synthesis and 

commercial availability.16, 17 Phosphoric acid doped PBI membranes can be easily 

fabricated by immersing solvent cast PBI membranes in phosphoric acid solution.  The 

doping level which can be defined as the number of moles of phosphoric acid per one 

repeat unit of PBI is controlled by using different concentrations of the doping solution.18  

More recently, Benicewicz et al. have elegantly shown one can directly polymerize and 

cast from polyphosphoric acid (PPA). The controlled hydrolysis of the PPA in the film 

affords very large doping levels and excellent performance.19 

In contrast to sulfonic acid based PEMs, the ion transport in phosphoric acid 

doped systems under anhydrous conditions is thought to follow a proton hopping or 

Grotthus mechanism.20, 21 The mechanism is reported to depend strongly on acid doping 

level, water content and temperature. At low doping levels, the proton transport has been 

suggested to take place between the N-H sites of the polymer and phosphate anion. At 

higher doping levels, the presence of “free” acid facilitates the enhanced transport from 

the more rapid diffusion of additional phosphate anions.22 In the presence of water, ions 

such as H3O+ also can be involved as an additional proton carrier.  At high temperatures 

in the condensed phosphoric acid state, ion transport involving protonic diffusion via the 

vehicle mechanism is also proposed.23 

Generally, the ionic conductivity of phosphoric acid doped PBI homopolymers 

increases along with doping level and temperature. However, doping levels higher than 5 

may not be desirable in current commercial PBI due to high swelling and deterioration of 

mechanical properties.24  Although several approaches have been attempted to address 



 162

this problem, such as crosslinking of the matrix polymer,25, 26 and introducing inorganic 

fillers to reinforce the membrane,27  highly doped membranes still suffer from 

mechanical property deterioration and a perceived and perhaps actual problem with 

electrode performance.  

Similar trade-offs between proton conductivity and dimensional stability have 

been observed in sulfonic acid containing PEM systems.  Although an increased degree 

of sulfonation in the system enhances proton conductivity, beyond a certain concentration 

a percolated hydrophilic phase develops resulting in excessive water swelling, and a 

hydrogel which is impractical as a PEM.28, 29 Recently, these problems have been 

successfully addressed by utilizing multiblock copolymers based on ion conducting 

hydrophilic blocks and mechanically robust hydrophobic blocks.30-34  Once the block 

copolymers are cast into membranes, they can exhibit unique phase separated 

morphologies and each phase governs independent properties.  The ionic groups of the 

hydrophilic blocks act as proton conducting sites while the nonionic hydrophobic 

component provides dimensional stability.   

 In this chapter, a series of multiblock copolymers was produced by a 

homogeneous coupling reaction in DMAc between highly reactive o-diamino functional 

PBI oligomers and carboxylic acid terminated poly(arylene ether sulfone) oligomers.35 

The latter was prepared by using m-hydroxybenzoic acid as an efficient end-capper 

during the nucleophilic step polymerization. The carboxylate formed is unreactive but the 

phenoxy anion is quite reactive with the activated aromatic halide. The PBI segments in 

the system facilitate ionic conduction by providing a selective site for absorption of 

H3PO4 while poly(arylene ether sulfone) segments  are unaffected and maintain the 
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dimensional and mechanical stability. Ionic transport measurements on the copolymers 

have been investigated in the absence and presence of water as a function of doping level, 

temperature and morphology.  
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5.3. Experimental 

5.3.1. Materials 

N,N-Dimethylacetamide (DMAc), N-methyl-2-pyrrolidinone (NMP), and toluene were 

purchased from Aldrich and distilled from calcium hydride before use.  Monomer grade 

4,4’-dichlorodiphenyl sulfone (DCDPS) and 4,4’-biphenol (BP) were provided by Solvay 

Advanced Polymers and  Eastman Chemical Company, respectively, and vacuum dried at 

110 °C prior to use.  Potassium carbonate, 3-hydroxybenzoic acid (99%) (3-HBA), 

isophthalic acid (99%), 3,3’-diaminobenzidine (99%) (DAB), phosphoric acid (85%) and 

polyphosphoric acid (115%) were purchased from Aldrich and used without further 

purification. 

 

5.3.2. Synthesis of Controlled Molecular Weight Poly(arylene ether sulfone)s with 

Telechelic Benzoic Acid Functionality   

Benzoic acid terminated poly(arylene ether sulfone) oligomers (BPS) with molecular 

weights of 5, 10, and 15 kg/mol were synthesized. An example of the synthesis of 5 

kg/mol BPS is as follows: 10.6730 g (57.3 mmol) of BP, 17.9209 g (62.4 mmol) of 

DCDPS, 1.4061 g (10.2 mmol) of 3-HBA and 11.1900 g (81.0 mmol) of potassium 

carbonate were added to a three-necked 250-mL flask equipped with a condenser, a Dean 

Stark trap, a nitrogen inlet/outlet, and a mechanical stirrer.  Distilled DMAc (120 mL) 

and toluene (60 mL) were added to the flask.  The solution was allowed to reflux at 

155 °C while the toluene azeotropically removed the water from the system.  After 4 h, 

the toluene was completely removed from the system and the reaction temperature was 

increased to 180 ºC. The reaction was allowed to proceed for another 48 h.  The resulting 
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viscous solution was filtered to remove the salts and coagulated in methanol.  The 

telechelic benzoic acid functionality of the oligomer was recovered from its potassium 

salt form by stirring the coagulated polymer in 0.1 M aqueous sulfuric acid solution for 

24 h.  The polymer was dried at 110 °C in vacuo for at least 24 h.   

 

5.3.3. Synthesis of Controlled Molecular Weight Diamine-terminated 

Polybenzimidazole   

Diamine terminated polybenzimidazole blocks with molecular weight 5, 10, and 15 

kg/mol were synthesized.  A typical coupling reaction was performed as follows: 5.8977 

g (35.5 mmol) of isophthalic acid and 8.0995 g (37.8 mmol) of DAB were mixed with 

126 g of polyphosphoric acid in a three-necked 250-mL flask equipped with a nitrogen 

inlet/outlet and a mechanical stirrer.  The mixture was heated at 200 ºC for 24 h.  The 

resulting dark brown polymer solution was coagulated in deionized water and stirred for 

24h.  The telechelic oligomer was filtered and washed with deionized water several times.  

The residual acid in the polymer was neutralized with 1M NaOH solution.  It was dried at 

120 °C in vacuo for at least 24 h. 

 

5.3.4. Synthesis of Poly(arylene ether sulfone)-b-Polybenzimidazole Multiblock 

Copolymers.  

Multiblock copolymers were synthesized via a coupling reaction between the benzoic 

acid and o-diamino end groups on the poly(arylene ether sulfone) and polybenzimidazole 

oligomers, respectively.  A typical coupling reaction was performed as follows: 3.0000 g 

(0.6 mmol) of poly(arylene ether sulfone) oligomer ( nM  = 5 kg/mol), 3.0000 g (0.6 
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mmol) of highly reactive polybenzimidazole oligomer ( nM = 5 kg/mol) and 60 mL of 

NMP were added to a three-necked 100-mL flask equipped with a mechanical stirrer, and 

a nitrogen inlet/outlet.  The reaction mixture was heated at 200 ºC and allowed to proceed 

for 48 h.  The resulting dark brown viscous copolymer solution was precipitated in 

methanol and filtered.  The polymer was dried at 120 °C in vacuo for at least 24 h. 

 

5.3.5. Characterization of Copolymers 

 1H NMR analyses were conducted on a Varian INOVA 400 MHz spectrometer with 

DMSO-d6 or DMAc-d9 to confirm the chemical structures of oligomers and copolymers.  

1H NMR spectroscopy was also used to determine copolymer compositions and number-

average molecular weights of the oligomers via end-group analyses.  Intrinsic viscosities 

were determined using NMP at 25 ºC using an Ubbelohde viscometer.  Dynamic 

mechanical analysis was performed on a TA DMA 2980 using a thin film tension clamp 

in order to characterize the thermal properties of the multiblock copolymers. After 

heating to 220 °C to evaporate any remaining trace amounts of solvent, the samples were 

then equilibrated for 10 minutes at 0 °C under nitrogen and heated at a rate of 3 °C/min to 

450 °C, using an oscillation of 1 Hz. 

 

5.3.6. Film Casting and H3PO4 Doping 

Multiblock copolymer membranes were prepared by solution casting from DMAc.  The 

copolymers were dissolved in DMAc (10% w/v), filtered through 0.45 µm Teflon® 

syringe filters, and cast onto clean glass substrates.  The solvent was evaporated under an 

infrared lamp for 48 h at 50-70 °C, resulting in transparent, tough, and flexible films.  
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The films were further dried in vacuo at 110 °C for 24 h to remove residual solvent.  The 

H3PO4 doped membranes were prepared by immersing the cast membranes in a various 

concentrations (3-14.6M) of aqueous H3PO4 solution for 72 h at room temperature.  

 

5.3.7. Determination of Doping Level, Water Uptake, and Swelling Ratio 

The doping level and water uptake of the H3PO4 doped membranes were determined by 

weight comparisons between undoped, doped, and vacuum dried doped membranes.  

First, the DMAc cast membranes were dried at 150 °C in vacuo for 24 h and their 

weights (Wdry) were recorded.  The dried membranes were then immersed in H3PO4 

solutions.  After 72 h, the membranes were taken out, wiped dry, and weighed (Wwet).   

Finally, the membranes were dried in a vacuum oven at 110 °C for 24 h and weighed 

(Wacid). 
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where MWPA and MWPBI represent the molecular weight of phosphoric acid and repeat 

unit of PBI repeat unit, respectively. FPBI is the fraction of PBI portion in the multiblock 

copolymer (e.g., % PBI composition divided by 100). 
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The swelling ratios of copolymers were determined as follows 

100
)(

(%) ×
−

=
dry

drywet

l
ll

RatioSwelling  

where ldry and lwet represents the length or thickness of dry and wet films, respectively. 

 

5.3.8. Tensile Testing 

Uniaxial load tests were performed using an Instron 5500R universal testing machine 

equipped with a 200 lb load cell at room temperature and 44-54% relative humidity (RH). 

Crosshead displacement speed was 5 mm/min and gauge lengths were set to 25 mm. A 

dogbone die was used to punch specimens 50 mm long with a minimum width of 4 mm. 

Prior to testing, specimens were dried under vacuum at 100 °C for at least 12 h and then 

equilibrated at 40% RH and 30 °C. All specimens were mounted in manually tightened 

grips. At least five replicates were tested for each membrane. Modulus values for each 

specimen were calculated based on the stress and elongation values for the specimen at 

the first data point at or above 2% elongation. 

5.3.9. Determination of Ionic Conductivity 

All conductivity measurements were made using a Solartron (1252A +1287) 

impedance/gain-phase analyzer over the frequency range of 10 Hz - 1 MHz.  The 

conductivity of the membrane was determined from the geometry of the cell and 

resistance of the film which was taken at the frequency that produced the minimum 

imaginary response. For the temperature sweep experiments, the conductivity cells with 

the membranes were equilibrated at 100 0 C for 4-5 h before the start of the experiment. 

This was done to remove the excess water from the membranes. In situ measurements 
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were taken as a function of increasing temperature with the cells equilibrated in a 

convection oven. Equilibration time at each temperature was kept fixed at 3 hours. 
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5.4. Results and Discussion 

5.4.1. Synthesis of Poly(arylene ether sulfone) and Polybenzimidazole Oligomers 

Carboxylic acid-terminated poly(arylene ether sulfone) oligomers (BPS) whose 

molecular weights range from 5 to 15 kg/mol were synthesized via step-growth 

polymerization of DCDPS, BP, and 3-HBA (Fig. 5.1). Telechelic benzoic acid 

functionality of the oligomers was achieved by utilizing 3-HBA as an end-capping agent 

as reported earlier.35 Molecular weights of the oligomers were controlled by using 

stoichiometrically adjusted amounts of monomers and end-capping reagent.  The 

number-average molecular weights of the BPS oligomers were determined by end group 

analysis of the 1H NMR spectra.  The peak at 7.61 ppm was assigned to one of the 

protons on the benzoic acid end group while the peak at 7.71 ppm was assigned to the 

protons on the phenyl ring next to the sulfone groups (Fig. 5.2).  By comparing the 

integrations of both peaks, the number-average molecular weights of the BPS oligomers 

were determined (Table 5.1). 

Table 5. 1. Characterization of BPS and PBI Telechelic Oligomers.  
 

BPS Oligomer  PBI Oligomer Target 
Mn 

(g mol-1) Mn (g mol-1)a
 IV (dL g-1)b  Mn (g mol-1)a

 IV (dL g-1)b 

5,000 5,400 0.22  5,400 0.58 

10,000 9,800 0.38  11,700 1.23 

15,000 14,700 0.55  16,100 1.64 
a Determined by 1H NMR end group analyses. 

b In NMP at 25 ºC. 
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Figure 5. 1. Synthesis of a Benzoic Acid-terminated Poly(arylene ether sulfone) 
Oligomer. 
 
 
 

 

Figure 5. 2. 1H NMR Spectrum of a Benzoic Acid-terminated Poly(arylene ether sulfone) 
Oligomer. 
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o-Diamino-terminated polybenzimidazole oligomers (PBI) with the same 

molecular weight of BPS oligomers were synthesized via step-growth polymerization in 

polyphosphoric acid (Fig. 5.3).  The molecular weight and diamine end group 

functionality of the oligomers were controlled by offsetting monomer stoichiometry.  The 

number-average molecular weight of each PBI oligomer was determined from the 1H 

NMR spectrum.  The peaks ranging from 6.5 to 7.0 ppm and from 12.8 to 13.5 were 

assigned to the protons on the o-diamino benzene moieties and the amine protons on 

benzimidazole moieties, respectively (Fig. 5.4).  By comparing the integrals, number-

average molecular weights were determined and are summarized in Table 5.1.  

 

 

Figure 5. 3. Synthesis of a o-Diamino-terminated Polybenzimidazole Oligomer. 
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Figure 5. 4. 1H NMR Spectrum of a Diamine-terminated Polyimide Hydrophobic 
Oligomer. 

 

Intrinsic viscosities of both BPS and PBI oligomers were measured in NMP by 

using a Ubbelohde viscometer.  As expected, increased viscosities were observed with 

increasing molecular weight.  In addition, when the viscosities of the oligomers were 

plotted with the determined number-average molecular weights in a log-log scale, a linear 

relationship was observed for both BPS and PBI oligomers which confirmed the 

successful control of molecular weight for both block series (Fig. 5.5, 5.6).  
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Figure 5. 5. Double Logarithmic Plot of [η] versus Mn of Poly(arylene ether sulfone) 
Oligomers. Intrinsic Viscosity was Measured in NMP at 25 ºC. 
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Figure 5. 6. Double Logarithmic Plot of [η] versus Mn of Polybenzimidazole Oligomers. 
Intrinsic Viscosity was Measured in NMP at 25 ºC. 
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5.4.2. Synthesis of BPS-PBI Multiblock Copolymers 

The multiblock copolymers were synthesized by a coupling reaction between BPS 

and PBI oligomers of equal block length in NMP. The coupling reaction was achieved by 

forming benzimidazole moieties between benzoic acid and o-diamino end groups on the 

BPS and PBI oligomers, respectively (Fig. 5.7). For the coupling reaction, 

polyphosphoric acid was initially considered as a reaction solvent. However, poor 

solubility of BPS oligomers made the coupling reaction impossible in polyphosphoric 

acid.  For this reason, the coupling reactions of BPS and PBI oligomers were performed 

in NMP, which dissolved both BPS and PBI oligomers. Since high molecular weight 

multiblock copolymers can be readily synthesized from several oligomers of sufficient 

length, NMP served as a good solvent to conduct the coupling reaction. The 1H NMR 

spectrum of the BPS-PBI copolymer showed the disappearance of the end group peaks of 

both BPS and PBI oligomers, which confirmed that the block copolymerization was 

successful (Fig. 5.8). In addition, 13C NMR experiments also showed the disappearance 

of the carbonyl carbon peak from the BPS oligomer after the coupling reaction.   
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Figure 5. 7. Synthesis of a Poly(arylene ether sulfone)-b-polybenzimidazole (BPS-PBI) 
Copolymer. 
 
 
 
 
 

 

Figure 5. 8. 1H NMR Spectrum of a BPS-PBI Multiblock Copolymer. Black Arrows 
Represent the Disappearance of the Diamine End Groups on the PBI Blocks after the 
Coupling Reaction with Benzoic Acid-terminated BPS Blocks.  
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5.4.3. Characterization of the BPSH-PBI Multiblock Copolymers 

The chemical composition of the copolymers was calculated by comparing the 

peak integrations from each oligomer on 1H NMR spectra. The determined chemical 

compositions of PBI in the copolymer varied from 45 to 47% , which were slightly lower 

than the feed value (e.g., 50%).  The intrinsic viscosities of the copolymers ranged from 

0.78 to 1.91 dL/g. (Table 5.2) All copolymers produced tough, ductile membranes when 

solvent cast from DMAc. DMA analysis showed that with increasing block length, the 

two glass transition peaks attributed to the separate BPS and PBI regimes became 

increasingly distinct (Fig. 5.9). While the glass transition of 360-375 oC for PBI remained 

constant, the glass transition for BPS shifted from 276 oC to 240 oC. This implies a lower 

level of a mixed-regime phase as higher block lengths allowed a greater degree of phase 

separation. The upper Tg from the E’ drop seems a bit low, which may be a segment Mn 

issue, but the tan delta loss seems to be about where one would have expected. 
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Figure 5. 9. Storage Modulus and Tan Delta Curves for BPS-PBI Copolymers. Short 
Dash Line, Long Dash Line, and Solid Line Represent BPS5-PBI5, BPS10-PBI10, and 
BPS15-PBI15, Respectively. 
 

Table 5. 2. Characterization of BPS x –PBI y a Copolymers.   
 

 Tg (°C)d 
Copolymers 

Copolymer 
Compositionb 

 (BPS/PBI) (%)  
IV 

(dL g-1)c 

 

1st 2nd 

BPS 5 – PBI 5 54 / 46  0.78  276 360 

BPS 10 – PBI 10 53 / 47  1.00  250 375 

BPS 15 – PBI 15 55 / 45  1.91  240 375 
a Acronym for copolymers (BPS x – PBI y) :  

   x = molecular weight of the poly(arylene ether sulfone) block (BPS) in units of kg/mol  

   y = molecular weight of the polybenzimidazole block (PBI) in units of kg/mol 
b Determined by 1H NMR 
c In NMP at 25 ºC  

d Measured by DMA; E’ Modulus drop 

5.4.4. Water Uptake, H3PO4 Doping Level, and Swelling Ratio 

The copolymers were soluble in DMAc without any insoluble residue and 

produced transparent and ductile membranes.  A series of acid doped copolymer 
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membranes were prepared using various concentrations of H3PO4 solution.  First, to 

determine the time required to saturate the copolymer membranes in different 

concentrations of H3PO4 solution, the membranes were immersed in 3, 9, and 14.6 M 

H3PO4 solutions and their weight gains were measured as a function of time.  Figure 5.10 

shows the weight increase behavior of BPS10-PBI10 with different acid concentrations. 

As can be seen from the figure, a higher concentration of doping solution reduces the 

time to saturate the film with H3PO4. With the 3 M H3PO4 solution, at least 24 h was 

necessary to saturate the membrane while only 6 h was adequate for the 14.6 M H3PO4 

solution.  Based on the results, further doping experiments were performed for 72 h to 

obtain the maximum acid doping level.  

 To determine the doping level and water uptake, a series of BPS-PBI copolymers 

with different block lengths was immersed in different concentrations of H3PO4 solution.  

After 72 h of immersion in the acid solutions, their weight increases were measured and 

plotted as a function of the doping concentration (Fig. 5.11).  As expected, larger weight 

gains were observed for higher concentrations of doping solutions.  However, no 

significant variation of weight increase was observed with changes of block lengths.  

 The weight increases of acid doped membranes can be attributed both to imbibed 

H3PO4 and water. To evaluate the contribution of each factor in the weight increase, the 

acid doped membranes were dried in a vacuum oven at 110 °C for 24 h. The drying 

process selectively removed water out of the membrane without the condensation of 

H3PO4 in the membranes. The weight loss after the drying was interpreted as the water 

uptake of the sample while remaining weight increase was considered as the weight of 

H3PO4 by the doping process. Fiqure 12 shows the contribution of the water uptake and 
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the acid doping for the weight increases.  Interestingly, as the concentration of acid 

doping solution increased, the water uptake of the copolymers remained similar values 

while the weight increases by acid were significant.  This behavior is well matched with 

the earlier study which was performed by Bjerum et.al.15 

 The doping levels of the membranes were also determined (Fig. 5.13). The doping 

levels increased linearly with increasing solution concentration up to 12 M.  However, 

when the concentration was higher than 12 M, the doping level increased more rapidly 

and reached 12 for the 14.6 M acid concentration. It is noteworthy that the doped 

copolymer membranes showed limited swelling ratios even at high doping levels.  For 

H3PO4 doped conventional PBI homopolymer membranes, it has been generally accepted 

that the doping level 5 is the highest value for practical applications without any observed 

deterioration of mechanical strength and ionic conductivity.15  However, when BPS-PBI 

and PBI homopolymer membranes were immersed in 14.6 M H3PO4 solution for 72 h, 

the BPS-PBI membranes with high doping levels (e.g., 9.65-12.02) showed less than 4% 

in-plane and 60% through-plane swelling ratios while PBI homopolymer exhibited 22% 

and 105% swelling ratios, respectively. (Table 5.3). This result is not surprising if we 

consider that the acid contents of the doped multiblock copolymer membranes (e.g., 59-

63 wt.%) are lower than that of the homopolymer PBI(78 wt.%). To compare the 

swelling behaviors of the two systems with similar acid contents, a homopolymer PBI 

membrane with 60.9% acid content was also fabricated by immersion in 12 M H3PO4 

solution. Although the acid content of the homopolymer PBI membrane was reduced to 

60.9% to match the acid contents of multiblock copolymers, the PBI homopolymer 

membrane still showed much a higher swelling ratio than those of multiblock copolymers. 
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A possible explanation of the low swelling ratios of the multiblock copolymers might be 

the selective doping of the acid in the multiblock copolymer membranes. Since 

poly(arylene ether sulfone) BPS segments do not absorb phosphoric acid, the doped 

phosphoric acid mainly exists in  the PBI segments while the poly(arylene ether sulfone) 

segments maintain physical integrity and reduced the swelling ratios even with high 

doping levels.  Hence, the low swelling ratios and minor softening of the acid doped 

multiblock copolymer membranes suggest that higher doping levels (e.g., > 6) could be 

utilized to further enhance the ionic conductivities without any significant deterioration 

of the mechanical strength.  Detailed mechanical properties of BPS15-PBI15 with 

different doping levels are summarized in Table 5.4.         

     

Table 5. 3. Swelling Ratios of BPS –PBI and PBI Homopolymer Membranes Doped with 
H3PO4 Solution for 72 h. 
 

Copolymers Length 
(%) 

Thickness 
(%) 

Volume 
(%) 

Acid Conc. 
for Doping 

(M) 

Acid in 
Sample 
(wt.%) 

PBIa  22.7 105.5 209 14.6 78.8 

PBIa 9.5 95.5 134 12.0 60.9 

BPS 5 – PBI 5 2.7 60.0 69 14.6 63.5 

BPS 10 – PBI 10 2.7 42.9 51 14.6 59.2 

BPS 15 – PBI 15 1.7 56.3 62 14.6 62.6 
a Intrinsic viscosity in NMP at 25 °C was 2.35 dL/g  
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Figure 5. 10. Weight Gains of BPS10-PBI10 as a Function of Immersion Time with 
Different Acid Concentrations. 
 

 

Figure 5. 11. Weight Increases of BPS-PBI Membranes as a Function of the Acid 
Concentration with Different Block Lengths. 
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Figure 5. 12. Contribution of Phosphoric and Water to the Weight Increases of BPS-PBI 
Membranes as a Function of the Acid Concentration with Different Block Lengths. 

 

Figure 5. 13. Phosphoric Acid Doping Level of BPS-PBI Membranes as a Function of 
the Acid Concentration with Different Block Lengths. 
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Table 5. 4. Mechanical Properties of BPS15 –PBI15 with Different Doping Levels. 
 

Doping Level Acid in Sample 
(wt.%) 

Modulus  
(MPa) 

Stress at Break 
(MPa) 

Elongation at 
Break (%) 

0 0 2880 ± 100 73 ± 3 10 ± 2 

4.6 40.0 860 ± 60 46 ± 5 149 ± 12 

11.5 62.6 440 ± 80 31 ± 6 205 ± 16 
 

 

5.4.5. Influence of Temperature and Doping Levels of Phosphoric Acid on Ionic 

Conductivity  

The ionic conductivities of the BPS-PBI copolymers were determined as a 

function of temperature without any external humidification supply. The temperature 

range was 100 to 200 °C. Figure 5.14 represents the temperature vs. conductivity plot for 

BPS5-PBI5 doped with different concentrations of phosphoric acid (e.g., 3, 9, 12, and 

14.6 M). A similar study was conducted for the BPS10-PBI10 and BPS15-PBI15 samples 

as shown in Figures 5.15 and 5.16. The numbers within the brackets in the legends refer 

to the doping levels of the samples.  

In all cases, the ionic conductivities increased with increasing temperature and 

doping levels. However, the conductivities of the copolymers doped at higher 

concentrations (e.g., 12 and 14.6 M) increased more rapidly with temperature than in 

samples doped with lower concentrations (e.g., 3 and 9 M). For the membranes doped 

with lower acid concentrations (3 and 9 M), the doping levels ranged from 4 to 5. As the 

theoretical number of “bound” phosphoric acid units is 4, ionic conduction at this doping 

level can occur only through proton hopping between the N-H site and the phosphate 

anion.23 However when the membranes were doped with higher acid concentrations (12 
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and 14.6 M), the doping levels were between 6-12 and the presence of “free” phosphoric 

acid or the quickly diffusing H2PO4
- anions increases the ionic conductivity significantly.  

Ionic conductivity measured as a function of temperature also showed an 

increasing trend for all samples. However, a change in slope was observed above 150 oC, 

which may be attributed to a change in the conduction mechanism. It is known that 

“fused” phosphoric acid can be formed from the “free” phosphoric acid at high 

temperatures and so the slope change may indicate a transition from a hopping 

mechanism to a vehicle mechanism involving bodily diffusion of protons as proposed by 

Hayamizu et al.23 The activation energy for ionic transport was determined for all 

samples over the temperature range of 100 oC to 150 oC. The activation energy calculated 

showed a strong dependence on doping level as shown in Figure 5.17. A significant drop 

in activation energy from 60 to 20 kJ/mol was observed for the BPS15-PBI15 sample as 

the doping level was increased from 2 to 6. A similar trend was also seen in the BPS5-

PBI5 and BPS10-PBI10 samples. This sharp decrease can be attributed to the 

involvement of the free phosphoric acid or the phosphate anion in the transport process. 

A further increase in phosphoric acid content resulted in a nominal decrease in the 

activation energy value. 

Among the copolymers, the highest conductivity at 200 °C was 47 mS/cm from 

BPS15-BPS15 with a doping level of 11.5.  This value is relatively low when compared 

to the current record conductivity of 250 mS/cm at 200 °C which was acquired with the 

phosphoric acid doped PBI membrane via the sol-gel process.19 However, considering 

doping level of the sol-gel processed membrane is extraordinarily high (e.g., 20-40), the 

ionic conductivity of 47 mS/cm with the doping level of 11.5 is reasonable.   
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It is worthwhile to compare ionic conductivities of the multiblock copolymer 

system and conventional PBI system with similar acid contents instead of doping levels. 

Since the PBI compositions of the multiblock copolymers are around half of the system, 

at the same doping level, the acid contents in the multiblock copolymers will be much 

lower than those of homopolymer PBI. For example, the weight based acid content in the 

BPS15-PBI15 (PBI composition 45%) with a doping level of 11.5 will be the same as 

that of conventional PBI system with a 5.18 doping level.  Previously, Litt et. al., 

reported ionic conductivity of the conventional phosphoric acid doped PBI system with 

5.01 doping level. The ionic conductivities ranged from 25 to 40 mS/cm with 5-10% 

relative humidity (RH) at 190 °C.16   

 

 

 

Figure 5. 14. Influence of Temperature on Ionic Conductivity for BPS5-PBI5 Samples at 
Varying Phosphoric Acid Doping Levels. 
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Figure 5. 15. Influence of Temperature on Ionic Conductivity for BPS10-PBI10 Samples 
at Varying Phosphoric Acid Doping Levels. 

 

Figure 5. 16. Influence of Temperature on Ionic Conductivity for BPS15-PBI15 Samples 
at Varying Phosphoric Acid Doping Levels. 
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Figure 5. 17. Influence of Phosphoric Acid Content on Activation Energy. 

5.4.6. Influence of the Microstructure of the Multiblocks on Ion Transport.  

Over the last few years, our group has been investigating the influence of 

morphology on proton transport of sulfonic acid containing multiblock copolymers as a 

function of relative humidity (RH). The proton conductivity under partially hydrated 

conditions was found to increase with increasing block length or with the extent of phase 

separation.36 In the current investigation with the selectively doped BPS-PBI system, ion 

conduction was studied as a function of doping level at 140 °C. The three copolymers 

with varying block lengths were compared as shown in Figure 5.18. Among the 

copolymers, the conductivities of BPS15-BPS15 and BPS10-BPS10 showed a similar 

trend with doping level in contrast to the BPS5-PBI5 sample. This suggests a 

morphological change from the BPS5-BPS5 sample to the BPS10-BPS10 sample. At a 

given doping level, the ionic conductivity was found to increase with increasing block 

length. The effect was more pronounced at lower doping levels (6-7).  This can be 
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attributed to the formation of a phase separated morphology with increasing block lengths 

as indicated by the DMA study. The phase separated morphology resulted in improved 

connectivity within the PBI units. This is consistent with our earlier findings with the 

sulfonic acid containing multiblock copolymers. The increased connectivity with block 

length is expected to lower the morphological barrier for ion transport with increased 

ionic conductivity. Thus by synthesizing phase separated multiblock copolymers, 

improved ionic conductivity can be achieved with lower phosphoric acid doping levels.  
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Figure 5. 18. Influence of Block Length on Ion Conduction with Varying Phosphoric 
Acid Doping Level at 140 °C. 
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5.4.7. Synthesis and Characterization of BPS-PBI Copolymers with Higher PBI 

Contents  

As shown in the previous sections, the equal block length BPS-PBI multiblock 

copolymers showed high proton conductivity with excellent mechanical properties. Based 

on the results, another series of BPS-PBI multiblock copolymer with higher PBI content 

was synthesized. The main purpose of utilizing higher PBI content multiblock copolymer 

was to incorporate more H3PO4 in the system for higher ionic conductivity. Multiblock 

copolymers with 33/67 and 40/60 of BPS/PBI composition were synthesized with 10K-

10K and 15K-15K block length and their actual compositions determined by 1H NMR are 

summarized in Table 5.5.  

 
Table 5. 5. Feed Ratio and Determined Composition of Unequal BPS-PBI Copolymers. 

Copolymer Feed Ratio (BPS/PBI) Determined Composition 
(BPS/PBI) from 1H NMR 

BPS10-PBI10 40/60 42/58 

BPS10-PBI10 33/67 35/65 

BPS15-PBI15 40/60 42/58 
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BPS15-PBI15 33/67 34/66 

 
 

The higher PBI contents were achieved by slightly upsetting the feed ratio of BPS and 

PBI oligomers for the coupling reaction. Since the oligomers already had relatively high 

molecular weights, a slightly reduced degree of coupling reaction due to the offset 

stoichiometry between the BPS and PBI oligomers did not influence the final 

copolymers’ mechanical properties. The prepared copolymers were then doped with a 

14.6 M H3PO4 solution at 30 ºC for 24 h and their swelling behavior was evaluated 

(Table 5.6). As expected, multiblock copolymers with higher PBI composition could 

absorb more acid up to 10% compared to the equal block multiblock copolymers. The 

increased acid content resulted in higher swelling ratios but the values are much lower 

than those of PBI homopolymer.   

 
Table 5. 6. Acid Content and Swelling Behavior of BPS-PBI Copolymers. 

 Composition 
(BPS/PBI) 

Acid Content in 
Membrane (wt.%) 

Swelling Ratios 
(in-plane, through-plane) 

PBI homopolymer 0/100 79 % 23%,  106% 

BPS10-PBI10 53/47 56 % 6%,  65% 

BPS10-PBI10 42/58 65 % 12%,  74% 

BPS10-PBI10 35/65 66 % 17%,  100% 

BPS15-PBI15 52/48 56 % 7%,  51% 

BPS15-PBI15 42/58 63 % 10%,  56% 

BPS15-PBI15 34/66 66 % 15%,  70% 
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We investigated the mechanical behavior of block copolymer membranes, both in the 

undoped and doped form.  In Figure 5. 19, these data are presented. The testing was done 

at 25 ºC at a rate of 5 mm/minute, after being equilibrated at 40% RH.  The control 

copolymers (undoped BPS-PBI) were for the most part tough ductile films with a rather 

high modulus and some variability in the ultimate elongation.  Nevertheless, the films 

were creasible and ductile.  After doping selectively the PBI phase, the modulus has 

decreased quite a bit, reflecting the plasticization of the PBI phase. However, the tensile 

strength and the elongation are excellent—approximately three times the strength of 

Nafion 112, and roughly equivalent elongation at break.   
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Figure 5. 19. Mechnical Behavior of Undoped and Doped BPS-PBI Multiblock 
Copolymers. 
 

In Figure 5. 20, there is an increase in the tensile modulus as a function of the 

concentration of the hydrophobic polysulfone phase in these early experiments. It is not 

noticed in the updoped system, but particularly for the doped system, and it is believed 

that this reflects the fact that the polysulfone phase is not plasticized and can provide 

desirable continuing stiffness.   
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Figure 5. 20. Tensile Modulus of Undoped and Doped BPS-PBI Multiblock Copolymers. 
 
In Figure 5. 21, the tensile strength can also be shown to increase with block and 

molecular weight and polysulfone content, and it suggests that this will likely reflect a 

sharper nanophase separation as the blocks become longer.   
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Figure 5. 21. Tensile Strength of Undoped and Doped BPS-PBI Multiblock Copolymers. 
 

Ionic conductivity of BPS-PBI multiblock copolymers was measured as a function of 

temperature and RH. In Figure 5. 22, the results for the BPS15-PBI15 ( BPS/PBI:34/66) 

block copolymer at 120°C are compared with state-of-the-art Nafion 212 systems.  
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Conductivities at higher humidities are comparable; however, the conductivity at 50% 

humidity is significantly improved relative to even the Nafion NRE 212 system.   
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Figure 5. 22.  Ionic Conductivity Comparison between Nafion and BPS-PBI at 120 ºC 
under Partially Hydrated Conditions. 
 

In Figure 5. 23, the ionic conductivities of the BPS15-PBI15 at different temperatures are 

compared. Clearly, the conductivity increases with increasing temperature and the 

conductivity improvement at lower RH was more pronounce. It should be noted that the 

conductivity shown in the figure was measured with increasing RH mode. 
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Figure 5. 23.  Ionic Conductivity of BPS-PBI Copolymer as a Function of Temperature 
( Measured with Increasing RH Mode) 
 

In Figure 5. 24, the sequences down and up are compared at 30, 80 and 120°C. As shown 

in the figure, the conductivities with increasing RH were always higher than those with 

decreasing RH. The conductivity difference was pronounced at higher temperature. At 

80% the 100 mS seems to be about observed; at 60% it’s about 80, but at 50% it is still 

less than 70 in the increasing RH mode.   
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Figure 5. 24.  Ionic Conductivity of BPS-PBI Copolymer as a Function of Temperature 
 

In Figure 5. 25, the conductivity of the BPS15-PBI15 block copolymer at 30°C is 

compared with Nafion 212.  Clearly, there is a significant improvement relative the 

control, but again at 80% humidity the conductivity is approximately 50 or slightly less.  
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Figure 5. 25. Ionic Conductivity of BPS15-PBI15 Comparison to Nafion at 30 ºC. 
 
In Figure 5. 26, the results for a BPS15-PBI15 multiblock copolymer at 120°C are 

compared with state-of-the-art Nafion 212 systems.  Conductivities at higher humidities 

are comparable; however, the conductivity at 50% humidity is significantly improved 

relative to even the Nafion NRE 212 system.   
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Figure 5. 26.  Ionic Conductivity of BPS15-PBI15 Comparison to Nafion at 120 ºC. 
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5.5. Conclusions 
A novel thermally stable multiblock copolymer system was developed and 

characterized for low humidity high temperature PEM applications.  The multiblock 

copolymers were synthesized via a coupling reaction between telechelic carboxyl 

functional poly(arylene ether sulfone) and o-diamine terminated polybenzimidazole.  

Transparent and ductile membranes were prepared by solvent casting from DMAc and 

two distinct Tgs were observed by DMA. The ionic conduction of the membranes was 

achieved by immersing the membranes in H3PO4 solution.  A doping level and water 

uptake study revealed that the doping levels of the membranes strongly depend on the 

concentration of H3PO4 doping solution while the water uptake has a limited influence.  

The ionic conductivity study revealed that there was a strong dependency on temperature, 

doping level and more importantly the microstructure of the samples. The ionic 

conductivity was found to increase significantly after a particular doping level for all the 

copolymers and was attributed to the appearance of “free” phosphoric acid. At a given 

doping level, the ionic conductivity was found to increase with increasing block length. 

The formation of the phase separated morphology with increasing block length was 

confirmed by DMA analysis. The increased phase separation resulted in better 

connectivity and improved ion transport.  

The authors thank the Department of Energy (DE-FG36-06G016038) for its support 

of this research. 
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6.1. Abstract 
Novel sulfonated fluorinated multiblock copolymers were synthesized and 

characterized for proton exchange membrane (PEM) fuel cell applications.  The 

multiblock copolymers were synthesized via a coupling reaction between fully 

disulfonated poly(arylene ether sulfone) (BPSH100) with phenoxide end-groups and 

hexafluorobenzene (HFB) end-capped partially fluorinated poly(arylene ether ketone) 

(6FK) as hydrophilic and hydrophobic blocks, respectively.  The coupling reactions 

between the hydrophilic and hydrophobic oligomers were conducted at relatively low 

temperatures to prevent a possible trans-etherification, which can randomize the 

hydrophilic-hydrophobic sequences. Tough ductile membranes were prepared by solution 

casting and their membrane properties were evaluated.  With similar ion exchange 

capacities (IECs), proton conductivities and water uptake values were strongly influenced 

by the hydrophilic and hydrophobic block lengths. Conductivity and water uptake 

increased with increasing block length by developing nanophase separated morphologies. 

Atomic force microscopy (AFM) experiments revealed that the connectivity of the 

hydrophilic segments was enhanced by increasing the block length. The systematic 

synthesis and characterization of the copolymers are reported.  

Keywords: Multiblock copolymers; Sulfonated poly(arylene ether sulfone); Proton 

exchange membrane  
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6.2. Introduction 
Proton exchange membrane (PEM) materials have typically consisted of 

perfluorinated sulfonic acid containing ionomers (PFSAs), which can be synthesized 

from a copolymerization of tetrafluoroethylene (TFE) and a perfluorinated vinyl ether 

comonomer with a sulfonyl fluoride moiety in its side chain.1 Due to their Teflon-like 

backbone, these membranes demonstrate good chemical stability and mechanical strength 

along with high proton conductivity.2  Although PFSAs have performed well at moderate 

operation temperatures, their mechanical and electrochemical properties severely 

deteriorate at higher temperatures (>80 °C), which unfortunately can be essential for 

many practical applications.3, 4 Another drawback of these materials is high fuel 

permeability especially in direct methanol fuel cell (DMFC) applications.   

A significant effort has been devoted to the study of sulfonated aromatic 

copolymers as alternatives to PFSAs.  Aromatic backbone-based PEMs have several 

favorable characteristics over PFSAs including excellent thermal and oxidative stability, 

high acid and hydrolytic resistance, and lower production costs.5-7 The most frequently 

utilized aromatic high temperature copolymers for PEM applications are poly(arylene 

ether sulfone)s,8, 9 poly(arylene ether ketone)s,10, 11 and poly(phenylene)s.12, 13 Although 

PEM performance can be significantly improved by utilizing these high performance 

materials, there are still a number of drawbacks that must be addressed.  One of the main 

challenges is enhancing low proton conductivity under partially hydrated conditions. It 

has been widely accepted that many of the aromatic backbone-based PEMs form 

narrower and less well-connected ion channels in comparison to PFSAs under low 

relative humidity (RH) conditions.14       
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In order to overcome low proton conductivity, the use of PEMs based on 

hydrophilic-hydrophobic multiblock copolymers has recently been proposed due to their 

ability to form nanophase separated morphologies.15-18 PEMs based on hydrophilic-

hydrophobic sequenced multiblock copolymers can form well-connected hydrophilic 

ionic channels, which can facilitate proton transport under low humidity conditions. In 

addition, well-connected nonionic hydrophobic domains can provide dimensional 

stability.  In the case of DMFCs, their hydrophobic domain may also serve as a barrier 

against methanol permeability.   

The McGrath group has been developing various types of hydrophilic-hydrophobic 

multiblock copolymers based on disulfonated poly(arylene ether sulfone)s.16, 18-21 These 

multiblock copolymers have displayed significantly enhanced transport properties and 

improved performance, but their synthesis is more difficult than random copolymer.  

Specifically, careful oligomer preparation with proper end-group chemistry is essential 

for a successful coupling reaction. To address these issues, we have recently developed a 

convenient methodology to synthesize multiblock copolymer systems. This method 

utilizes highly reactive perfluorinated small molecules such as decafluorobiphenyl 

(DFBP) and hexafluorobenzene (HFB) as the linkage groups for the hydrophilic and 

hydrophobic oligomers.18 The use of highly reactive DFBP or HFB facilitates the 

coupling reactions at low temperatures and prevents a possible trans-etherification, which 

can randomize the hydrophilic-hydrophobic sequences. 

This study, therefore, addresses the synthesis and characterization of novel 

multiblock copolymers based on fully disulfonated poly(arylene ether sulfone) 

(BPSH100) and partially fluorinated poly( arylene ether ketone) (6FK) as the hydrophilic 
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and hydrophobic block, respectively. The fluorination of the hydrophobic segment is 

expected to promote nanophase separation with the hydrophilic segment, resulting in 

improved proton transport properties. The coupling reaction between the hydrophilic and 

hydrophobic blocks was achieved using HFB as the linkage group under mild reaction 

conditions (e.g. <110 °C). Using the synthetic procedures described below, ten 

multiblock copolymers with different IECs and block lengths were developed.  Various 

membrane parameters, such as proton conductivity (under fully and partially hydrated 

conditions), water uptake, swelling behavior, and morphology will be described with 

respect to their impact on PEM performance.  
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6.3. Experimental 

6.3.1. Materials 

4,4’-Biphenol (BP) and 4,4’-dichlorodiphenyl sulfone (DCDPS)  were provided 

by Eastman Chemical Company and Solvay Advanced Polymers, respectively, and were 

dried in vacuo at 110 °C for 24 h prior to use. The disulfonated monomer, 3,3’-

disulfonated-4,4’-dichlorodiphenyl sulfone (SDCDPS), was synthesized and purified as 

reported earlier.22 The purity of SDCDPS was determined via UV-Vis spectroscopy 

measurements.23 4,4’-Hexafluoroisopropylidenediphenol (6F-BPA) (Ciba) and 4,4’-

difluorobenzophenone (Aldrich) were recrystallized from toluene and ethanol, 

respectively, and dried in vacuo prior to use. N,N-dimethylacetamide (DMAc) was 

received from Aldrich and vacuum distilled before use.  Potassium carbonate (K2CO3), 

hexafluorobenzene (HFB), 2-propanol (IPA), acetone, and toluene were purchased from 

Aldrich and used without further purification. 

 

6.3.2. Synthesis of Hydrophilic and Hydrophobic Oligomers with Phenoxide 

Telechelic Functionality 

Fully disulfonated poly(arylene ether sulfone) hydrophilic oligomers (BPS100) 

and partially fluorinated poly(arylene ether ketone) hydrophobic oligomers (6FK) were 

synthesized with different number-average molecular weights ( nM  ). The oligomers were 

designed to be terminated with phenoxide end-groups by stoichiometrically off-setting 

the feed ratios of the monomers.  A sample synthesis of 5,000 g/mol BPS100 hydrophilic 

oligomer is as follows: 8.9720 g (48.2 mmol) of BP, 21.0280 g (42.8 mmol) of SDCDPS 

and 7.9911 g (57.8 mmol) of K2CO3 were charged to a three-necked 250-mL flask 
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equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and a mechanical stirrer.  

Then distilled DMAc (120 mL) and toluene (60 mL) were added to the flask and the 

reaction was heated at 145 °C with stirring.  The solution was allowed to reflux at 145 °C 

while the toluene azeotropically removed the moisture in the system.  After 4 h, the 

toluene was removed from the reaction by stripping off the Dean Stark trap and the 

reaction temperature was slowly increased to 180 ºC. The reaction was kept at this 

temperature with nitrogen purging for another 96 h.  The reaction solution was cooled to 

room temperature and filtered to remove salts.  The oligomer was coagulated in IPA by 

pouring the filtered solution.  The oligomer was vacuum dried at 110 °C for 24 h. A 

sample synthesis of 5,000 g/mol 6FK hydrophobic oligomer is as follows: 11.0665 g 

(50.7 mmol) of 4,4’-difluorobenzophenone, 18.9335 g (56.3 mmol) and 9.3392 g (67.6 

mmol) of potassium carbonate were reacted in DMAc at 180 ºC for 36 h. The detailed 

synthesis and purification procedures for the hydrophobic oligomers are similar to the 

BPS100 hydrophilic block synthesis.  

 

6.3.3. End-capping of the Hydrophobic Oligomers with Hexafluorobenzene (HFB) 

End-capping of the phenoxide terminated 6FK oligomers with HFB was 

conducted via a nucleophilic aromatic substitution reaction.  A typical end-capping 

reaction of 5,000 g/mol 6FK oligomer is as follows: 5.0000 g (1.0 mmol) of 6FK 

oligomer and 0.5528 g (4.0 mmol) of potassium carbonate were charged to a three-

necked 100-mL flask equipped with a condenser, a Dean Stark trap, a nitrogen inlet, and 

a mechanical stirrer.  Distilled DMAc (50 mL) and cyclohexane (15 mL) were added to 

the flask.  The solution was allowed to reflux at 100 °C to azeotropically remove the 
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moisture in the system.  After 4 h, the cyclohexane was removed from the system. The 

reaction temperature was lowered to 80 °C and the nitrogen purge was stopped. Then 

1.1163 g (6.0 mmol) of HFB was added and the reaction was allowed to proceed for 12 h. 

The solution was then cooled and filtered.  The filtered solution was coagulated in 

methanol and filtered. The reacted oligomer was dried at 110 °C in vacuo for 24 h. 

 

6.3.4. Synthesis of Multiblock Copolymers 

The multiblock copolymers were synthesized by coupling HFB end-capped 6FK 

hydrophobic oligomers and phenoxide terminated BPS100 hydrophilic oligomers. A 

typical coupling reaction was conducted as follows: 5.0000 g (1.0 mmol) of BPS100 

( nM  = 5,000 g/mol), 0.5528 g (4.0 mmol) of potassium carbonate,  100 mL of DMAc, 

and 30 mL of cyclohexane were added to a three-necked 250 mL flask equipped with a 

condenser, a Dean Stark trap, a nitrogen inlet, and a mechanical stirrer.  The reaction 

mixture was heated at 100 ºC for 4 h to dehydrate the system with refluxing cyclohexane. 

After removing the cyclohexane, 5.0000 g (1.0 mmol) of vacuum dried HFB end-capped 

6FK hydrophobic oligomer ( nM  = 5,000 g/mol) was added.  The coupling reaction was 

conducted at 105~110 ºC for 24 h.  The reaction solution was filtered and precipitated in 

IPA.  The copolymer was purified in a Soxhlet extractor with methanol for 24 h and with 

chloroform for another 24 h to remove the unreacted hydrophilic and hydrophobic 

oligomers, respectively.  The copolymer was dried at 120 °C in vacuo for 24 h. 
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6.3.5. Characterization 

The chemical structures of the oligomers and copolymers were confirmed by 1H 

NMR analyses on a Varian INOVA 400 MHz spectrometer with DMSO-d6.  In addition, 

1H NMR spectroscopy was utilized for end-group analyses of the oligomers to determine 

their nM .  Intrinsic viscosities were determined in NMP containing 0.05 M LiBr at 25 ºC 

using an Ubbelohde viscometer.  The ion exchange capacity (IEC) values were 

determined by titration using a 0.01 M NaOH solution.     

 

6.3.6. Film Casting and Membrane Acidification.  

Initial membranes were cast in their salt form by solution casting. The salt form 

copolymers were dissolved in DMAc (7% w/v) and filtered with syringe filters ( 0.45 µm 

Teflon® ). The filtered solutions were then cast onto clean glass substrates.  The films 

were dried under an IR ramp at 60 ºC for 1 day, followed by drying in vacuo at 110 ºC 

for 24 h. The acid form membranes were obtained by boiling in 0.5 M sulfuric acid 

aqueous solution for 2 h, followed by boiling in deionized water for 2 h. The membranes 

were kept in deionized water at room temperature for 24 h for further characterization. 

 

6.3.7. Determination of Proton Conductivity and Water Uptake.  

Fully and partially hydrated proton conductivities were evaluated in a water bath 

and a humidity-temperature controlled chamber, respectively. The conductivity of the 

membrane was determined from the geometry of the cell and resistance of the film, 

which was obtained at the frequency that produced the minimum imaginary response.  A 

Solartron (1252A +1287) impedance/gain-phase analyzer over the frequency range of 10 
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Hz - 1 MHz was used for the measurements.  The membrane water uptake was 

determined by the weight difference between dry and wet membranes. The vacuum dried 

membranes were weighed (Wdry), and then immersed in deionized water at room 

temperature for 24 h.  The wet membrane was blotted dry and immediately weighed 

again (Wwet).  The water uptake of the membranes was calculated according to the 

following equation.  

100(%) ×
−

=
dry

drywet

W
WW

UptakeWater  

 

The hydration number (λ), which can be defined as the number of water molecules 

absorbed per sulfonic acid unit, was determined from the water uptake and the ion 

content of the dry membrane, according to the following equation. 

 

  1000
/)(

2 ×
×

−
=

dry

OHdrywet

WIEC
MWWW

λ  

 

where MWH2O is the molecular weight of water (18.01 g/mol).  

 

6.3.8. Atomic Force Microscopy (AFM) 

Tapping mode AFM was performed using a Veeco Multimode Atomic Force 

Microscope. Samples were equilibrated at 30% relative humidity (RH) at room 

temperature for at least 24 h and sealed before imaging.  
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6.3.9. Determination of Swelling Ratio 

The swelling ratios of the membranes were explored both in-plane and through-

plane. The ratios were determined from the dimensional changes from wet to dry state. 

Membranes were stored in water for 24 h and wet dimensions were measured. The dried 

dimensions were obtained by drying the wet membrane at 80 oC in a convection oven for 

2 h. 
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6.4. Results and Discussion 

6.4.1. Controlled Molecular Weight Hydrophilic and Hydrophobic Oligomer 

Synthesis 

Hydrophilic and hydrophobic telechelic oligomers with controlled molecular 

weight were synthesized via step-growth polymerization (Fig. 6.1 and 6.2). The 

hydrophilic oligomers were fully disulfonated poly(arylene ether sulfone)s (BPS100) and 

the hydrophobic oligomers were partially fluorinated poly(arylene ether ketone)s (6FK). 

Controlling the molecular weight and end-group functionality of the oligomers was 

achieved by offsetting the stoichiometry of the monomers. Because phenoxide terminated 

hydrophilic and hydrophobic blocks were desired, a calculated excess amount of BP and 

6F-BPA was used for the hydrophilic and hydrophobic block synthesis, respectively. 

Different molecular weight oligomers were prepared ranging from 3 to 20 kg/mol. 

Determining the molecular weight of the oligomers was conducted by comparing the 

integrals of the end-groups and the other main peaks on 1H NMR spectra. For the 

BPS100 hydrophilic block, the phenoxide end-group peaks were located at 6.80 , 7.40, 

7.05 and 6.80 ppm (Fig. 6.3). These correspond to the protons on the BP moieties, which 

bear the phenoxide moieties.  Conversely, the peaks at 7.1 and 7.65 were assigned to the 

protons on the BP moieties, which bear ether linkages with SDCDPS.  The number-

average molecular weights of oligomers were determined by calculating the ratios of the 

end group BP and the main chain BP.  Using a similar calculation, the number-average 

molecular weights of the hydrophobic oligomers were determined. On the 1H NMP 

spectrum of 6FK oligomer (Fig. 6.4), the two small peaks at 6.73 and 7.03 ppm were 

assigned to the terminal 6F-BPA moieties, while 6F-BPA moieties in the middle of the 

chain were assigned to the peaks at 7.20 and 7.48 ppm. The target and actual molecular 
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weights of the oligomers are summarized in Table 6.1, along with their determined 

intrinsic viscosities. When a log-log plot between intrinsic viscosity and number-average 

molecular weight was generated, it showed a linear relationship, thereby confirming that 

the molecular weight for both the hydrophilic and hydrophobic block series was 

successfully controlled (Fig. 6.5).  

 

 

Figure 6. 1. Synthesis of a Phenoxide Terminated, Fully Disulfonated Poly(arylene ether 
sulfone) (BPS100) Hydrophilic Oligomer. 
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Figure 6. 2. Synthesis of a Partially Fluorinated Poly(arylene ether ketone) (6FK) 
Hydrophobic Oligomer with Phenoxide Telechelic Functionality. 
 

 

 

Figure 6. 3. 1H NMR Spectrum of Phenoxide Terminated BPS100 Hydrophilic Oligomer. 
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Figure 6. 4. 1H NMR Spectrum of Phenoxide Terminated 6FK Hydrophobic Oligomer. 
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Figure 6. 5. Double Logarithmic Plot of [η] versus Mn of Hydrophilic (BPS100) and 
Hydrophobic (6FK) Oligomers. Intrinsic Viscosity was Measured in NMP with 0.05 M 
LiBr at 25 ºC. 
 
 
Table 6. 1. Characterization of Hydrophilic and Hydrophobic Telechelic Oligomers.  
 

Hydrophilic Blocks  Hydrophobic Blocks Target 

Mn 

(g mol-1) 
Mn (g mol-1)a

 IV (dL g-1)b  Mn (g mol-1)a
 IV (dL g-1)b 

3,000 3,200 0.12  3,100 0.12 

5,000 4,800 0.17  5,200 0.16 

10,000 9,200 0.28  10,600 0.24 

15,000 15,300 0.37  15,900 0.31 

20,000 20,000 0.46  19,200 0.33 

a Determined by 1H NMR. 

b In NMP with 0.05 M LiBr at 25 ºC. 
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6.4.2. End-capping of the Hydrophobic Oligomers  

Phenoxide terminated 6FK hydrophobic oligomers were end-capped with 

hexafluorobenzene (HFB) to facilitate a coupling reaction with the phenoxide terminated 

BPS100 hydrophilic blocks (Fig. 6.6). Due to the high volatility of HFB, the reaction was 

conducted around the boiling point of HFB without a nitrogen purge to achieve both high 

reaction kinetic and minimal loss of HFB. The highly reactive nature of HFB allowed the 

completion of the reaction at low temperature, which was confirmed by 1H NMR spectra 

(Fig. 6.7). As seen from the NMR spectrum of the end-capped oligomer, the phenoxide 

end-group peaks completely disappeared at 6.73 and 7.03.  New peaks were found at 7.23 

and 7.33, which can be assigned to the protons on 6F-BPA moieties connected with HFB.  

Because HFB is not a unifunctional but rather a multifunctional molecule, it was possible 

that the HFB was acting as a chain-extender between the hydrophobic oligomers via 

inter-oligomer coupling to form high molecular weight polymers. To eliminate this 

possibility, excess amounts of HFB toward the phenoxide end-groups were used. Since 

the equivalent amount of HFB needed to end-cap a single 6FK oligomer is 2, the 

theoretical molar ratio between HFB and 6FK oligomer is 2:1.  However, in order to 

avoid an inter-oligomer coupling reaction, the actual molar ratio used was 6:1.  Once the 

end-capping reaction had completed, we determined the intrinsic viscosities of the end-

capped oligomers and compared them to their original values (Table 6.2). Although 

minor incremental increases were observed with the end-capped oligomers, this was 

likely due to the chain length extension by the HFB, rather than inter-oligomer coupling.   
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Figure 6. 6. End-capping of a Phenoxide Terminated 6FK Hydrophobic Oligomer with 
HFB. 
 

 

 

Figure 6. 7. 1H NMR Spectra of 6FK and HFB End-capped 6FK Hydrophobic Oligomers.  
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Table 6. 2.  Intrinsic Viscosities of 6FK Hydrophobic Blocks Before and After End-
capping.  
 

IV after end-capping  
Mn

a
 

(g mol-1) 
Initial IV 
(dL g-1)b 

(dL g-1)b 

5,200 0.16 0.17 

10,600 0.24 0.28 

15,900 0.31 0.36 

19,200 0.33 0.34 
a Determined by 1H NMR. 
b In NMP with 0.05 M LiBr at 25 ºC. 
 

 

6.4.3. Synthesis of BPSH-6FK Multiblock Copolymers 

Multiblock copolymers with various block lengths were synthesized by coupling 

the phenoxide terminated BPS100 and the HFB end-capped 6FK oligomers (Fig. 6.8).  

Hereafter, an acronym for the multiblock copolymer—namely BPSHx-6FKy—will be 

used, where the BPSH and 6FK imply the hydrophilic and hydrophobic oligomers while 

the x and y denote the number-average molecular weights of the reacted oligomers in 

Kg/mol unit. The coupling reaction was conducted at 105 ºC, which was low enough to 

prevent possible trans-etherification. Since low temperature boiling HFB was already 

attached to the 6FK hydrophobic oligomers, it was not necessary to conduct the coupling 

reaction at 80 ºC. The completion of the coupling reaction was confirmed by comparing 

the 1H NMR spectra of the oligomers with that of the copolymers. As shown on the 1H 

NMR spectrum of the copolymer, the phenoxide end group peaks on the BPS100 

oligomers at 6.80, 7.40, 7.05 and 6.80 ppm completely disappeared.  This means that all 
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the phenoxide end-groups reacted with the HFB on the 6FK hydrophobic oligomers to 

form multiblock copolymers (Fig. 6.9).   

 

Figure 6. 8. Synthesis of Segmented Sulfonated Multiblock Copolymers (BPSH-6FK) 
with HFB Linkage Group. 
 

 

Figure 6. 9. 1H NMR Spectrum of BPSH3-6FK3. Black Arrows Indicate the 
Disappearance of the End groups on the Hydrophilic Blocks after the Coupling Reaction 
with Fluorine-terminated Hydrophobic Blocks.  



 223

6.4.4. Characterization of Membrane Properties of BPSH-BPS Multiblock 

Copolymers 

Ten BPSH-6FK multiblock copolymers with different block lengths were 

systematically synthesized and their fundamental membrane properties were evaluated, 

which are summarized in Table 6.3, along with values for the control PEM materials, 

Nafion 112 and BPSH35.  The multiblock copolymers were categorized into three 

subgroups according to their IEC values. The low IEC copolymers displayed longer 

hydrophobic block lengths compared to the hydrophilic blocks, with IEC values ranging 

from 1.01-1.33 meq/g.  The medium IEC copolymers displayed equal hydrophilic and 

hydrophobic block lengths, with IEC values of around 1.5 meq/g. And the copolymers 

with high IEC values displayed longer hydrophilic block lengths compared to the 

hydrophobic blocks. In each subgroup, different block length copolymers with similar 

IEC values were prepared to evaluate the effect of hydrophobic-hydrophobic block length 

on membrane properties.  
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Table 6. 3. Properties of BPSH–BPS Multiblock Copolymers in the Sulfonic Acid Form.  
 

Copolymers 
Calculated 

IEC 
(meq g-1) 

Experimental 
IEC 

(meq g-1)a 

Intrinsic 
Viscosity 
(dL g-1)b 

Water  
Uptake 

(%) 

Conductivity 
(S cm-1)c 

Hydration 
Number 

(λ) 

Nafion 112 - 0.90 - 25 0.090 15.0 

BPSH 35 1.53 1.50 0.70 36 0.070 13.3 

BPSH 5 – 6FK 10 1.03 1.01 0.62 23 0.04 13 

BPSH 10 – 6FK 15 1.21 1.32 0.80 20 0.07 8 

BPSH 15 – 6FK 20 1.47 1.33 0.65 45 0.10 19 

BPSH 3 – 6FK 3 1.68 1.51 0.78 31 0.08 12 

BPSH 5 – 6FK 5 1.59 1.53 0.62 69 0.10 25 

BPSH 10 – 6FK 10 1.54 1.48 0.88 81 0.11 30 

BPSH 15 – 6FK 15 1.62 1.34 0.70 100 0.12 41 

BPSH 10 – 6FK 5 2.11 1.86 0.94 300 0.06 90 

BPSH 15 – 6FK 10 1.96 1.70 0.60 170 0.08 55 

BPSH 20 – 6FK 15 1.84 1.70 0.72 178 0.09 58 
a Determined by titration with NaOH. 
b In NMP with 0.05 M LiBr at 25 ºC. 
c Measured in deionized water at 30 ºC.  

 

The IEC values for all the copolymers were determined by titration and 

subsequently compared with their theoretical values.  The similar IEC vs. theoretical 

values confirmed the successful coupling reaction between the hydrophilic and 

hydrophobic oligomers. The intrinsic viscosity of the copolymers ranged from 0.6 to 0.94 

dL/g, which was sufficiently high to obtain tough ductile membranes. As expected, the 

water uptake results for the multiblock copolymers were strongly dependent on their IEC 
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values, which is associated with increased ionic moieties in the system. In addition to the 

impact of IEC, the water uptake behavior of the multiblock copolymers was also strongly 

influenced by hydrophilic and hydrophobic block lengths. Specifically, the water uptake 

values for the multiblock copolymers with similar IECs increased with increasing block 

length. For example, the BPSH3-6FK3, BPSH5-6FK5, and BPSH10-6FK10 copolymers 

displayed very similar IEC values of around 1.5 meq/g.  If water uptake is exclusively 

dependent on IEC, then the water uptake values for these copolymers should have been 

very similar. However, the results showed that water uptake was strongly influenced by 

the hydrophilic and hydrophobic block lengths, which increased from 31% for the 

BPSH3- 6FK3, to 81% for the BPSH10- 6FK10. It should be noted that while the 

BPSH15- 6FK15 displayed somewhat lower IEC (1.34 meq/g) than other equal length 

block copolymers, its water uptake was even higher than that of the BPSH10-6FK10.  

A similar trend was observed with respect to proton conductivity measurements 

for the equal block length multiblock copolymers. The lowest conductivity measurement 

was 0.08 S/Cm for the shortest block length copolymer (BPSH3-6FK3), and then 

increased with increasing block length. The longest block length copolymer (BPSH 15-

6FK 15) displayed the highest conductivity of 0.12 S/Cm. Based on the results, it is 

proposed that the observed increases in both water uptake and conductivity were 

influenced by morphological changes in the multiblock copolymer. Because the ionic 

compositions were similar, any change in properties with increasing block length would 

inevitably result from the expected increase in phase separation between the hydrophobic 

and hydrophilic phases in these multiblock copolymers.  
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Figure 6.10 shows the relationship between temperature and the proton 

conductivity of the fully hydrated multiblock copolymers.  As clearly demonstrated, 

proton conductivity increased with increasing temperature, reaching 185 mS/Cm at 80 ºC 

for the BPSH10-6FK10. Moreover, the conductivity-temperature slope for each of the 

copolymers is similar, implying that the copolymers have a similar conduction 

mechanism. Compared with Nafion 112, the multiblock copolymers displayed a slightly 

lower temperature dependence on proton conductivity. 

 

 

 

 

Figure 6. 10. Proton Conductivities of BPSH-6FK and Nafion112 in Terms of 
Temperature 
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Figure 6. 11. Proton Conductivities of BPSH-6FK and Nafion112 under Partially 
Hydrated Conditions at 80 ºC 

 

Proton conductivity as a function of relative humidity (RH) at 80 ºC was studied 

(Fig. 6.11). As shown in the figure, the proton conductivity of the BPSH35 random 

copolymer dropped rapidly at lower RH values. Although BPSH35 demonstrated 

acceptable proton conductivity under fully hydrated conditions on account of sufficient 

water content, its proton conductivity under partially hydrated conditions decreased 

significantly due to the scattered hydrophilic domains in the random copolymer. In short, 

the absence of the hydrophilic domain connectivity and insufficient water content in the 

membrane was unable to maintain high proton conduction under partially hydrated 

conditions. 

Conversely, the performance of the multiblock copolymers under partially 

hydrated conditions was superior to the random copolymer, and also improved with 

increasing block lengths. For example, the conductivity of the BPSH15–6FK15 under 
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partially hydrated conditions was comparable to that of Nafion 112. This performance 

improvement seems to be related to the formation of well-connected hydrophilic channels 

at higher block lengths. By forming continuous hydrophilic channels in the membranes, 

proton transport behavior can be significantly enhanced, especially under partially 

hydrated conditions.   

Figure 6.12 shows AFM phase images of the BPSH-6FK multiblock copolymers 

with different block lengths. The bright and dark regions in the images correspond to 

hard hydrophobic and soft hydrophilic segments, respectively. Although no distinct 

phase-separation was observed for the BPSH5-6FK5 system (Figure 6.12 (a)), 

enhancements in connectivity of hydrophilic domain were found in longer block lengths 

multiblock systems (Figure 6.12 (b), (c)). Thus, by utilizing the well-connected 

hydrophilic regime for proton conduction, improved proton conductivity under partially 

hydrated conditions was achieved.    

Another phenomenon that can be related to morphological changes in the 

copolymer is swelling ratio. Table 6.4 shows the swelling ratios of the BPSH-6FK 

multiblock copolymers in comparison with the BPSH35 and Nafion controls. The x,y 

represent the in-plane swelling and z represents the through-plane swelling ratios. All the 

multiblock copolymers showed anisotropic swelling behaviors, while the BPSH 35 

random copolymer and Nafion (NRE211) exhibited isotropic behaviors. Although the in-

plane swelling ratios of the multiblock copolymers were very similar with no significant 

dependency on block length, the through-plane swelling ratios were strongly influenced 

by block length. Specifically, the swelling ratios increased from 15% to 66% with 

increasing block length from 5 Kg/mol to 15 Kg/mol. The increase in water uptake and 
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through-plane swelling with increasing block length suggests the formation of ordered 

hydrophilic domains within the membranes. In addition, the lower in-plane swelling 

ratios for the higher block length copolymers could be beneficial for reducing mechanical 

fatigue during swelling-deswelling cycling operation under low RH conditions. 

 

Figure 6. 12. AFM Phase Images of BPSH-6FK Multiblock Copolymers. (a) BPSH3-
6FK3, (b) BPSH10-6FK10, and (c) BPSH10-6FK15. 
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Table 6. 4. Swelling Behavior of BPSH–6FK Multiblock Copolymers.  
 

Copolymers X directiona 
(%) 

Y directiona 
(%) 

Z directionb 
(%) 

Volume 
(%) 

Nafion 211 15 16 18 57 

BPSH 35 15 16 16 55 

BPSH 3 – 6FK 3 9 9 15 37 

BPSH 5 – 6FK 5 12 15 26 62 

BPSH 10 – 6FK 10 10 10 37 66 

BPSH 15 – 6FK 15 7 9 66 94 

a In-plane (length) swelling ratio 
b Through-plane (thickness) swelling ratio 
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6.5. Conclusions 
Multiblock copolymers with hydrophilic-hydrophobic sequences were developed 

as potential materials for proton exchange membranes. For systematic synthesis of the 

multiblock copolymers, various block lengths fully disulfonated poly(arylene ether 

sulfone) and partially fluorinated poly(arylene ether ketone) were prepared as hydrophilic 

and hydrophobic oligomers, respectively, and coupled to produce the multiblock 

copolymers. To minimize a possible sequence randomization during the coupling 

reaction, the highly reactive perfluorinated small molecule, hexaflurobenzene (HFB), was 

utilized as a linkage group.  Due to its high reactivity, the coupling reaction could be 

performed at 105 ºC. The copolymers produced tough ductile membranes via DMAc 

solution casting. Resulting proton conductivity and water uptake measurements revealed 

that changes in hydrophilic and hydrophobic block length influenced membrane 

properties at similar IEC values by forming nanophase separated morphologies. The 

multiblock copolymer membranes showed highly anisotropic swelling behavior in 

comparison to the random copolymers, which were isotropic.  
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7.1. Abstract  
Hydrophilic-hydrophobic sequenced multiblock copolymers were synthesized and 

evaluated for use as proton exchange membranes (PEMs).  The multiblock copolymers 

were prepared by a coupling reaction between fully disulfonated hydroquinone based 

hydrophilic oligomers (HQS100) and unsulfonated poly(arylene ether sulfone) 

hydrophobic oligomers (BPS0).  The hydroquinone-based hydrophilic oligomers possess 

several advantages over previously utilized biphenol-based hydrophilic oligomers 

(BPS100), including higher hydrophilicity, enhanced nano-phase separation with 

hydrophobic segments, and lower cost.  To maintain the hydrophilic-hydrophobic 

sequences in the system, the coupling reactions were conducted at low temperature (e.g., 

105 °C) to avoid ether-ether exchange reactions. The coupling reaction was solvent 

sensitive due to a low reactivity of the hydroquinone-phenoxide end-group on the 

HQS100.   All copolymers produced tough ductile films when cast from an NMP or DMF 

solution.  Fundamental membrane parameters including water uptake, proton 

conductivity, and swelling ratio were investigated along with morphology 

characterizations by atomic force microscopy (AFM). 

Keywords: Multiblock copolymers; Sulfonated poly(arylene ether sulfone); Proton 

exchange membranes  
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7.2. Introduction 
Over the last decade, a substantial body of research has been devoted to 

developing novel proton exchange membranes (PEMs) which can replace the state-of-

the-art Nafion®. Among a variety of candidates, wholly aromatic high temperature 

polymers have been considered to be the most promising materials.1-3 The major 

advantages for utilizing high temperature polymers for fuel cell applications include their 

excellent thermal and oxidative stability, as well as the fact that they are economical and 

easy to produce.  The most extensively studied materials are the so-called BPSH-type 

materials, which are statistical random copolymers based on disulfonated poly(arylene 

ether sulfone)s.4-6 BPSH-type copolymer systems utilize 3,3’-disulfonated-4,4’-

dichlorodiphenylsulfone (SDCDPS) as the key monomer, which can facilitate precise 

control over the degree of sulfonation, and excellent stability of the sulfonic acid 

moieties.2,7  Although PEMs based on BPSH-type materials display improved properties 

over Nafion® under fully hydrated conditions with respect to conductivity, durability, and 

fuel cross-over, their proton conductivities under partially hydrated conditions have 

remained somewhat disappointing. This could be due to the fact that the proton 

conduction channels in sulfonated hydrocarbon-based materials are narrower than those 

of Nafion-type materials, which accounts for the significant reduction in conductivity 

under low humidity conditions.8,9 A number of strategies have been used to address this 

problem, including (1) the partial fluorination of the aromatic polymer backbone to form 

a sharp phase separation,10,11 (2) the incorporation of bulky pendent groups to increase 

free-volume,12, 13 (3) the addition of hydrophilic nano-particles to help retain water,14 and 

(4) the addition of heteropolyacid (HPA).15 Although each of these approaches was 
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somewhat beneficial in increasing proton conductivity under low RH conditions, none of 

these methods could overcome important fundamental limitations.          

Recently, PEMs based on hydrophilic-hydrophobic sequenced multiblock 

copolymers have been considered as strong candidates for overcoming limited proton 

conduction under partially hydrated conditions.16-21 These multiblock copolymers utilize 

fully disulfonated biphenol-based poly(arylene ether sulfone) as the hydrophilic block 

(BPSH100), with various engineering materials used as the hydrophobic block. These 

multiblock copolymer-based PEMs exhibit nano-phase separated morphologies and well-

connected ionic hydrophilic phases.  As such, they can facilitate high proton conductivity 

even under low relative humidity conditions, while the well-connected hydrophobic 

phase can provide dimensional stability.16,22,23 A number of extensive structure-property 

studies revealed that property enhancements can be strongly influenced by the length of 

the hydrophilic and hydrophobic blocks. Generally, proton conductivity and water uptake 

increase with increasing hydrophilic and hydrophobic block length by forming long-

range co-continuous lamellae morphologies.16,22,24 Even though the multiblock 

copolymers based on BPSH100 hydrophilic block were comparable or superior to Nafion 

with respect to proton conductivity under low humidity conditions, we were unable to 

achieve even higher conductivity by solely increasing IEC values.22 Increasing the 

volume fraction of hydrophilic segments in a system in order to improve IEC values 

produces a decrease in the hydrophobic segment volume fraction, resulting in poor 

mechanical properties and excess swelling behavior. In other words, a balancing act is 

hard to achieve for maintaining both high IEC and advantageous mechanical properties. 
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A possible solution to this dilemma is utilizing a more hydrophilic (e.g., higher 

IEC) block for the multiblock copolymer system. When a higher IEC hydrophilic 

oligomer is used to obtain an IEC multiblock copolymer, the amount of the higher IEC 

hydrophilic block should be less than that of lower IEC hydrophilic block to obtain the 

target IEC. Using the same logic, if the feed ratio of the hydrophilic and hydrophobic 

blocks is fixed, a higher IEC hydrophilic block system will incorporate more sulfonic 

acid moieties in the multiblock copolymers. As a result, one can increase the IEC values 

of the multiblock copolymers without scarifying the volume fraction of hydrophobic 

segments, which plays an important role in producing desirable mechanical properties. In 

addition, higher IEC hydrophilic blocks can lead a sharper phase separation in the 

copolymer membrane due to the increased hydrophilic-hydrophobic contrast.     

This chapter, therefore, describes the synthesis and characterization of a novel 

multiblock copolymer system with hydroquinone-based hydrophilic oligomers. The fully 

disulfonated hydroquinone based poly(arylene ether sulfone) hydrophilic oligomer 

(HQSH100) has an IEC of 3.89 meq/g, which is approximately 20% higher than that of 

BPSH100. A series of multiblock copolymers with HQSH100 hydrophilic blocks was 

synthesized, and their fundamental membrane properties and morphology will be 

described.  
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7.3. Experimental 

7.3.1. Materials 

Monomer grade 4,4’-dichlorodiphenylsulfone (DCDPS), 4,4’-biphenol(BP) were 

provided by Solvay Advanced Polymers and Eastman Chemical, respectively, and were 

dried in vacuo at 110 °C prior to use.  Hydroquinone (HQ) was purchased from Aldrich 

and was purified by sublimation under reduced pressure.  The sulfonated comonomer 

3,3’-disulfonated-4,4’-dichlorodiphenylsulfone (SDCDPS) was synthesized and purified 

according to previously reported procedures.7 The purity of SDCDPS was determined by 

UV-Vis spectroscopy.25 Hexafluorobenzene (HFB) and potassium carbonate were 

purchased from Aldrich and used without further purification.  N-methyl-2-pyrrolidone 

(MNP), dimethyl sulfoxide (DMSO), N,N-dimetheylacetamide (DMAc), and toluene 

were received from Aldrich and were distilled at reduced pressure before use. 

 

7.3.2. Synthesis of Hydroquione-based Hydrophilic Oligomers (HQS100) with 

Phenoxide Telechelic Functionality 

HQ-based fully disulfonated hydrophilic blocks of different molecular weights 

were synthesized via step growth polymerization. A sample oligomer synthesis with 

molecular weight of 3,000 g/mol is as follows: 66.6 mmol of HQ (7.3351 g), 56.3 mmol 

of SDCDPS (27.6649 g) and 79.9 mmol of potassium carbonate (20 mol% excess) were 

dissolved in 140 ml of distilled NMP and 70ml of toluene in a 3-necked flask equipped 

with a condenser, a Dean Stark trap, nitrogen inlet and mechanical stirrer. The reaction 

mixture was heated at 150ºC for 4 hours with refluxing toluene to dehydrate the system. 

The reaction temperature was then slowly increased to 185 ºC to remove the toluene and 
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allowed to react for 48 hours. The reaction solution was cooled to room temperature and 

filtered to remove salts. For high molecular weight oligomers, dilution with NMP was 

necessary to ease the filtration. The oligomer was coagulated in acetone followed by 

filtration and drying in vacuo at 110 ºC for 24 h.  

 

7.3.3. Synthesis of Phenoxide Terminated Poly(arylene ether sulfone) Hydrophobic 

Oligomers (BPS0) and Their End-capping with Hexafluorobenzene (HFB)  

BP based unsulfonated hydrophobic blocks of different molecular weights were 

synthesized via step growth polymerization. A sample oligomer synthesis with molecular 

weight of 5,000 g/mol is as follows: 66.5 mmol of BP(13.0210 g), 61.4 mmol of DCDPS 

(12.0210 g) and 79.8 mmol of potassium carbonate (20 mol% excess) were dissolved in 

120 ml of distilled DMAc and 60ml of toluene in a 3-necked flask equipped with a 

condenser, a Dean Stark trap, nitrogen inlet and mechanical stirrer. The reaction mixture 

was heated at 150ºC for 4 hours with refluxing toluene to dehydrate the system. The 

reaction temperature was slowly increased to 175 ºC to remove the toluene and allowed 

to react for 48 hours. The dried oligomer was obtained according to procedures used for 

HQS100 synthesis. 

The isolated BPS0 oligomers were then end-capped with HFB via a nucleophilic 

aromatic substitution reaction. A sample end-capping reaction of the 5,000 g/mol 

oligomer is as follows: 5.0000 g (1.0 mmol) of BPS0 oligomer and 0.5528 g (4.0 mmol) 

of potassium carbonate were charged to a 3-necked 100-mL flask equipped with a 

condenser, a Dean Stark trap, a nitrogen inlet, and a mechanical stirrer.  Distilled DMAc 

(50 mL) and cyclohexane (15 mL) were added to the flask.  The solution was allowed to 
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reflux at 100 °C to azeotropically remove the water in the system.  After 4 h, the 

cyclohexane was removed from the system by distillation. The reaction temperature was 

decreased to 80 °C and the nitrogen purge was stopped to avoid the possible loss of low-

temp boiling HFB (b.p.=80 °C). Afterwards, 1.1163 g (6.0 mmol) of HFB was added and 

the reaction was allowed to proceed for 12 h. 

 

7.3.4. Synthesis of Hydrophilic-hydrophobic Multiblock Copolymers (HQSH-BPS)  

Multiblock copolymers with various lengths of hydrophilic and hydrophobic 

blocks were synthesized. A sample coupling reaction is as follows: Into a 100mL 3-

necked flask equipped with a mechanical stirrer, nitrogen inlet and a Dean-Stark trap, 

3.0000 g of hydrophilic oligomer (Mn = 3,000 g/mol 1.0 mmol), 0.5528 g of K2CO3 (4.0 

mmol), 20 mL of cyclohexane and 40 mL of DMSO were added and dehydrated at 

100 °C for 4 h. The cyclohexane was then removed by distillation and 5.0000 g of 

hydrophobic oligomer (Mn = 5,000 g/mol 0.1 mmol) was added.  The coupling reaction 

was conducted at 105 °C for 24 h. The obtained brown polymer solution was coagulated 

in isopropyl alcohol. The resulting polymer was filtered and dried in a vacuum oven at 

temperatures up to 110 ºC. 

 

7.3.5. Characterization 

The chemical structures of the oligomers and copolymers were confirmed by 1H 

NMR analyses on a Varian INOVA 400 MHz spectrometer with DMSO-d6.  In addition, 

1H NMR spectroscopy was utilized for end-group analyses of the oligomers to determine 

their nM .  Intrinsic viscosities were determined in NMP containing 0.05 M LiBr at 25 ºC 
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using an Ubbelohde viscometer. Ion exchange capacity (IEC) values were determined by 

titration with a 0.01 M NaOH solution.     

 

7.3.6. Film Casting and Membrane Acidification 

The starting membranes were cast in their salt form by solution casting. The salt 

form copolymers were dissolved in NMP or DMF (7% w/v) and filtered with syringe 

filters (0.45 µm Teflon®). The filtered solutions were then cast onto clean glass substrates.  

The films were dried under an IR ramp at 60 ºC for 1 day and followed by drying in 

vacuo at 110 ºC for 24 h. The acid- form membranes were obtained by boiling in a 0.5 M 

sulfuric acid aqueous solution for 2 h, followed by boiling in deionized water for 2 h. The 

membranes were kept in deionized water at room temperature for 24 h for further 

characterization. 

 

7.3.7. Determination of Proton Conductivity and Water Uptake 

Both fully and partially hydrated proton conductivities were evaluated in a water 

bath and a humidity-temperature controllable chamber, respectively. The conductivity of 

the membrane was determined from the geometry of the cell and resistance of the film, 

which was taken at a frequency that produced the minimum imaginary response.  A 

Solartron (1252A +1287) impedance/gain-phase analyzer over the frequency range of 10 

Hz - 1 MHz was used for the measurements.  The membrane water uptake was 

determined by the weight difference between dry and wet membranes. The vacuum dried 

membranes were weighed (Wdry), and then immersed in deionized water at room 

temperature for 24 h.  The wet membrane was blotted dry and immediately weighed 
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again (Wwet).  The water uptake of the membranes was calculated according to the 

following equation.  

 

100(%) ×
−

=
dry

drywet

W
WW

UptakeWater  

 

7.3.8. Atomic Force Microscopy (AFM) 

Tapping mode AFM was performed using a Veeco Multimode Atomic Force 

Microscope. Samples were equilibrated at 30% relative humidity (RH) at room 

temperature for at least 24 h and sealed before imaging.  
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7.4. Results and Discussion 

7.4.1. Synthesis of Controlled Molecular Weight Hydrophilic Blocks (HQS100)  

Different number-average molecular weight hydrophilic oligomers were 

synthesized via the step growth polymerization of SDCDPS and HQ (Figure 7.1). It was 

possible to precisely control molecular weight and end-group functionality via a 

stoichiometric imbalance of the monomers. All oligomers were designed to be terminated 

with phenoxide end-groups by using an excess amount of HQ. The target molecular 

weights for hydrophilic blocks ranged from 3,000 to 15,000 g/mol. Earlier, the synthesis 

was attempted in DMAc at 175 ºC for 96 h. However, the poor solubility of HQS100 in 

DMAc resulted in premature precipitation within just a few hours. As a result, it was 

impossible to control both molecular weight and end-group functionality. It has been 

suggested that the insolubility of the oligomers may stem from the formation of 

crystallites from the HQ moieties on the main chain backbone.26 To maintain 

homogeneous conditions during synthesis, DMSO was also used as the reaction solvent. 

Although it provided both good solubility and rapid reaction kinetics (i.e., the reaction 

can be completed in 48 h at 180 ºC), the resulting product was not pure enough to be used 

for the coupling reaction due to unidentified side reactions. On the one hand, although 

undesirable side reactions could be avoided when the reactions were conducted at very 

low temperatures (e.g., 135 ºC), the reaction time was significantly prolonged (e.g., ~200 

h). On the other hand, when we conducted the reaction in NMP at 195 ºC for 48 h, we 

were able to avoid any side reactions.  Thus, the latter reaction conditions for preparing 

the HQS100 oligomers were used in this research.27  End-group analyses of selected 

peaks via 1H NMR spectra were used to determine the number-average molecular weight 
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of the oligomers (Figure 7.2). On the NMR spectrum of the HQS100, two small peaks, e 

and f, at 6.75 and 6.83 ppm, respectively, were assigned to the protons on the HQ 

moieties, located at the end of the chain. Calculating the integration ratios between one of 

these peaks and one of the other main peaks (a, b, c, and d) was used to determine the 

number-average molecular weight of the oligomers. Table 7.1 lists the characterization 

data for the HQS100 hydrophilic telechelic oligomers used in this study. 

 

 

Figure 7. 1. Synthesis of a Phenoxide-terminated Fully Disulfonated Poly(arylene ether 
sulfone) Hydrophilic Oligomer Based on Hydroquinone (HQS100) 
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Figure 7. 2. 1H NMR Spectrum of HQS100 with a Molecular Weight of 3,000 g/mol  
 

 

 

Table 7. 1. Characterization of HQS100 Hydrophilic Telechelic Oligomers.  
 

Target Mn  (g mol-1) Mn (g mol-1)a
 IV (dL g-1)b 

3,000 3,200 0.12 

5,000 4,700 0.14 

6,000 5,500 0.16 

9,000 9,100 0.22 

10,000 10,700 0.23 

12,000 12,900 0.24 

15,000 14,800 0.29 

a Determined by 1H NMR. 
b In NMP with 0.05 M LiBr at 25 ºC. 
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7.4.2. Synthesis of Controlled Molecular Weight Hydrophobic Blocks (BPS0) and 

Their End-capping with Hexafluorobenzene (HFB) 

Unsulfonated poly(arylene ether sulfone) oligomers based on biphenol (BPS0) 

with varying molecular weights were synthesized as hydrophobic blocks (Figure 7.3). 

Control of molecular weight and end-group functionality was achieved by upsetting the 

feed ratios of the monomers. 1H NMR spectroscopy of the BPS0 hydrophobic oligomers 

showed that the oligomers possessed phenoxide end-group functionality as intended, and 

we were able to determine number-average molecular weight via end-group analyses 

(Figure 7.4). Molecular weight and intrinsic viscosity data for the BPS0 are summarized 

in Table 7.2. When log-log plots were made between number average molecular weight 

and intrinsic viscosity, linear relationships for both the hydrophilic and hydrophobic 

oligomers were identified (Figure 7.5).  

The synthesized hydrophilic and hydrophobic oligomers possessed the same 

phenoxide end-groups, making them unsuitable for the coupling reaction needed to 

produce multiblock copolymers since they are not reactive with each other (i.e., both end-

groups are nucleophiles). Thus, it was necessary to modify the end-group functionality of 

either hydrophilic or hydrophobic block to facilitate the coupling reaction. For this 

research, we chose to modify the BPS0 hydrophilic blocks, which were end-capped with 

hexafluorobenzene (HFB) (Figure 7.6). In so doing, a conversion of the nucleophilic 

BPS0 oligomers into elecrophilic, fluorine-terminated BPS0 oligomers was possible, 

which would facilitate a coupling reaction with the HQS100 oligomers. As shown in 

Figure 7.7, the end-group peaks for the terminal BP moieties completely disappeared and 

a new peak appeared at 7.65 ppm. This peak corresponds to the same protons on the 

terminal BP moieties but were attached to HFB. Although NMR spectra comparisons 



 248

before and after end-capping reaction confirmed that all the phenoxide end-groups had 

reacted with HFB, the formation of high molecular weight BPS0 oligomers via an inter-

oligomer coupling reaction was still possible due to the multifunctionality of the HFB.  

To prevent this from occurring, a large excess of HFB was used. Specifically, the molar 

ratio between the BPS0 and HFB was 1:6. In addition, intrinsic viscosity studies of the 

BPS0 oligomers before and after end-capping showed that there was little, if any, inter-

oligomer coupling, as evidenced by the less than 0.02 dL/g increase with the end-capped 

oligomers.  This implies that the end-capping reaction was successful without any 

significant inter-oligomer coupling, and that high molecular weight BPS0 oligomers had 

formed.        

 

 

Figure 7. 3. Synthesis of a Phenoxide-terminated Unsulfonated Poly(arylene ether 
sulfone) Hydrophobic Oligomer Based on Bipheol (BPS0) 
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Figure 7. 4. 1H NMR Spectrum of BPS0 with a Molecular Weight of 3,000 g/mol  
 

Table 7. 2. Characterization of BPS0 Hydrophobic Telechelic Oligomers.  
 

Target Mn  (g mol-1) Mn (g mol-1)a
 IV (dL g-1)b 

3,000 3,200 0.19 

5,000 5,200 0.26 

10,000 10,400 0.35 

15,000 14,700 0.46 

20,000 20,800 0.51 

25,000 24,400 0.54 

a Determined by 1H NMR. 

b In NMP with 0.05 M LiBr at 25ºC. 



 250

y = 0.57x - 2.89

y = 0.60x - 2.93

-1.00

-0.60

-0.20

3.40 3.60 3.80 4.00 4.20 4.40

log (Mn)

lo
g 

(I
V

)
Hydrophobic Block (BPS0)

Hydrophilic Block (HQSH100)

Determined Mark-Houwink Constants
K×104 [dlg-1] = 11.7 (HQSH100), 12.9 (BPS0)
a = 0.60 (HQSH100), 0.57 (BPS0)

 

Figure 7. 5. Double Logarithmic Plot of [η] versus Mn of Hydrophilic (HQS100) and 
Hydrophobic (BPS0) Oligomers. Intrinsic Viscosity was Measured in NMP with 0.05 M 
LiBr at 25 ºC. 
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Figure 7. 6.  End-capping of the Phenoxide Terminated Hydrophobic Oligomer (BPS0) 
with HFB. This Procedure Transforms the Nucleophilic Telechelic Oligomer into an 
Electrophilic Telechelic Oligomer.  
 
 
 

 

Figure 7. 7. BPS0 Hydrophobic Oligomer 1H NMR Spectra Comparison Before and 
After the End-capping Reaction with HFB.   
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7.4.3. Synthesis of Multiblock Copolymers by a Coupling Reaction of Hydrophilic 

and Hydrophobic Oligomers  

Multiblock copolymers of varying hydrophilic and hydrophobic block length 

were synthesized via a coupling reaction (Figure 7.8). This reaction is a simple 

nucleophilic aromatic substitution reaction between the phenoxide and the fluorine end 

groups on the HQS100 and the BPS0 oligomers, respectively. Although expected to be 

fairly straightforward, this coupling reaction turned out to be solvent sensitive. 

Specifically, when the coupling reactions were conducted in NMP, the resulting intrinsic 

viscosity and IEC values for the multiblock copolymers were always lower than expected. 

Similar problems were observed with either DMAc or DMF. However, the low reactivity 

between the hydrophilic and hydrophobic oligomers was significantly enhanced when 

DMSO was used. As shown on the 1H NMR spectrum in Figure 7.9, the end-group peaks 

associated with the hydrophilic oligomer disappeared, confirming that the coupling 

reaction was successful. One possible explanation for the solvent sensitivity of the 

coupling reaction is that the reactivity of the phenoxide group on the HQ moieties could 

have been influenced by the polarity of the solvents. In other words, DMSO might have 

solvated the potassium ion more effectively than the other solvents with a higher 

dielectric constant, thereby increasing the reactivity of the phenoxide anion toward the 

fluorine electrophile of the BPS0 oligomers. Although the use of DMSO helped to avoid 

solvent sensitivity, another problem was encountered—namely the poor solubility of the 

BPS0 oligomers in DMSO, which became even more apparent when high molecular 

weight BPS0 oligomers were used (e.g., > 10,000 g/mol). This difficulty was addressed 

by reducing the oligomer concentration during the coupling reaction to 3-4 (w/v) %. All 
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multiblock copolymers used in this study were synthesized through a coupling reaction in 

DMSO. 

 Another strategy to overcome a low degree of coupling was also studied. Since 

poor reactivity seems to stem from the low reactivity of the HQ phenoxide moieties, we 

tried to avoid using HQ-phenoxide end-group on the hydrophilic oligomer for the 

coupling reaction. First, end-capping of the phenoxide terminated HQS100 oligomers 

with HFB in DMSO was conducted. Since DMSO facilitates both good solubility and 

high reactivity, end-capping the HQS100 oligomers was successful with no 

complications. The HFB end-capped HQS100 can then typically be reacted with 

phenoxide terminated BPS0 oligomers in NMP or DMAc. In this case, the nucleophile is 

the BP phenoxide moiety which is strong enough to attack the fluorine end-groups on the 

HQS100 in either NMP or DMAc. By adopting this strategy, the coupling reaction can be 

successfully conducted without reducing oligomer concentrations.  As mentioned earlier, 

the main reason for employing highly reactive HFB for the coupling reaction is to prevent 

hydrophilic-hydrophobic sequence randomization via transetherification by reducing the 

coupling reaction temperature. To confirm that the synthesized multiblock copolymers 

maintained the sequences, their 13C NMR spectra were compared with that of a random 

copolymer that had been synthesized from the same monomers (Figure 7.10). As 

expected, the multiblock copolymer showed sharp singlet or doublet peaks while the 

random copolymer exhibited complicated mutiplet peaks, thereby confirming that the 

multiblock copolymer possessed well-defined sequences in the system.              
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Figure 7. 8. Synthesis of Segmented Sulfonated Multiblock Copolymers via a Coupling 
Reaction. 
 

 

 

 

 

Figure 7. 9. 1H NMR Spectrum of HQSH3-BPS5. Black Arrows Indicate the 
Disappearance of the End-groups on the Hydrophilic Blocks after the Coupling Reaction 
with Fluorine-terminated Hydrophobic Blocks.  
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Figure 7. 10. 13C NMR Spectra Comparison of HQSH3-BPS5 Multiblock Copolymer 
and a Random Copolymer Synthesized from the Identical Monomers.  
 

7.4.4. Characterization of Membrane Properties of HQSH-BPS Multiblock 

Copolymers 

A series of multiblock copolymers with varying hydrophilic and hydrophobic 

block lengths was synthesized, and subsequently examined to determine their potential 

fuel cell applications. Their fundamental membrane properties are summarized in Table 

7.3. The copolymers are categorized into three groups. The first group includes Nafion 

112 and BPSH35, which were used as controls. The second and third groups include the 

multiblock copolymers with different block lengths. Although varying length of 

hydrophilic and hydrophobic oligomers were used for the multiblock copolymer 

synthesis, target IEC values were set to approximately 1.4 and 1.9 meq/g for the second 

and the third group, respectively. To obtain the target IEC value of 1.4 meq/g for the 
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second group, the composition ratio between hydrophilic and hydrophobic blocks was set 

to 3:5. For the third group, a composition ratio of 1:1 was used to attain the target IEC of 

1.9. All polymerization feed ratios were calculated based on a 1:1 molar ratio between 

hydrophilic and hydrophobic oligomers to attain high molecular weight. The acronym 

developed for these multiblock copolymers is HQSHx-BPSy, where the HQSH and BPS 

refer to the use of HQSH100 and BPS0 oligomers, while x and y denote the molecular 

weight in Kg/mol unit of the oligomers, respectively.    

 All multiblock copolymers displayed high intrinsic viscosities ranging from 0.51 

to 0.99 dL/g, and could form tough, ductile membranes from solvent casing.  IEC values, 

which were determined by titration, were close to target values, indicating a high degree 

of coupling. It should be noted that original design of this study involved the preparation 

of 1.4 meq/g multiblock copolymers in order to compare their properties with a similar 

IEC random copolymer (e.g., BPSH35). A prediction was made that the HQSH-BPS 

multiblock copolymer with a sequenced architecture would outperform the BPSH35 

random copolymer. The results, however, were unexpected.  The multiblock copolymers 

displayed much lower water uptake and proton conductivity, with IEC values ranging 

from 1.2 to 1.4 meq/g, water uptake of 20%, and a proton conductivity of 0.04 S/Cm.  

These results were significantly lower compared with those of random copolymers with 

similar IEC values. We were able to explain these results using subsequent AFM 

characterization.  

Figure 7.11 (a) shows an AFM phase image of the HQSH12-BPS20. The bright 

and dark regions in the images correspond to hard hydrophobic and soft hydrophilic 

segments, respectively.  As shown in the picture, the dark hydrophilic segments are 
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completely isolated by the hydrophobic segments. This type of morphology would 

suggest low water uptake and proton conductivity. After additional AFM studies, it 

turned out that all the copolymers with target IEC values of 1.4 meq/g possessed 

similarly isolated hydrophilic segments. This unexpected morphology can be explained 

as follows. Although the multiblock copolymers have adequate sulfonic acid moieties to 

achieve a high proton conductivity, their hydrophilic segment volume fractions were not 

sufficient to form well-connected channels. This observation suggests one critical 

consideration for designing hydrophilic-hydrophobic multiblock copolymers. In 

developing high proton conductive PEMs from hydrophilic-hydrophobic multiblock 

copolymers, the volume fraction of the hydrophilic segments should be considered as 

well as IEC values. 

 For this reason, in order to increase proton conductivity, the hydrophilic fraction 

was increased to induce the formation of well-connected hydrophilic regions. Thus, the 

third group of multiblock copolymers was designed with higher hydrophilic volume 

fractions by coupling equal block length hydrophilic and hydrophobic oligomers. The 

resulting multiblock copolymers showed significantly enhanced proton conductivities 

ranging from 0.13 to 0.21 S/Cm. Water uptake values also significantly increased up to 

183% with the HQSH5-BPS5 system. This significant improvement can be ascribed to 

the formation of well-connected hydrophilic regions, which was confirmed by AFM 

(Figure 7.11 (b)). As evidenced in this image, the HQSH10-BPS10 displays high 

connectivity in the hydrophilic segment of the membrane.  Thus, by utilizing the well-

connected hydrophilic regime for proton conduction, enhanced proton conductivity was 

realized.    
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Table 7. 3. Properties of HQSH–BPS Multiblock Copolymers in the Sulfonic Acid Form. 
  

Copolymers 
Calculated 

IEC 
(meq g-1) 

Experimental 
IEC 

(meq g-1)a 

Intrinsic 
Viscosity 
(dL g-1)b 

Water  
Uptake 

(%) 

Conductivity 
(S cm-1)c 

Nafion 112 - 0.90 - 25 0.090 

BPSH 35 1.53 1.50 0.70 36 0.070 

HQSH 3 – BPS 5 1.44 1.32 0.56 27 0.04 

HQSH 6 – BPS 10 1.31 1.21 0.60 18 0.03 

HQSH 9 – BPS 15 1.45 1.20 0.68 13 0.03 

HQSH 12 – BPS 20 1.45 1.37 0.68 17 0.04 

HQSH 3 – BPS 3 1.89 1.79 0.52 112 0.13 

HQSH 5 – BPS 5 1.79 1.88 0.51 183 0.17 

HQSH 10 – BPS 10 1.91 1.78 0.98 156 0.21 

HQSH 15 – BPS 15 1.90 1.67 0.99 145 0.16 

a Determined by titration with NaOH. 
b In NMP with 0.05 M LiBr at 25 ºC. 
c Measured in deionized water at 30 ºC.  
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Figure 7. 11. AFM Phase Images of HQSH-BPS Multiblock Copolymers. (a) HQSH12-
BPS20, and (b) HQSH10-BPS10. 
 
 

 
Figure 7. 12. Proton Conductivities of HQSH10-BPS10, BPSH35, and Nafion112 under 
Partially Hydrated Conditions at 80 ºC. 
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To evaluate ion transport property of the multiblock copolymer under partially 

hydrated conditions, conductivity of the HQSH10-BPS10 was measured as a function of 

relative humidity (RH) and compared with BPSH35 and Nafion 112 (Fig. 12). The 

measurement was conducted at 80 ºC. As shown in the figure, the proton conductivity of 

the BPSH35 random copolymer dropped rapidly at lower RH values due to the scattered 

hydrophilic domains in the system. Nafion 112 showed better performance than BPSH35 

under low RH range but its enhancement under high RH range was limited.   Conversely, 

the HQSH10-BPS10 showed significantly enhanced conductivity over entire RH range 

than those of BPSH35 and Nafion112. The enhancement is due to the well-connected 

hydrophilic segments in the multiblock copolymer system which was shown in Figure 7. 

11 (b).  
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7.5. Conclusions 
Segmented sulfonated multiblock copolymers with varying block lengths were 

synthesized via a coupling reaction between phenoxide terminated hydrophilic oligomers 

(HQS100) and HFB end-capped hydrophobic oligomers (BPS0). The coupling reaction 

was conducted under mild reaction conditions (< 110°C) to prevent an ether-ether 

exchange reaction, which could result in randomized hydrophilic-hydrophobic sequences. 

The coupling reactions were solvent sensitive due to the low reactivity of the phenoxide 

groups on hydroquinone moieties. All the copolymers produced tough, ductile 

membranes when cast from NMP or DMF.  

Several fundamental membrane parameters were investigated, including water 

uptake and proton conductivity. Characterization studies revealed that the volume 

fraction of the hydrophilic segments was critical for forming continuous hydrophilic 

channels, as well as improving IEC values. Using HQSH-BPS multiblock copolymers 

with high IEC values, we were able to achieve high proton conductivity up to 0.21 S/Cm 

at 30 ºC in liquid water via the formation of a nano-phase separated morphology. The 

results confirm that the multiblock copolymers described herein are potential candidates 

for use as PEM materials. 
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CHAPTER 8 
Overall Conclusions 

Beginning in 2001 when the McGrath Group first developed disulfonated 

poly(arylene ether sulfone)-based proton exchange membranes (BPSH), these materials 

have attracted worldwide interest.  Under fully hydrated conditions, these BPSH systems 

have a number of advantages over the state-of-the-art perfluorinated sulfonic acid 

membrane material, Nafion®, including reduced cost, and excellent thermal and 

oxidative stability.  In the nearly 10 years since those initial efforts, McGrath et al. have 

been conducting research on hydrocarbon-based proton exchange membrane materials—

most recently on hydrophilic-hydrophobic multiblock copolymer systems that will  

address some of the drawbacks of the BPSH-type materials. For example, BPSH suffers 

from low proton conduction under partially hydrated conditions due to the scattered 

distribution of its sulfonic acid moieties. Therefore, a hypothesis was made that by using 

hydrophilic-hydrophobic sequenced multiblock copolymers to form co-continuous 

lamellae morphologies, it might be possible to overcome some of these morphological 

barriers. To validate this theory, a variety of hydrophilic-hydrophobic multiblock 

copolymers with different chemical components was synthesized and characterized. 

The first investigated multiblock copolymer was a segmented sulfonated 

poly(arylene ether sulfone)-b-polyimide, which was synthesized via an imidization 

coupling reaction using an amine-terminated sulfonated poly(arylene ether sulfone) as the 

hydrophilic block, and an anhydride-terminated polyimide as the hydrophobic block.  

Transparent and ductile membranes were prepared from NMP by solvent casting.  The 

proton conductivity and water uptake values for this multiblock copolymer were shown 
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to be strongly influenced by IEC values, as well as by the block length of the hydrophilic 

and hydrophobic units.  Morphological characterization by tapping-mode AFM showed 

clear nanophase separation of hydrophilic and hydrophobic domains.  As a result of their 

nanophase separated morphologies, these copolymers displayed significantly enhanced 

proton conduction under partially hydrated conditions, with conductivities comparable to 

Nafion. 

Based on these results, an evaluation of a true sequence effect by comparing 

BPSH random copolymers and multiblock copolymers with similar chemical 

compositions was attempted.  The multiblock copolymers were synthesized via a 

coupling reaction of sulfonated and unsulfonated poly(arylene ether sulfone) oligomers 

utilizing highly reactive DFBP and HFB as the linkage groups, which were expected to 

lower the coupling reaction temperatures. Specifically, mild reaction conditions prevent 

possible ether-ether interchange, which can randomize the hydrophilic-hydrophobic 

sequences.  The multiblock copolymers displayed ordered sequences as confirmed by 13C 

NMR.  Transparent ductile membranes were prepared from NMP by solvent casting.  

Subsequent studies confirmed that the proton conductivity and water uptake value of the 

multiblock copolymer membrane systems were influenced by block length—even at 

similar IEC values.  As block length increased, proton conductivity and water uptake also 

increased. The proton conductivities of these multiblock copolymers were comparable or 

even higher than those of the BPSH random copolymers with similar IECs, which 

supports the existence of well connected hydrophilic domains in the system.  Few other 

systems have been developed using these concepts, our property measurement results 
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have confirmed that proton transport phenomena can be significantly enhanced by 

incorporating hydrophilic-hydrophobic sequences in multiblock copolymer systems. 

In addition to the sulfonic acid containing proton exchange membrane systems, 

inorganic acid imbibed basic polymer materials were also studied using the sequenced 

multiblock copolymer concept for possible application as high temperature and low 

humidity fuel cell materials.  The multiblock copolymers were synthesized via a coupling 

reaction between telechelic carboxyl functional poly(arylene ether sulfone) and o-

diamine terminated polybenzimidazole.  Transparent ductile membranes were prepared 

by solvent casting from DMAc, and two distinct Tgs were observed via DMA. Ionic 

conduction was achieved by immersing the membranes in a H3PO4 solution.  Subsequent 

ionic conductivity studies revealed a strong dependency on temperature, doping level and, 

most importantly, the microstructure of the samples. Specifically, ionic conductivity 

increased significantly after a particular doping level for all the copolymers, which was 

attributed to the appearance of “free” phosphoric acid. Moreover, at a given doping level, 

ionic conductivity increased with increasing block length. The formation of the phase 

separated morphology with increasing block length was confirmed by DMA analysis. 

The increased phase separation resulted in better connectivity and improved ion transport.  

As a result of this thorough investigation of hydrophilic-hydrophobic multiblock 

copolymers for fuel cell applications, it was determined that the copolymer systems 

described herein exhibited both high proton transport and robust mechanical properties. 

Therefore, these multiblock copolymers appear to be promising next generation materials 

for high temperature proton exchange membrane applications. 

 


