
Polymeric and Polymer/Inorganic Composite Membranes 
for Proton Exchange Membrane Fuel Cells 

  
 

 
Melinda Lou Hill 

 
 
 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State 
University in partial fulfillment of the requirements for the degree of 

 
DOCTOR OF PHILOSOPHY 

in 
Macromolecular Science and Engineering 

 
 
 

James E. McGrath, chairman 
Thomas C. Ward 
John G. Dillard 

Richey M. Davis 
Judy S. Riffle 

 
 
 

March 31, 2006 
Blacksburg, Virginia 

 
 
 

Keywords:  fuel cell, proton exchange membrane, disulfonated copolymer, 
poly(arylene ether sulfone), zirconium phosphate, polymer blend 

 
 
 
 

Copyright 2006, Melinda Lou Hill 



 ii

Polymeric and Polymer/Inorganic Composite Membranes for Proton Exchange 
Membrane Fuel Cells 

 
Melinda Lou Hill 

 
(ABSTRACT) 

 
 Several types of novel proton exchange membranes which could be used for both direct 

methanol fuel cells (DMFCs) and hydrogen/air fuel cells were investigated in this work.  One of 

the main challenges for DMFC membranes is high methanol crossover.  Nafion, the current 

perfluorosulfonic acid copolymer benchmark membrane for both DMFCs and hydrogen/air fuel 

cells, shows very high methanol crossover.  Directly copolymerized disulfonated poly(arylene 

ether sulfone)s copolymers doped with zirconium phosphates and phenyl phosphonates were 

synthesized and showed a significant reduction in methanol permeability.  These 

copolymer/inorganic nanocomposite hybrid membranes show lower water uptake and 

conductivity than Nafion and neat poly(arylene ether sulfone)s copolymers, but in some cases 

have similar or even slightly improved DMFC performance due to the lower methanol 

permeability.  These membranes also show advantages for high temperature applications because 

of the reinforcing effect of the filler, which helps to maintain the modulus of the membrane, 

allowing the membrane to maintain proton conductivity even above the hydrated glass transition 

temperature (Tg) of the copolymer.  Sulfonated zirconium phenyl phosphonate additives were 

also synthesized, and membranes incorporating these materials and disulfonated poly(arylene 

ether sulfone)s showed promising proton conductivity over a wide range of relative humidities.  

Single-Tg polymer blend membranes were studied, which incorporated disulfonated poly(arylene 

ether sulfone) with varied amounts of polybenzimidazole.  The polybenzimidazole served to 
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decrease the water uptake and methanol permeability of the membranes, resulting in promising 

DMFC and hydrogen/air fuel cell performance.   
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1.  Research Significance and Impact 
 
 As energy costs rise and natural resources become depleted, the search for alternative 

energy sources is imperative.  Fuel cells are an environmentally friendly and attractive class of 

alternative energy devices that are generating interest from government and industrial groups.  

Proton exchange membrane fuel cells (PEMFCs) can operate using either hydrogen or methanol 

as the fuel, and are useful in a variety of applications.   

 PEMFCs are of interest for stationary power generators, automobiles, and small 

electronic devices.  Many automobile companies are investing research money and time to 

develop fuel cell vehicles, including General Motors (GM), BMW, Suzuki, Toyota, and 

Nissan.1,2,3,4  GM hopes to offer an affordable hydrogen-powered car by 2010.  The oil 

companies are also becoming involved, with Shell working toward offering the country’s first 

hydrogen refueling station in the nation’s capital to sustain GM’s vehicles.5   

 Advances are also being made in the areas of stationary and portable power.  Plug Power 

Inc. and Ballard Power Systems are partnering to develop a lightweight stationary backup power 

system for the military.6  This year, Medis Technologies will offer a portable fuel cell to 

recharge small electronic devices.7   

Although disadvantages still exist, such as high cost and poor membrane performance under 

certain operating conditions, consumer and government interest in these types of devices 

                                                 
1 GM Fuel Cell Partnerships and Alliances.    
   www.gm.com/company/gmability/adv_tech/700_partners/index.html (January 16, 2006).   
2 Global Suzuki.  www.globalsuzuki.com/globalnews/2001/1018.html (January 16, 2006).   
3 About Toyota:  Environmental Commitment.   
  www.toyota.com/about/environment/technology/fuelcell_hybrid.html (January 16, 2006).   
4 Nissan Technology Initiatives.  www.nissan-  
  global.com/EN/TECHNOLOGY/INTRODUCTION/XTRAILFCV (January 16, 2006).   
5 Shell Hydrogen homepage.  www.shell.com/home/Framework?siteId=hydrogen-en (January 16, 2006).   
6 Plug Power homepage.  www.plugpower.com (January 16, 2006).   
7 Medis Technologies, LTD.  www.medistechnologies.com (January 16, 2006).   
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continues to grow.  With products in the production stages and demand escalating, there is a 

great need for advances in fuel cell technology.  Since the current benchmark proton exchange 

membrane, Nafion, is very expensive and has several disadvantages, much of this research has 

focused on the membrane.  The challenges facing proton exchange membrane research include 

reducing methanol permeability, increasing long-term stability, and improving performance at 

high temperatures and low relative humidities.  Sulfonated poly(arylene ether)s have 

demonstrated certain advantages over Nafion in the aforementioned areas.8  These properties 

could be further improved by addition of inorganic additives9 or possibly by blending with a 

high-temperature polymer.  

                                                 
8 Harrison, W.L.; Hickner, M.A.; Kim, Y.S.; McGrath, J.E. Poly(arylene ether sulfone) Copolymers and Related  
   Systems from Disulfonated Monomer Building Blocks:  Synthesis, Characterization, and Performance – A Topical  
   Review.  Fuel Cells 2005, 5(2), 201-212.   
9 Alberti, G.; Casciola, M. Composite Membranes for Medium-Temperature PEM Fuel Cells.  Annu. Rev. Mat. Res.  
   2003, 33, 129-154.   
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2.  Literature Review 

2.1.  History of Fuel Cells 
 
 A fuel cell is a device that can convert chemical energy into electrical energy.  The 

concept of the fuel cell was first introduced in 1839 by Sir William Grove, although not much 

research was conducted until the mid 20th century due to the high cost.  The initial research was 

conducted by NASA for the Gemini space program.  One of the main advantages of fuel cells 

over batteries is that they are lighter-weight and the device can simply be refueled, instead of 

replacing the entire battery unit.  Another advantage is the environmental friendliness – ideally, 

the only by-product of hydrogen/air fuel cells is water.  There are several types of fuel cells, 

including proton exchange fuel cells, alkaline fuel cells, phosphoric acid fuel cells, molten 

carbonate fuel cells, and solid oxide fuel cells.  Proton exchange membrane fuel cells are very 

attractive because they can be operated at lower temperatures than other types of fuel cells, and 

their power density is higher as well.  Low temperature allows for rapid start-up times and less 

wear on system components, resulting in better durability.  This literature review will focus on 

proton exchange fuel cells, including direct methanol fuel cells (DMFCs) and hydrogen/air fuel 

cells.   

2.2.  Fuel Cells 
 
 Proton exchange membrane fuel cells (PEMFCs, also known as polymer electrolyte fuel 

cells) are quickly becoming attractive alternative energy sources for transportation, stationary 

power, and small electronics due to the increasing cost and environmental hazards of traditional 

fossil fuels.  PEMFCs produce power from hydrogen-rich fuels, such as methanol and hydrogen.  
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Although hydrogen can be derived from natural gas and hydrocarbons, it may also be 

synthesized from water, potentially resulting in the elimination of fossil fuels.10   

 The fuel is oxidized at the anode by a noble metal catalyst (usually platinum), and the 

resulting protons are transported through the proton exchange membrane (PEM), while the 

electrons are routed through an external circuit to produce electric power.  At the platinum-rich 

cathode, the protons and electrons recombine in the presence of oxygen to produce water, which 

is ideally the only by-product.  From this brief description, the PEM itself may seem somewhat 

unimportant, only serving as a transport medium for the protons.  However, the PEM is actually 

the heart of the fuel cell, and the perfect balance of many specific properties is required to 

achieve a successful PEM.  Selected properties are discussed herein, along with a review of 

several of the classes of polymeric materials that have been studied for PEMFC applications.   

 The discussion in this review will focus mainly on two types of fuel cells, those that 

employ hydrogen as the fuel, and those that use aqueous methanol.  PEMFCs that use hydrogen 

as the fuel are often referred to as hydrogen/air fuel cells, while direct methanol fuel cells are 

known as DMFCs.  Hydrogen/air fuel cells can be operated at much higher temperatures than 

their DMFC counterparts, since they are not limited by the boiling point of the mobile phase.  

Hydrogen/air fuel cells are typically employed for high-power applications, such as stationary 

power generators and automobiles, due to the higher power density that is achievable.  DMFCs, 

with their lower power density and lower operating temperature, are commonly employed in 

low-power portable electronic devices, such as laptop computer and cellular telephones.   

 The overall redox reactions are shown below for hydrogen/air (Eq. 2.1a.) and direct 

methanol (Eq. 2.1b.) fuel cells.  As shown in the equations below, the only byproducts of 

DMFCs and hydrogen/air fuel cells are water and carbon dioxide (for DMFCs), which makes 
                                                 
10 Marsh, G. Membranes Fit for a Revolution. Materials Today 2003, 3, 38-43.   
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them environmentally attractive.  The rate-determining step in hydrogen/air fuel cells is the 

reduction of oxygen at the cathode, while in DMFCs it is the oxidation of methanol at the anode; 

therefore optimization of catalyst systems for each type of PEMFC is an important area of 

research.   

Hydrogen/air fuel cells: 
 Anode:   2H2                  4H+ + 4e- 
 Cathode:   O2 + 4H+ + 4e-                   2H2O    
 Overall: 2H2 + O2                 2H2O    (Eq. 2.1a.) 
 
DMFCs: 
 Anode:  CH3OH + H2O         CO2 + 6H+ + 6e- 
 Cathode: 3/2 O2 + 6H+ + 6e-             3H2O 
 Overall: CH3OH + H2O + 3/2 O2         CO2 + 3H2O (Eq. 2.1b.) 

 
 

2.3.  Novel Proton Exchange Membrane Materials 

2.3.1.  Polymers for Proton Exchange Membranes 
 
 The polymers used for PEMs are a diverse group indeed.11  The current state-of-the-art 

PEM is DuPont’s perfluorinated copolymer, Nafion®, a (poly(perfluorosulfonic acid)).  Nafion 

has excellent protonic conductivity (0.1 S/cm), good mechanical strength, and long-term stability 

when the fuel cell is operated at low temperatures (<100°C).  However, Nafion’s high cost, high 

rates of methanol crossover, and decreased conductivity at high temperature and/or low relative 

humidity have led to the search for new PEMs.  Candidates for PEMs should have potentially 

low cost, high proton conductivity, good thermal, oxidative, and hydrolytic stability, good film 

mechanical properties, selective permeability, and long-term stability.12  Proton conduction in 

                                                 
11 Hickner, M. A.; Ghassemi, H.; Kim, Y. S.; Einsla, B. R.; McGrath, J. E. Alternative Polymer Systems for Proton  
    Exchange Membranes (PEMs). Chem. Rev. 2004, 104, 4587-4612.   
12 Savadogo, O. Emerging Membranes for Electrochemical Systems: (I) Solid Polymer Electrolyte Membranes for  
    Fuel Cell Systems. J. New Mater. Electrochem. Syst. 1998, 1, 47-66.   
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PEM materials is most often achieved by the addition of functional groups, such as carboxylic, 

phosphonic, and especially sulfonic acids, or proton-conducting additives.   

2.3.1.1.  Synthesis of Poly(arylene ether)s 

 Poly(arylene ether)s are a well-known class of high-performance thermoplastic 

polymers.13  Their excellent thermal and hydrolytic stability makes them attractive for a wide 

variety of applications if sulfonated, including fuel cells.  The first commercial poly(arylene 

ether sulfone) was Udel, introduced by Union Carbide in 1966.14  The structures of Udel and 

other commercially important poly(arylene ether sulfone)s are shown in Fig. 2.1.  Traditional 

nonsulfonated poly(arylene ether sulfone)s may possess some crystallinity, but are usually 

amorphous.   

 Synthesis of poly(arylene ether sulfone)s has been achieved by either Friedel-Crafts 

sulfonylation or nucleophilic substitution, but only the latter is practiced commercially.  These 

two synthetic routes are illustrated in Fig. 2.2.   

 The Friedel-Crafts synthesis is less than ideal because the resulting polymer may contain 

ortho-linkages and other structural imperfections.  The nucleophilic substitution route is also 

known as the Williamson ether synthesis.  There are several key issues to be considered for this 

nucleophilic substitution method, including the reactivity and thermal stability of the monomers, 

the removal of moisture and oxygen, and purity of reagents.  The reactivity of the bisphenol 

depends on the other substituents on the ring.  The presence of electron-donating groups, such as 

alkylidene linkages (as in Bisphenol A), increases the reactivity of the bisphenol, whereas the 

presence of electron-withdrawing groups, such as sulfones (as in Bisphenol S), decrease the 

                                                 
13 Wang, S.; McGrath, J. E. Synthesis of Poly(arylene ether)s. in Synthetic Methods in Step-Growth Polymers  
     Rogers, M. E. and Long, T. E., Eds.; Wiley:  New York, 2003, pp. 327-374.   
14 Clagett, D. C. Engineering Plastics in Encyclopedia of Polymer Science and Engineering Mark, H. F.; Bikales, N.  
     M.; Overberger, C. G.; Menges, G.; Kroschwitz, J. I., Eds.; Wiley: New York, 1986, Vol. 6, pp. 94-131.   
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reactivity of the bisphenol.  To react with an activated dihalide, the bisphenol must first be 

converted to the more reactive bisphenolate salt.  Sodium and potassium hydroxides and 

potassium carbonate are the most common choices to do this.16  The use of sodium hydroxide in 

water to form the bisphenolate salt has also been reported (this method is known as the aqueous 

caustic method).  In early reports of this method, DMSO was found to be the most successful 

solvent for the polymerization reactions, and chlorobenzene was used as an azeotroping solvent.  

Reaction times are short, with high polymer being achieved in as little as one hour.15   

 The reactivity of the dihalide monomer is of equal importance.  In general, the reactivity 

of the leaving group increases with electronegativity (F >> Cl > Br, I).  Electron-withdrawing 

groups para or even ortho to the halide significantly increase the reactivity (sulfone > ketone > -

N=N-).16   

 The removal of moisture and oxygen is imperative in these reactions.  Water is generated 

in the conversion of the bisphenol to the bisphenolate salt, and is removed during this first stage 

by azeotroping with a solvent such as chlorobenzene, benzene, or toluene.  If the water is not 

properly removed during this stage, hydrolysis of the activated halide can occur, and sodium or 

potassium hydroxide will be produced.  This base can then react with another dihalide, producing 

an unreactive phenolate, which also upsets the monomer stoichiometry (Fig. 2.3.).16 

 

                                                 
15 Johnson, R. N.; Farnham, A. G.; Clendinning, R. A.; Hale, W. F.; Merriam, C. N. Poly(aryl ether)s by  
    Nucleophilic Aromatic Substitution. I. Synthesis and Properties. Journal of Polymer Science:  Part A, Polm.  
    Chem. Ed. 1967, 5, 2375-2398.   
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Figure 2.1.  Commercially important poly(arylene ether sulfone)s.16 

 

                                                 
16 Cotter, R. J. Engineering Plastics:  A Handbook of Polyarylethers, Gordon & Breach:  Basel, Switzerland:  1995.   
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Figure 2.2a.  Synthesis of a poly(arylene ether sulfone) via the Friedel-Crafts route.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.2b.  Synthesis of a poly(arylene ether sulfone) via nucleophilic substitution.  
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Figure 2.3.  Reaction of aqueous sodium hydroxide with dihalide monomer (X = F or Cl). 

X S
O

O
X X S

O

O
ONa+    2 NaOH +   NaX +   H2OX S

O

O
X X S

O

O
ONa+    2 NaOH +   NaX +   H2O



 11

 
 Removal of oxygen from the reaction system is also very important because it can react 

with the bisphenolate salt, upsetting the stoichiometry.  If the oxygen is not properly removed 

from the system, the resulting polymer is likely to be low molecular weight and discolored.16   

 As with any step-growth polymerization technique, the successful synthesis of 

poly(arylene ether)s is highly dependent on the purity of all reagents.  Impurities in any of the 

monomers prevent the formation of high molecular weight product, and bisphenol impurities are 

especially undesirable for commercial purposes because they lead to discoloration of the 

polymer.  Solvent purity is also an issue because the dipolar aprotic solvents used in these 

reactions absorb moisture easily.  Typically, moisture should be removed from the 

polymerization solvent by distillation, and the distilled solvent should be stored over molecular 

sieves.16   

2.3.1.2.  Post-Sulfonated Poly(arylene ether)s 

 The introduction of sulfonic acid groups is typically achieved by post-sulfonation of 

aromatic hydrocarbon polymers, such as polyether ether ketones (S-PEEK)17, 

poly(benzimidazole)s (PBI)18, poly(phenylene sulfide)s19, poly(phenoxybenzoyl phenylene)20, 

and poly(arylene ether sulfone)s (S-PAES).  Post-sulfonation has been widely studied for a broad 

range of polymers and a variety of techniques.  One advantage of post-sulfonation is the ease of 

obtaining the parent polymers, which are usually commercially available high-performance 

polymer materials.  With this process, the cost of sulfonated materials may be greatly reduced 
                                                 
17 Alberti, G.; Casciola, M.; Massinelli, L.; Bauer, B. Polymeric Proton Conducting Membranes for Medium  
    Temperature Fuel Cells (110-160 °C). J. Membrane Sci. 2001, 185, 73-81.   
18 Glipa, X.; El Haddad, M.; Jones, D.; Roziere, J. Synthesis and Characterization of Sulfonated Polybenzimidazole:   
    A Highly Conducting Proton Exchange Polymer. Solid State Ionics 1997, 97, 323-331.   
19 Miyatake, K.; Iyotani, H.; Yamamoto, K.; Tsuchida, E. Synthesis of Poly(phenylene sulfide sulfonic acid) via  
    Poly(sulfonium cation) as a Thermostable Proton-Conducting Polymer. Macromolecules 1996, 29, 6969-6971.   
20 Kobayashi, T.; Rikukawa, M.; Sanui, K.; Ogata, N. Proton-Conducting Polymers Derived from Poly(ether- 
    etherketone) and Poly(4-phenoxybenzoyl1,4-phenylene). Solid State Ionics 1998, 106, 219-225.   
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compared to Nafion, and the process, in principle, is relatively facile.  However, post-sulfonation 

has many disadvantages.  In general, post-sulfonated polymers have low conductivity values 

(typically, ≤ 0.05 S/cm) compared to Nafion (0.1 S/cm).  Higher conductivity can be achieved 

for post-sulfonated materials, but this usually occurs at the expense of high IEC, which produces 

very high water uptake or even water solubility.   

 Post-sulfonation of PEM materials can be accomplished by a variety of methods.  

Sulfuric acid, chlorosulfonic acid, sulfur trioxide, and acetyl sulfate are a few of the most 

common sulfonating reagents.21,22  For mechanistic studies of sulfonation reactions, the reader is 

referred to the literature.23   

 The extremely high water uptake of highly post-sulfonated materials can be adjusted by 

cross-linking the polymer, which renders the membrane intractible.  This has been achieved by 

reaction of the sulfonic acid sites with 1,1’-carbonyl diimidazole to form N-sulfonyl imidazoles.  

Finally, addition of diamines results in a cross-linked network with sulfonamide functional 

groups.  When approximately half of the sulfonic acid groups are converted to cross-link sites, 

the water uptake was reportedly decreased by 50%.  However, the proton conductivity 

corresponds to a membrane with roughly half the number of sulfonic acid sites.22   

 For use as PEM materials, a conductive site, such as a sulfonic acid, must be introduced.  

Sulfonated poly(arylene ether sulfone)s and poly(arylene ether ketone)s have traditionally been 

synthesized by a post-sulfonation method, as mentioned earlier.  These sulfonated materials have 

                                                 
21 Roziere, J.; Jones, D. J. Non-Fluorinated Polymer Materials for Proton Exchange Membrane Fuel Cells. Annual  
    Rev. Mater. Res. 2003, 33, 503-555.   
22 Nolte, R.; Ledjeff, K.; Bauer, M.; Mülhaupt, R. Partially Sulfonated Poly(arylene ether sulfone) – A Versatile  
    Proton Conducting Membrane Material for Modern Energy Conversion Technologies. J. Mem. Sci. 1993, 83, 211- 
    220.   
23 Bassin, J. P.; Cremlyn, R. J.; Swinbourne, F. J. Chlorosulfonation of Aromatic and Heteroaromatic Systems,  
    Phosphorous, Sulfur, and Silicon and the Related Elements 1991, 56, 245-275.   
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found application as thickeners, flocculants, emulsifiers, biomembranes, and blood-compatible 

materials, in addition to PEMs.   

 The post-sulfonation of poly(arylene ether sulfone)s has been widely studied.24, 25, 26, 27  

The general properties of post-sulfonated poly(arylene ether sulfone)s are dependent mainly on 

the ion exchange capacity, not the choice of sulfonating reagent.  While the conductivity shows a 

favorable increase with the ion exchange capacity (IEC), the mechanical properties (tensile 

strength and tensile modulus) of the polymer under hydrated conditions tend to suffer due to an 

increase in the water swelling.  The dry Tg also increases with IEC due to intermolecular 

interactions between the sulfonic acid groups on the polymer chains.  At sulfonation levels below 

0.5 sodium sulfonate groups per repeat unit, Noshay et. al reported melt processability in the 

sodium salt form of post-sulfonated Udel.28  Generally, post-sulfonated polymers exhibit lower 

tensile strength than their parent polymers.  The thermal stability of post-sulfonated polymers in 

the acid form is also extremely poor compared to their nonsulfonated counterparts.27  This is 

largely due to the degradation of the sulfonic acid groups into SO2 or by crosslinking at lower 

temperature than the backbone degradation.  Post-sulfonation of a commercially available 

poly(arylene ether sulfone) (Udel) is shown in Fig. 2.4.   

                                                 
24 Kerres, J.; Cui, W.; Reichle, S. New Sulfonated Engineering Polymers via the Metalation Route. I. Sulfonated  
    Poly(ether sulfone) PSU Udel via Metalation-Sulfination-Oxidation. J. Polym. Sci. 1996, 34, 2421-2438.   
25 Kerres, J.; Zhang, W.; Cui, W. New Sulfonated Engineering Polymers via the Metalation Route. II.  
    Sulfinated/Sulfonated Poly(ether sulfone) PSU Udel and Its Crosslinking.  J. Polym. Sci. 1998, 36, 1441-1448.   
26 Miyatake, K.; Chikashige, Y.; Watanabe, M. Novel Sulfonated Poly(arylene ether):  A Proton Conductive  
    Polymer Electrolyte Designed for Fuel Cels. Macromolecules 2003, 36, 9691-9693.   
27 Smitha, B.; Sridhar, S.; Khan, A. A. Synthesis and Characterization of Proton Conducting Polymer Membranes  
    for Fuel Cells.  J. Mem. Sci. 2003, 225, 63-76.   
28 Noshay, A.; Robeson, L. M. Sulfonated Polysulfone. J. Appl. Polym. Sci. 1976, 20, 1885-1903.   
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Figure 2.4.  Post-sulfonation of Udel poly(arylene ether sulfone).   
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 Wholly aromatic polyether ether ketones (PEEK) and sulfonated poly(arylene ether 

sulfone)s (PAES) are of particular interest because they are resistant to oxidation and are 

thermally and mechanically stable.  Post-sulfonated poly(ether ether ketone) (PEEK) with an 

equivalent weight of 625 g/mole was characterized by TGA, conductivity, and fuel cell 

performance.  The loss of the sulfonic acid moieties occurred around 240 °C, and the backbone 

degradation began at 400 °C.  Boiling the films in water caused an increase in conductivity, 

possibly due to a morphological change.  The conductivity was 2.5 x 10-2 S/cm (IEC = 1.6 

meq/g) at 100 °C and 100% RH, and reached 0.11 S/cm at 150 °C and 100% RH.  The fuel cell 

performance of the films was comparable to Nafion 1100 at 90 °C under hydrogen/air 

conditions.29   

 Room-temperature kinetics for the sulfonation of semi-crystalline PEEK have been 

studied using concentrated sulfuric acid as the reagent.  Due to the electron-withdrawing 

carbonyl group, the sulfonation occurs on the only activated ring (Fig. 2.5).30,31  Because the 

post-sulfonation reaction is initially heterogeneous, it has been suggested that the low-molecular 

weight chains are more easily sulfonated than the higher-molecular weight chains.  The 

maximum amount of functionalization was one sulfonic acid group per repeat unit because of the 

electron-withdrawing effect of the sulfonic acid moiety.  With respect to the kinetics of 

sulfonation, it was determined that the reaction was first-order with respect to the concentration 

of aromatic rings.32  Using concentrated sulfuric acid at varied temperatures, another research 

                                                 
29 Bauer, B.; Jones, D. J.; Roziere, J.; Tchicaya, L.; Alberti, G.; Casciola, M.; Massinelli, L.; Peraio, A.; Besse, S.;  
    Ramunni, E. Electrochemical Characterisation of Sulfonated Polyetherketone Membranes. Journal of New  
    Materials for Electrochemical Systems 2000, 3, 93-98.   
30 Luo, Y.; Huo, R.; Jin, X.; Karasz, F. E. Thermal Degradation of Sulfonated Poly(aryl ether ether ketone). J.  
    Analytical and Applied Pyrolysis 1995, 34, 229-242.   
31 Kobayashi, T.; Rikukawa, M.; Sanui, K.; Ogata, N. Proton-Conducting Polymers Derived from Poly(ether- 
    etherketone) and Poly(4-phenoxybenzoyl-1,4-phenylene). Solid State Ionics 1998, 106, 219-225.   
32 Daoust, D.; Devaux, J.; Godard, P. Mechanism and Kinetics of Poly(ether ether ketone) (PEEK) Sulfonation in  
    Concentrated Sulfuric Acid at Room Temperature. Part 1. Qualitative Comparison Between Polymer and  
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group has found that the sulfonation reaction appears to be second order.33  Not surprisingly, the 

rate of sulfonation was also proportional to the concentration of sulfuric acid.34  However, the 

reaction slows down with time due to the ease of desulfonation of the activated ring, which 

means that these reactions are not easily reproducible.35  A sample of S-PEEK sulfonated with an 

equivalent weight of 1332 g/meq had proton conductivity of 2.9 x 10-3 S/cm (25 °C, liquid 

water).36   

                                                                                                                                                             
    Monomer Model Compound Sulfonation. Polym. Int. 2001, 50, 917-924.   
33 Huang, R. Y. M.; Shao, P.; Burns, C. M.; Feng, X. Sulfonation of Poly(ether ether ketone) (PEEK):  Kinetic Study  
    and Characterization. J. Appl. Polym. Sci. 2001, 82, 2651-2660.   
34 Daoust, D.; Devaux, J.; Godard, P. Mechanism and Kinetics of Poly(ether ether ketone) (PEEK) Sulfonation in  
    Concentrated Sulfuric Acid at Room Temperature. Part 2. Quantitative Interpretation of Model Compound  
    Sulfonation. Polym. Int. 2001, 50, 925-931.   
35 Bailly, C.; Williams, D. J.; Karasz, F. E.; MacKnight, W. J. The Sodium Salts of Sulfonated Poly(aryl-ether-ether- 
    ketone) (PEEK):  Preparation and Characterization. Polymer 1987, 28, 1009-1016.   
36 Kopitzke, R. W.; Linkous, C. A.; Anderson, H. R.; Nelson, G. L. Conductivity and Water Uptake of Aromatic- 
    Based Proton Exchange Membrane Electrolytes. J. Electrochem. Soc. 2000, 147, 1677-1681.   
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 Figure 2.5.  Post-sulfonation of PEEK on the activated ring using H2SO4.32   
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 A degree of sulfonation of 2.7 sulfonic acid groups per repeat unit has been achieved for 

PEEK using chlorosulfonic acid as the sulfonating agent.  Such highly sulfonated samples are 

not practical because they are soluble in water and methanol.  However, the amount of 

sulfonation can be partially controlled by varying the reaction temperature to reduce the 

solubility.37  Conversion of the sulfonic acid groups to sulfonamides also reduced the solubility 

in water.38   

 Partially fluorinated poly(arylene ether ketone)s are interesting PEM candidates due to 

the possibility of enhanced thermal and oxidative stability.  The degree of sulfonation has been 

shown to depend upon the reaction temperature, time, and concentration of chlorosulfonic acid.  

Although these partially fluorinated systems showed improved thermal stability over non-

fluroinated post-sulfonated poly(arylene ether ketone)s, they were soluble in methanol above 60 

mole% sulfonation.39   

 Post-sulfonated poly(ether ketone)s with phthalazinone groups have lower water uptake 

than other poly(ether ketone)s possibly due to the increased rigidity of the polymer backbone.  A 

poly(phthalazinone ether ketone) with a degree of sulfonation of 103% had a water uptake value 

of only 19% and proton conductivity of 10-2 S/cm (30 °C, 100% RH).  At degrees of sulfonation 

greater than 123%, however, these polymers become water-soluble.  The structure of a post-

sulfonated poly(phthalazinone ether ketone) is shown below.40   

                                                 
37 Trotta, F.; Drioli, E.; Moraglio, G.; Poma, E. B. Sulfonation of Polyetheretherketone by Chlorosulfuric Acid. J.  
    Appl. Polym. Sci. 1998, 70, 477-482.   
38 Lee, J.; Marvel, S. Polyaromatic Ether-Ketone Sulfonamides Prepared from Polydiphenyl Ether-Ketones by  
    Chlorosulfonation and Treatment with Secondary Amines. J. Polym. Sci., Polym. Chem. Ed. 1984, 22, 295-301.   
39 Hamciuc, C.; Bruma, M.; Klapper, M. Sulfonated Poly(ether-ketone)s Containing Hexafluoroisopropylidene  
    Groups. J. Macromol. Sci. 2001, A38, 659-671.   
40 Gao, Y.; Robertson, G. P.; Guiver, M. D.; Jian, X. Synthesis and Characterization of Sulfonated  
    Poly(phthalazinone ether ketone) for Proton Exchange Membrane Materials. J. Polym. Sci.:  Part A:   Polym.  
    Chem. 2003, 41, 497-507.   
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Figure 2.6.  Post-sulfonated poly(phthalazinone ether ketone).40   
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 The effect of morphology on the water uptake poly(ether ether ketone)s has been 

studied.41  Small angle X-ray scattering experiments showed that the phase separation in these 

PEK membranes is less pronounced than in Nafion.  This is most likely due to the lesser acidity 

of the sulfonic acid groups as well as the stiffness of the PEK backbone.  The size of the 

hydrophilic domains (also known as “channels”) are reportedly much smaller in PEK than in 

Nafion, with more channels that do not traverse the entire thickness of the membrane (“dead 

ends”).42  For degrees of sulfonation from 10 to 40 mole%, the ionic domain size was found to 

be 25-30Å, which decreased to 16-20 Å for samples with 55-100 mole% sulfonation.  The 

discontinuity from 40 to 55 mole% sulfonation can most likely be related to a change in phase 

continuity.42   

2.3.1.3.  Directly Copolymerized Disulfonated Poly(arylene ether)s 
 
 The high water uptake and poor thermal and oxidative stability of post-sulfonated 

materials have generated much interest in producing sulfonated copolymers via direct 

polymerization of sulfonated monomers.43  This method presents several important advantages 

over post-sulfonation, the most obvious of which is the prevention of degradation or cross-

linking which can often occur during post-sulfonation procedures.  Perhaps the most interesting 

improvement is the disulfonation and stability of the sulfonic acid groups.  Direct 

copolymerization of a sulfonated copolymer from sulfonated monomers is, in some ways, a more 

attractive route because the number and placement of the sulfonic acid groups can be easily 

                                                 
41 Kreuer, K. D. On the Development of Proton Conducting Membranes for Hydrogen and Methanol Fuel Cells. J.  
    Mem. Sci. 2001, 185, 29-39.   
42 Leung, L.; Bailly, C.; O’Gara, J. F.; Williams, D. J.; Karasz, F. E.; MacKnight, W. J. A Small-Angle X-ray  
    Scattering Study of Sodium Sulphonate Poly(ether ether ketone). Polym. Comm. 1987, 28, 20-21.   
43 Ueda, M.; Toyota, H.; Ouchi, T.; Sugiyama, J.; Yonetake, K.; Masuko, T.; Teramoto, T. Synthesis and  
    Characterization of Aromatic Poly(ether sulfone)s Containing Pendent Sodium Sulfonate Groups. J. Polym. Sci.  
    1993, 31, 853-858.   



 21

controlled.  In post-sulfonated poly(arylene ether)s, the sulfonic acid group is most likely placed 

on the activated phenyl ring, resulting in poorer stability (easy desulfonation).  However, in 

directly polymerized sulfonated poly(arylene ether)s, the sulfonic acid moiety is on the 

deactivated ring (more difficult desulfonation).  The deactivated ring is not easily desulfonated, 

and the thermal stability is increased.  Another advantage is the easy control of the level of 

sulfonation.  Although attempts have been made to control the degree of sulfonation via the post-

sulfonation route, it is much simpler to control the level of sulfonation with direct 

copolymerization.  When a direct copolymerization technique is used, the degree of sulfonation 

can be carefully controlled within ± 1% by varying the ratio of sulfonated to nonsulfonated 

monomer.   

 Often, 4,4’-dichlorodiphenylsulfone (DCDPS) is chosen as the dihalide because it is 

commercially available, reasonably reactive, and easily disulfonated.  For example, 3,3’-

disulfonate-4,4’-dichlorodiphenylsulfone (SDCDPS) has been prepared by dissolving DCDPS in 

fuming sulfuric acid (~30% free SO3) at 110 °C for 6 hours.43  The reaction mixture is added to 

ice water and salted out with sodium chloride.  The product may then be dissolved in water, 

neutralized with base, and salted out again, followed by recrystallization in an alcohol/water 

mixture.  The synthetic procedure is shown below.  Alternatively, a one-step procedure may be 

possible.44   

 The general structure for a disulfonated copolymer made with DCDPS and SDCDPS is 

shown below.  A wide variety of disulfonated copolymers have been synthesized by varying the 

                                                 
44 Sankir, M.; Bhanu, V.S.; 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’-dichlorodiphenylsulfone (SDCDPS)  
      Monomer for Proton Exchange Membranes (PEM) in Fuel Cell Applications., J. Appl. Polym. Sci. Accepted  
      2006. 
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bisphenol structure, and the choice of bisphenol has been shown to have a definite effect on the 

copolymer properties.45  Many other structures have been studied; only a few are shown.   

                                                 
45 Harrison, W. L.; Wang, F.; Mecham, J. B.; Bhanu, V. A.; Hill, M.; Kim, Y. S.; McGrath, J. E. Influence of the  
    Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I J. Polym. Sci.:  Part  
    A:  Polym. Chem. 2003, 41, 2264-2276.   
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Figure 2.7.  Synthesis of SDCDPS. 
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Figure 2.8.  General structure of a disulfonated poly(arylene ether sulfone) made with 
DCDPS, SDCDPS, and various bisphenols.45, 46, 47, 48   

                                                 
46 Wang, F.; Hickner, M.; Ji, Q.; Harrison, W.; Mecham, J.; Zawodzinski, T. A.; McGrath, J. E. Synthesis of Highly  
    Sulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers Via Direct Polymerization. Macromol.  
    Symp. 2001, 175, 387-395.   
47 Wang, F.; Hickner, M.; Kim, Y. S.; Zawodzinski, T. A.; McGrath, J. E. Direct Polymerization of Sulfonated  
    Poly(arylene ether sulfone) Random (Statistical) Copolymers:  Candidates for New Proton Exchange Membranes.  
    Journal of Membrane Science 2002, 197, 231-242.   
48 Wang, F.; Ji, Q.; Harrison, W.; Mecham, J.; Formato, R.; Kovar, R.; Osenar, P.; McGrath, J. E. Synthesis of  
    Sulfonated Poly(arylene ether sulfone)s via Direct Polymerization. Polym. Prepr. 2000, 41(1), 237-238.   

O X O S
O

O
O X O S

O

O
SO3H

HO3S

CH3

CH3

CF3

CF3

X =

[(                                             )x(                                              )1-x]n



 25

 
 The thermal stability of sulfonated copolymers made by “direct synthesis” is greatly 

improved over post-sulfonated systems.  The Tgs have been measured between 200 and 300 °C, 

depending on the degree if disulfonation (IEC), and the backbone decomposition temperatures 

are as high as 500 °C.46, 47  The conductivity and water uptake of disulfonated poly(arylene ether 

sulfone) copolymers prepared by direct copolymerization both increase with increasing degree of 

disulfonation.   

 When 4,4’-biphenol is employed as the bisphenol, the wholly aromatic copolymers have 

been referred to as BPSH-XX, where XX represents the percentage of disulfonation.  A 

biphenol-based poly(arylene ether sulfone) copolymer with 40 mole% of disulfonation (BPSH-

40) is a promising PEM candidate, with proton conductivity of 0.11 S/cm (25 °C, liquid water) 

and water uptake of 39%.  The water uptake is relatively linear with respect to degree of 

disulfonation (or IEC) up to 50 % disulfonation.  At this point, an abrupt change of slope is 

noticed, which can be correlated to a “percolation limit.”  Above the percolation threshold, the 

morphology changes from a continuous hydrophobic morphology to one where the hydrophilic 

ionic domains become continuous.47   

 The DMFC performance of partially fluorinated disulfonated poly(arylene ether sulfone) 

copolymers (6FSH) has been reported and is very promising.  Under typical DMFC operating 

conditions (80 °C, 0.5 M methanol), a 6FSH copolymer with 40 mole% disulfonation had 

slightly higher fuel cell performance than Nafion 117.  The effect of concentration on the fuel 

cell performance of these copolymers has also been investigated, and 0.5 M was shown to be the 

ideal concentration.49   

                                                 
49 Einsla, B. R.; Hill, M. L.; Harrison, W. L.; Hickner, M.; Kim, Y. S.; Pivovar, B.; McGrath, J. E. Sulfonated  
    Fluorine-Containing Poly(arylene ether sulfone) Copolymers. Abstracts of the 205th Meeting of the  
    Electrochemical Society 2004, 25.   
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 Dihalides other than DCDPS have also been used to synthesize poly(arylene ether)s.  

Different functional groups, such as nitrile moieties, have been incorporated into the polymer 

structure using this method.50, 51   

 To emulate Nafion’s ability to form ion-conducting channels, poly(arylene ether sulfone) 

copolymers with sulfonated side-chains are of interest in order to possibly improve the high-

temperature, low-humidity conductivity behavior.  Poly(arylene ether sulfone) copolymers with 

sulfonated side-chains has been achieved by synthesis of a hydroxylated polymer, which can 

then be reacted with a sulfonated halide under nucleophilic substitution conditions to achieve a 

polymer with sulfonated side-chains.52  However, the synthesis of a poly(arylene ether)s with 

reactive hydroxyl groups on the backbone is not trivial.  The hydroxyl groups can not be 

introduced at the monomer stage since they would react in the polymerization step, resulting in 

branched or gelled polymers.  This was achieved by copolymerization of hydroquinone, 

methoxyhydroquinone, and DCDPS, followed by deprotection of the methoxy groups on the 

polymer backbone with boron tribromide.  Finally, the resulting reactive hydroxyl groups were 

reacted with 4-nitrobenzenesulfonate to achieve a poly(arylene ether sulfone) with sulfonated 

side-chains.  Although the conductivity of these materials was still lower than Nafion, this was 

an elegant and novel proof-of-concept that may lead to development of a highly conductive 

poly(arylene ether) in the future.   

2.3.1.4.  Poly(arylene ether ketone)s 
 

                                                 
50 Sumner, M. J.; Harrison, W. L.; Weyers, R. M.; Kim, Y. S.; McGrath, J. E.; Riffle, J. S.; Brink, A.; Brink, M. H.  
    Novel Proton Conducting Sulfonated Poly(arylene ether) Copolymers Containing Aromatic Nitriles. Journal of  
    Membrane Science 2004, 239, 199-211.   
51 Sankir, M.  PhD Thesis, December 2005.   
52 Einsla, B.R.; McGrath, J.E. Synthesis and Characterization of Hydroxy-Functionalized Poly(arylene ether  
    sulfones) and Conversion to Proton Conducting Membranes for Fuel Cells.  American Chemical Society Division  
    of Fuel Chemistry Preprints 2004, 49(2), 616-618.   
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 Sulfonated poly(arylene ether ketone) copolymers have also been synthesized via direct 

copolymerization of sulfonated monomers.  4,4’-Difluorobenzophenone53,54, 55, 56, 57 (Fig. 2.9a) 

and 1,4-bis(4-fluorobenzoyl)benzene58, 59 (Fig. 2.9b) have been sulfonated with fuming sulfuric 

acid and employed as dihalides for the synthesis of disulfonated poly(arylene ether ketone) 

copolymers.   

 Directly copolymerized poly(arylene ether ketone)s require a kinked or flexible unit due 

to the high rigidity of the ketone moiety, which leads to semicrystalline polymers.  Rigid 

bisphenol units, such as hydroquinone or biphenol, are not suitable for these copolymers.  

Hexafluoroisopropylidene or naphthalene units have been investigated as bisphenols for 

amorphous poly(arylene ether ketone)s.  A series of copolymers based on 4,4’-

difluorobenzophenone and a naphthalene-containing bisphenol have shown promising properties.  

A sample with 40 mole% disulfonation had a water uptake value of 57% and conductivity of 6.7 

x 10-3 S/cm (25 °C, liquid water) in the sodium sulfonate form.53  Partially fluorinated systems 

derived from 4,4’-difluorobenzophenone and hexafluoroisopropylidene bisphenol A had 

conductivity of 1.3 x 10-2 S/cm (25 °C, liquid water) for a sample with water uptake of 25%.55   

                                                 
53 Wang, F.; Chen, T.; Xu, J. Sodium Sulfonate-Functionalized Poly(ether ether ketone)s, Macromol. Chem. Phys.  
    1998, 199, 1421-1426.   
54 Xing, P.; Robertson, G. P.; Guiver, M. D.; Mikhailenko, S. D.; Kaliagiune, S. Sulfonated Poly(aryl ether ketone)s  
    Containing Naphthalene Moieties Obtained by Direct Copolymerization as Novel Polymers for Proton Exchange  
    Membranes. J. Polym. Sci.: Part A: Polym. Chem. 2004, 42, 2866-2876.   
55 Xing, P.; Robertson, G. P.; Guiver, M. D.; Mikhailenko, S. D.; Kaliagiune, S. Sulfonated Poly(aryl ether ketone)s  
    Containing the Hexafluoroisopropylidene Diphenyl Moiety Prepared by Direct Copolymerization, as Proton  
    Exchange Membranes for Fuel Cell Application. Macromolecules 2004, 37, 7960-7967.   
56 Gil, M.; Ji, X.; Li, X.; Na, H.; Hampsey, J. E.; Lu, Y. Direct Synthesis of Sulfonated Aromatic Poly(ether ether  
    ketone) Proton Exchange Membranes for Fuel Cell Applications. J. Mem. Sci. 2004, 234, 75-81.   
57 Xiao, G.; Sun, G.; Yan, D. Synthesis and Characterization of Novel Sulfonated Poly(arylene ether ketone)s  
    Derived from 4,4’-Sulfonyl-Diphenol. Polymer Bulletin, 2002, 48, 309-315.   
58 Li, X.; Na, H.; Lu, H. Novel Sulfonated Poly(ether ether ketone ketone) Derived from Bisphenol S. J. Appl.  
    Polym. Sci. 2004, 94, 1569-1574.   
59 Li, Y.; Mukundan, T.; Harrison, W.; Hill, M.; Sankir, M.; Yang, J.; McGrath, J. E. Direct Synthesis of  
    Disulfonated Poly(arylene ether ketone)s and Investigation of Their Behavior as Proton Exchange Membrane  
    (PEM). Polym. Prepr. 2004, 49(2), 536-537.   
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2.3.1.5.  Other Poly(arylene ether)s 
 
 Nucleophilic aromatic substitution has been employed to synthesize poly(arylene ether)s 

from dihalides other than sulfones and ketones.  One interesting example of a partially 

fluorinated system is shown in the figure below.  After sulfonation in chlorosulfonic acid, the 

polymer with 20% of sulfonated repeat units had a conductivity of 2.1 x 10-3 S/cm at 30 °C in 

liquid water.60   

 Phosphine oxide-containing poly(arylene ether) copolymers have been synthesized by 

direct copolymerization.  These were based on a phosphine oxide-containing dihalide, biphenol, 

and a sulfonated dihalide.  Block copolymers based on these units have also been prepared.  Each 

block was prepared separately, and the two were reacted under nucleophilic aromatic substitution 

conditions, with no ether-ether interchange occurring.  13C-NMR of this unique connecting link 

could be detected and showed that the block length remained unchanged after the 

copolymerization reaction.  The block copolymers exhibited improved proton conductivity and 

reduced water uptake compared to the random copolymers.  The structure of this material is 

shown in Fig. 2.11.61  Random phosphine oxide-containing copolymers derived from biphenol, 

bis(4-fluorophenyl)phenyl phosphine oxide (BFPPO), and sulfonated BFPPO with one sulfonic 

acid per repeat unit have also been synthesized.62  These high-molecular weight copolymers 

showed the expected trends, in that the Tg increased with the degree of sulfonation, and the 

decomposition temperature (Td) decreased.   

                                                 
60 Miyatake, K.; Oyaizu, K.; Tsuchida, E.; Hay, A. S. Synthesis and Properties of Novel Sulfonated Arylene  
    Ether/Fluorinated Alkane Copolymers. Macromolecules 2001, 34, 2065-2071.   
61 Wang, F.; Kim, Y. S.; Hickner, M.; Zawodzinski, T. A.; McGrath, J. E. Synthesis of Polyarylene Ether Block  
    Copolymers Containing Sulfonate Groups. Polymeric Materials:  Science & Engineering 2001, 85, 517-518.   
62 Shobha, H. K.; Smalley, G. R.; Sankarapandian, M.; McGrath, J. E. Synthesis and Characterization of Sulfonated  
    Poly(arylene ether)s Based on Functionalized Triphenyl Phosphine Oxide for Proton Exchange Membranes.  
    Polym. Prepr. 2000, 41(1), 180-181.   
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Figure 2.9a.  Structure of directly copolymerized disulfonated poly(arylene ether ketone) 
based on 4,4’-difluorobenzophenone, where X represents a bisphenol structure.  

 
 
 
 
 
 
 

 
 
 
 
Figure 2.9b.  Structure of directly copolymerized disulfonated poly(arylene ether ketone)s 

based on 1,4-bis(4-fluorobenzoyl)benzene, where X represents a bisphenol structure.   
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Figure 2.10.  Partially fluorinated poly(arylene ether)s.60 
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Figure 2.11.  Chemical structure of disulfonated phenyl phosphine oxide-containing 
poly(arylene ether) block copolymers.61   
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 Poly(2,6-dimethyl-1,4-phenylene oxide) has been post-sulfonated using chlorosulfonic 

acid.  This PEM material with 25.4% sulfonation reportedly had very promising hydrogen/air 

fuel cell performance, which is almost identical to Nafion.  The structure of this material is 

shown in Fig. 2.12.63   

 Directly polymerized disulfonated poly(arylene ether sulfone) copolymers with 

benzonitrile groups have been synthesized (Fig. 2.13).  These copolymers have lower water 

uptake values than disulfonated poly(arylene ether sulfone) copolymer without benzonitrile 

groups.  The conductivity of a sample with 45 mole% disulfonation reaches 0.1 S/cm (25 °C in 

liquid water).  A sample with 35 mole% disulfonation significantly outperformed Nafion 117 in 

a DMFC at 80 °C.64, 65, 66   

2.3.1.6.  Poly(arylene thioether)s 
 
 Post-sulfonation of poly(phenylene sulfide) has been achieved with fuming sulfuric acid.  

At degrees of sulfonation greater than 30%, the copolymers became water soluble.  The proton 

conductivity, measured on a pellet of sulfonated poly(phenylene sulfide) with degree of 

sulfonation of 200% was 2 x 10-2 S/cm (20 °C, 100% RH).  Measurement of conductivity on a 

membrane is a much more desireable test because polymer membranes are needed for fuel cell 

applications.  Post-sulfonated materials with such high IECs are impractical for DMFCs because 

                                                 
63 Kosmala, B.; Schauer, J. Ion-Exchange Membranes Prepared by Blending Sulfonated Poly(2,6-dimethyl-1,4- 
    phenylene oxide) with Polybenzimidazole. J. Appl. Polym. Sci. 2002, 85, 1118-1127.   
64 Kim, Y. S.; Sumner, M. J.; Harrison, W. L.; Riffle, J. S.; McGrath, J. E.; Pivovar, B. S. Direct Methanol Fuel Cell  
    Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers. J. Electrochem. Soc. 2004, 151,  
    A2150-A2156.   
65 Sankir, M.; Harrison, W. L.; Wiles, K. B.; Li, Y.; McGrath, J. E. Proton Exchange Membrane Fuel Cells:  I.  
    Synthesis and Characterization of Disulfonated Poly(arylene ether benzonitrile) Copolymers. Polym. Prepr. 2004,  
    49(2), 526-527.   
66 Sankir, M.; Harrison, W. L.; Wiles, K. B.; Li, Y.; McGrath, J. E. Proton Exchange Membrane Fuel Cells:  I.  
    Synthesis and Characterization of Disulfonated Poly(arylene ether benzonitrile) Copolymers. J. Mem. Sci. 2006,  
    in press.   
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of their solubility in water, and also for hydrogen/air fuel cells because of the dehydration that 

occurs at elevated temperatures.67   

 Poly(arylene sulfide sulfone)s with varying degrees of disulfonation have been prepared 

via direct copolymerization.  The most promising candidate, a random copolymer with 30 

mole% disulfonation, had a proton conductivity value of 0.05 S/cm (30 °C, liquid water) and the 

water uptake was 20 wt%.  The structure of these copolymers is shown in Fig. 2.14.68, 69  

                                                 
67 Miyatake, K.; Iyotani, H.; Yamamoto, K.; Tsuchida, E. Synthesis of Poly(phenylene sulfide sulfonic acid) via  
    Poly(sulfonium cation) as a Thermostable Proton-Conducting Polymer. Macromolecules 1996, 29, 6969-6971.   
68 Wiles, K. B.; Bhanu, V. A.; Wang, F.; McGrath, J. E. Synthesis and Characterization of Sulfonated Poly(arylene  
    sulfide sulfone) Copolymers as Candidates for Proton Exchange Membranes. Polym. Prepr. 2002, 43(2), 993-994.   
69 Wiles, K.B.; Wang, F.; McGrath, J.E. Directly Copolymerized Poly(arylene sulfide sulfone) Disulfonated  
    Copolymers for PEM-Based Fuel Cell Systems. I. Synthesis and Characterization, J. Polym. Sci., Part A: Polym.  
    Chem. 2005, 43, 2964-2976.   
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Figure 2.12.  Post-sulfonated poly(2,6-dimethyl-1,4-phenylene oxide) copolymer.   
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Figure 2.13.  Disulfonated benzonitrile-containing poly(arylene ether sulfone) copolymer.  
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Figure 2.14.  Chemical structure of disulfonated poly(arylene sulfide sulfone) copolymers.   
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2.3.1.7.  Polyimides 
 
 The high Tg and excellent mechanical properties of polyimides have resulted in their 

consideration as PEMs.  Polyimides have traditionally been synthesized via a two-step process.  

The first step is the formation of a poly(amic acid) from a diamine and a dianhydride, followed 

by imidization (cyclodehydration).  These five-membered-ring polyimides are known as phthalic 

polyimides (Fig. 2.15).70   

 Sulfonated five-membered-ring polyimides have been investigated for PEM 

applications.71  Although phthalic polyimides are attractive high performance polymers for 

certain applications, their poor hydrolytic stability limits their usefulness for fuel cells.  Recently, 

six-membered-ring polyimides, known as naphthalenic polyimides, have come under extensive 

investigation for use as fuel cell membranes due to their improved chemical stability.72  Studies 

using model compounds have been used to evaluate the relative hydrolytic stabilities of phthalic 

and naphthalenic polyimides, and the results have shown that the six-membered-ring polyimides 

possess superior resistance to hydrolysis.73   

 A recent publication on the synthesis and characterization of five-membered-ring 

polyimides indicates that they have very promising properties for fuel cells at a first glance 

(proton conductivity of 4.10 x 10-2 S/cm at room temperature in liquid water).  However, the 

authors of this paper do not mention the hydrolytic stability of their polymers.74  Polymers which 

                                                 
70 Feger, C.; Khojasteh, M.M.; McGrath, J.E. Polyimides:  Materials, Chemistry and Characterization.  Proceedings  
    of the 3rd International Conference on Polyimides, Ellenville, NY, November 1-2, 1989.   
71 Gunduz, N.; McGrath, J. E. Synthesis and Characterization of Sulfonated Polyimides. Polym. Prepr. 2000, 41(1),  
    182-183.   
72 Rusanov, A. L. Novel Bis(naphthalic anhydrides) and Their Polyheteroarylenes with Improved Processability.   
    Adv. Polym. Sci. 1994, 111, 115-175.   
73 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, 5097-5105.   
74 Woo, Y.; Oh, S. Y.; Kang, Y. S.; Jung, B. Synthesis and Characterization of Sulfonated Polyimide Membranes for  
    Direct Methanol Fuel Cells. J. Mem. Sci. 2003, 220, 31-45.   
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are extremely unstable under the conditions of a fuel cell are not attractive even for very short-

term applications.   

 An example of a six-membered-ring polyimide, synthesized via a one-step 

polymerization in m-cresol, is shown in Fig. 2.16.   

 Directly copolymerized partially sulfonated six-membered-ring polyimides have been 

synthesized mainly from 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTDA) and a variety 

of sulfonated and nonsulfonated diamines.  A number of novel sulfonated diamines have been 

used in polyimide synthesis.  These are summarized in Table 2.1.   
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Figure 2.15.  Synthesis of traditional phthalic polyimides.  

 

Ar NH2NH2 + O O

O

O

O

O
OH OH

N
H

N
H

O O

O O

Ar

N N

O

O

O

O

Ar

-n H2O

(                                 )n

(                               )n

Ar NH2NH2 + O O

O

O

O

O
OH OH

N
H

N
H

O O

O O

Ar

N N

O

O

O

O

Ar

-n H2O

(                                 )n

(                               )n

dry

polar aptrotic
solvent

Heat



 40

 
 
 
 
 
 
 
 
 
 
 

Figure 2.16.  Synthesis of a six-membered-ring polyimide.   
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Table 2.1.  Chemical structures and names of selected sulfonated diamines.   

Structure of Sulfonated Diamine Chemical Name 
SO3H

SO3H

NH2 NH2

 

4,4’-diamino-biphenyl-2,2’-disulfonic acid74, 

75, 92, 93, 76, 77 
 

*commercially available 

O NH2NH2

HO3S

SO3H

 

4,4’-diaminodiphenyl ether-2,2’-disulfonic 
acid88 

NH2 NH2

O(CH2)3SO3H

HO3S(CH2)3O

NH2NH2

HO3S(CH2)3O

O(CH2)3SO3H  

2,2’-bis(3-sulfopropoxy)benzidine78 
and 

3,3’-bis(3-sulfopropoxy)benzidine79 

NH2NH2

O(CH2)3SO3H  

3-(2’,4’-diaminophenoxy)propane sulfonic 
acid80 

OO

SO3H

HO3S

NH2 NH2

 

4,4’-bis(4-aminophenoxy)biphenyl-3,3’-
disulfonic acid81 

                                                 
75 Gunduz, N.; McGrath, J. E. Wholly Aromatic Five- and Six-Membered Ring Polyimides Containing Pendant  
    Sulfonic Acid Functional Groups. Polym. Prepr. 2000, 41(2), 1565-1566.   
76 Cornet, N.; Diat, O.; Gebel, G.; Jousse, F.; Marsacq, D.; Mercier, R.; Pineri, M. Sulfonated Polyimide  
    Membranes:  A New Types of Ion-Conducting Membranes for Electrochemical Applications. J. New Mater. for   
    Electrochem. Sys. 2000, 3, 33-42.   
77 Miyatake, K.; Asano, N.; Watanabe, M. Synthesis and Properties of Novel Sulfonated Polyimides Containing 1,5- 
    Naphthylene Moieties. J. Polym. Sci.:  Part A:  Polym. Chem. 2003, 41, 3901-3907.   
78 Yin, Y.; Fang, J.; Kita, H.; Okamoto, K. Novel Sulfoalkoxylated Polyimide Membrane for Polymer Electrolyte  
    Fuel Cells. Chem. Lett. 2003, 32, 328-329.   
79 Yin, Y.; Fang, J.; Watari, T.; Tanaka, K.; Kita, H.; Okamoto, K. Synthesis and Properties of Highly Sulfonated  
    Proton Conducing Polyimides from Bis(3-sulfopropoxybenzidine) Diamines. J. Mater. Chem. 2004, 14, 1062- 
    1070.   
80 Yin, Y.; Fang, J.; Cui, Y.; Tanaka, K.; Kita, H; Okamoto, K. Synthesis, Proton Conductiviy and Methanol  
    Permeability of a Novel Sulfonated Polyimide from 3-(2’,4’-diaminophenoxy)propane Sulfonic Acid. Polymer  
    2003, 44, 4509-4518.   
81 Watari, T.; Fang, J.; Tanaka, K.; Kita, H.; Okamoto, K.; Hirano, T. Synthesis, Water Stability and Proton  
    Conductivity of Novel Sulfonated Polyimides from 4,4’-bis(4-aminophenoxy)biphenyl-3,3’-disulfonic acid. J.  
    Mem. Sci. 2004, 230, 111-120.   
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ONH2 SO3H

HO3S O NH2

 

2,2’-bis(4-aminophenoxy)biphenyl-5,5’-
disulfonic acid82 

S
O

O

O ONH2 NH2

SO3HHO3S

 

bis[4-(3-aminophenoxy)phenyl]sulfone-3,3’-
disulfonic acid83, 84 

P
O

O ONH2 NH2

SO3H  

Sulfonated bis(4-fluorophenyl) phenyl 
phosphine oxide85, 86 

NH2NH2

SO3HHO3S

 

9,9-bis(4-aminophenyl)fluorine-2,7-disulfonic 
acid87 

 

                                                 
82 Guo, X.; Fang, J.; Tanaka, K.; Kita, H.; Okamoto, K. Synthesis and Properties of Novel Sulfonated Polyimides  
    from 2,2’-Bis(4-aminophenoxy)biphenyl-5,5’-disulfonic acid. J. Polym. Sci.:  Part A:  Polym. Chem. 2004, 42,  
    1432-1440.   
83 Einsla, B. R.; Hong, Y.-T.; Kim, Y. S.; Wang, F.; Gunduz, N.; McGrath, J. E. Sulfonated Naphthalene  
    Dianhydride Based Polyimide Copolymers for Proton Exchange Membrane Fuel Cells. I. Monomer and  
    Copolymer Synthesis. J. Polym. Sci.:  Part A:  Polym. Chem. 2004, 42, 862-874.   
84 Einsla, B. R.; Hill, M. L.; Kim, Y.S.; Pivovar, B.; McGrath, J. E. Direct Methanol Fuel Cell Performance and  
    Properties of Disulfonated Six-Membered Ring Polyimide Copolymers. Abstracts of the 205th Meeting of the  
    Electrochemical Society 2004, 24.   
85 Shobha, H. K.; Smalley, G. R.; Sankarapandian, M.; McGrath, J. E. Synthesis and Characterization of Sulfonated   
    Poly(arylene ether)s Based on Functionalized Triphenyl Phosphine Oxide for Proton Exchange Membranes.  
    Polym. Prepr. 2000, 41(1), 180-181.   
86 Shobha, H. K.; Sankarapandian, M.; Glass, T. E.; McGrath, J. E. Sulfonated Aromatic Diamines as Precursors for  
    Polyimides for Proton Exchange Membranes. Polym. Prepr. 2000, 41(2), 1298-1299.   
87 Guo, X.; Fang, J.; Watari, T.; Tanaka, K.; Kita, H.; Okamoto, K. Novel Sulfonated Polyimides as Polyelectrolytes  
    for Fuel Cell Application. 2. Synthesis and Proton Conductivity of Polyimides from 9,9’-Bis-(4- 
    aminophenyl)fluorine-2,7-disulfonic acid.  Macromolecules 2002, 35, 6707-6713.   
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 The research conducted by Okamoto and co-workers has shown that the flexibility and 

basicity of the diamines has a distinct effect on the hydrolytic stability of the resulting 

naphthalenic polyimides.88  They have shown that sulfonated polyimides incorporating 4,4’-

diaminodiphenyl ether-2,2’-disulfonic acid had superior hydrolytic stability compared to those 

based on 4,4’-diamino-biphenyl-2,2’-disulfonic acid due to the flexible ether linkages.  Although 

the hydrolytic stability was improved, data up to only 200 hours in liquid water at 80 °C were 

reported.88  In contrast, when the sulfonated diamine was 2,2’-bis(4-aminophenoxy)biphenyl-

5,5’-disulfonic acid (ortho linkages instead of para), the stability in water was greatly decreased.  

This is possibly due to much large water uptake values for the kinked structures.82  When 9,9-

bis(4-aminophenyl)fluorene-2,7-disulfonic acid was used as the sulfonated diamine, the 

polymers lasted no more than 27 hours under the same conditions.87   

 A very flexible sulfonated diamine with meta-linkages, ether bonds, and a sulfone moiety 

was synthesized and used to create sulfonated polyimides with controlled degrees of 

disulfonation that were soluble in polar aprotic solvents.  Two different non-sulfonated diamines 

(4,4’-oxydianiline and bis[4-(3-aminophenoxy)phenyl] sulfone) were used in this work and the 

anhydride, 1,4,5,8-naphthalene tetracarboxylic dianhydride, was kept constant to form 

polyimides with 6-membered imide rings.83  Due to the 6-membered imide ring, these 

copolyimides exhibited better hydrolytic stability than traditional 5-membered ring polyimides.  

The copolymers made from bis[4-(3-aminophenoxy)phenyl] sulfone as the non-sulfonated 

diamine showed better hydrolytic stability than those made from 4,4’-oxydianiline, due to the 

increased content of flexible ether and sulfone linkages.  The copolymers presented in this study 

                                                 
88 Fang, J.; Guo, X.; Harada, S.; Watari, T.; Tanaka, K.; Kita, H.; Okamoto, K. Novel Sulfonated Polyimides as  
    Polyelectrolytes for Fuel Cell Application. 1. Synthesis, Proton Conductivity, and Water Stability of Polyimides  
    from 4,4’-Diaminodiphenyl Ether-2,2’-Disulfonic Acid. Macromolecules 2002, 35, 9022-9028.   
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showed significantly lower methanol permeability compared to Nafion, but the DMFC 

performance was similar to Nafion due to the lower conductivity of the polyimide membranes.89   

 Highly sulfonated six-membered-ring polyimides based on NTDA, 4,4’-diamino-5,5’-

dimethyl-2,2’-biphenyldisulfonic acid, and 4,4’-(9-fluorenylidene)dianiline exhibited very high 

proton conductivity (0.31 S/cm at 50 °C and 100% RH).  After crosslinking, however, the proton 

conductivity decreased to 0.14 S/cm (50 °C, 100% RH).90   

 The side-chain sulfonated diamine monomers (2,2’-bis(3-sulfopropoxy)benzidine and 

3,3’-bis(3-sulfopropoxy)benzidine) have several advantages.  Due to possible aggregation of the 

sulfonic acid groups, the conductivity is very promising (0.1 S/cm at 35 °C and 80% RH).  The 

copolymers synthesized from 2,2’-bis(3-sulfopropoxy)benzidine survived over six months in 

liquid water at 80 °C with no loss in mechanical properties, which the researchers attribute to 

increased basicity of the diamine.  Those made from 3,3’-bis(3-sulfopropoxy)benzidine lasted 

only 1000 hours.81   

 Although there is only one sulfonic acid per repeat unit in polyimides made from 3-

(2’,4’-diaminophenoxy)propane sulfonic acid, the homopolymer (100% sulfonated) displays 

exceptional proton conductivity of 0.12 S/cm at 35 °C (liquid water), and this value increases to 

0.35 S/cm at 90 °C (liquid water).  The methanol permeability of this polyimide was still 25% 

that of Nafion, despite its high level of sulfonation.80   

 Due to the rigidity and liquid crystalline behavior of some six-membered-ring 

polyimides, a small amount of a bulky or bent unit can significantly affect the properties, 

especially the spacing between the chains.  This increased free space between the chains could 

                                                 
89 Einsla, B.R.; Kim, Y.S.; Hickner, M.A.; Hong, Y.-T.; Hill, M.L.; Pivovar, B.S.; McGrath, J.E. Sulfonated  
    Naphthalene Dianhydride Based Polyimide Copolymers for Proton-Exchange-Membrane Fuel Cells   II.   
    Membrane Properties and Fuel Cell Performance.  J. Mem. Sci. 2005, 255, 141-148.   
90 Watari, T.; Fang, J.; Tanaka, K.; Kita, H.; Okamoto, K. Ionic Conductivity and Vapor Permeation Properties of  
    Polyimides Containing Sulfonic Acid Groups. Polymeric Materials:  Science & Engineering 2001, 85, 334.   
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possibly allow room for the aggregation of sulfonic acid groups, creating ion channels.  These 

ion channels should take up greater amounts of water and increase the conductivity at low 

relative humidity.  In a preliminary report, one group of researchers has found that the 

incorporation of a small amount of bulky groups into sulfonated rigid naphthalenic polyimides 

increased the conductivity at low relative humidity, probably due to an increase in interchain 

separation, as measured by X-ray diffraction.  The angled and bulky comonomers used in this 

study include 4,4’-(9-fluorenylidene) dianiline, 4,4’-oxydianiline, 2,2’-dibenzoyl benzidine, and 

1,4-bis(4-aminophenyl)-2,3,5,6-tetraphenylbenzene.91  The proton conductivity at 15% relative 

humidity was 1.4 x 10-3 S/cm for the polyimide copolymer.  Even though this is still very low, 

Nafion displayed a conductivity of only 5 x 10-5 S/cm under the same conditions.92   

 In addition to the effects on interchain spacing, bulky or flexible groups have also been 

used to increase the solubility of six-membered-ring polyimides.  Polyimides with meta- linkages 

exhibited greater solubility in organic solvents than those with para- linkages.  This study also 

suggested that random copolyimides had better stability than both homopolymers (non-

sulfonated) and blocky (sequenced) structures.82    However, this is debatable, and it has been 

suggested that block copolymers in which the sulfonated block does not contain any polyimide 

units may possess greater stability.   

 Sequenced copolyimides exhibit modestly higher conductivity than their random 

counterparts at similar IECs.  For example, a random copolyimide with 30 mole% disulfonation 

exhibited a conductivity of 0.91 x 10-3 S/cm (room temperature, liquid water).  When the block 

length was increased to five while the IEC remained constant, the conductivity increased to 1.3 x 

                                                 
91 Zhang, Y.; Litt, M.; Savinell, R. F.; Wainright, J. S. Molecular Design Considerations in the Synthesis of High  
    Conductivity PEMS for Fuel Cells. Polym. Prepr. 1999, 40(2), 480-481.   
92 Zhang, Y.; Litt, M.; Savinell, R. F.; Wainright, J. S.; Vendramini, J. Molecular Design of Polyimides Toward  
    High Proton Conducting Materials. Polym. Prepr. 2000, 41(2), 1561-1562.   
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10-3 S/cm (same conditions).  The number of water molecules per sulfonate group also increased.  

The sequenced copolyimide membrane with 30 mole% disulfonation maintained mechanical 

integrity for 200 hours in water at 80 °C.93  The sequence length also has a definite effect on the 

membrane morphology, which often influences other membrane properties, such as conductivity 

and water content.94   

 In porous polyimide membranes, the volume increase when wet has been found to be less 

than the weight increase.  The water uptake of such membranes increases with IEC, while the 

number of water molecules per sulfonic acid group (λ) remains constant.  This suggests that 

there is no swelling of the hydrophobic phase, and that the porosity is mainly located within the 

sulfonated domains.  Sequenced structures offer some advantages, although large-scale phase 

separation occurred when the block length reached nine or more units, resulting in opaque 

films.76  The water uptake increased as the block length increased, due to a higher amount of 

porosity.  However, the conductivity decreased as this occurred.  The authors concluded that the 

excess water contained in the pores of the membrane does not participate in proton conduction.95  

Electron spin resonance spectroscopy (ESR) was also used to evaluate the water in sulfonated 

polyimide membranes.  These studies showed that water clusters were present, but with a smaller 

diameter than those in Nafion.  The authors commented that the water was in a “glassy” state.96  

                                                 
93 Genies, C.; Mercier, R.; Sillion, B.; Cornet, N.; Gebel, G.; Pineri, M. Soluble Sulfonated Naphthalenic Polyimides  
    as Materials for Proton Exchange Membranes. Polymer 2001, 42, 359-373.   
94 Essafi, W.; Gebel, G.; Mercier, R. Sulfonated Polyimide Ionomers:  A Structural Study. Macromolecules 2004,  
    37, 1431-1440.   
95 Cornet, N.; Beaudoing, G.; Gebel, G. Influence of the Structure of Sulfonated Polyimide Membranes on Transport  
    Properties. Separation and Purification Technology 2001, 22-23, 681-687.   
96 Motyakin, M. V.; Cornet, N.; Gebel, G.; Schlick, S. Morphology of Sulfonated Polyimide Ionomers from ESR  
    Spectra of Paramagnetic Transition Metal Cations and Nitroxide Spin Probes. Bulletin of the Polish Academy of  
    Sciences, Chemistry 2000, 48, 273-292.   
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More detailed studies on the effect of “free” water in sulfonated PEMs for fuel cells have since 

been published, which illustrate the importance of the three “states of water”.97   

 Branched and crosslinked sulfonated polyimides have been prepared by electron beam 

radiation (with minimal chemical degradation) as well as by the addition of a small amount of 

trifunctional amine (melamine) during the polymerization process.  These have lower water 

uptake than their linear counterparts at the same IEC.  They also last approximately twice as long 

in the so-called Fenton’s reagent at 80 °C, and the conductivity is maintained at high 

temperatures.98   

 The permeability of reactant gases is important for hydrogen-air fuel cell membranes, and 

the membrane must effectively separate the reactants.  The permeability of certain sulfonated 

polyimides to hydrogen and oxygen has been reported.  These reports suggest that the gas 

transport in such membranes occurs through the nonsulfonated domains; therefore, highly 

sulfonated polyimide membranes show extremely low permeability to reactant gases.99  The 

relative humidity was also found to have an effect on the gas permeability.  In the range of 0 to 

70% relative humidity, the gas permeability decreased as the relative humidity increased.  

However, at higher levels of hydration, an increase in the gas flux across the membrane is noted.  

The researchers hypothesized that the hydrophobic domains control the gas flux at low water 

content, while the hydrophilic domains take over at high levels of hydration.100   

                                                 
97 Kim, Y. S.; Dong, L.; Hickner, M. A.; Glass, T. E.; Webb, V.; McGrath, J. 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, 6281-6285.   
98 Miyatake, K.; Zhou, H.; Watanabe, M. Proton Conductive Polyimide Electrolytes Containing Fluorenyl Groups:   
    Synthesis, Properties, and Branching Effect. Macromolecules 2004, 37, 4956-4960.   
99 Piroux, F.; Espuche, E.; Mercier, R.; Pineri, M. Sulfonated Copolyimides:  Influence of Structural Parameters on  
    Gas Separation Properties. Desalination 2002, 145, 371-374.   
100 Piroux, F.; Espuche, E.; Mercier, R. The Effects of Humidity on Gas Transport Properties of Sulfonated  
    Copolymides. J. Mem. Sci. 2004, 232, 115-122.   
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 Miyatake et al. have successfully demonstrated that partially disulfonated copolyimides 

can be synthesized from monomers that are all commercially available.  A copolymer of NTDA, 

4,4-diamino-2,2’-biphenyldisulfonic acid (80%), and 1,5-diaminonaphthalene (20%) had 

excellent proton conductivity (0.12 S/cm at 27 °C and 100% RH), which did not decrease at 

elevated temperatures, as does Nafion.  In fact, the conductivity of this copolyimide increased to 

0.3 S/cm at 120 °C (100% RH) under pressure.  However, the stability of this copolymer in 

water was not reported, and is likely not very good.77   

 Bis[4-(3-aminophenoxy)phenyl]sulfone-3,3’-disulfonate salt has been used in 

combination with various non-sulfonated diamines and NTDA to synthesize naphthalenic 

polyimides with a wide range of IECs.  These copolymers display promising fuel cell 

performance under DMFC conditions at 80 °C.84   

 To improve the oxidative stability of sulfonated polyimide membranes, trifluoromethyl 

groups have been incorporated.101  Although the applicability of Fenton’s reagent is highly 

debated, the stability of these partially fluorinated systems was superior to other sulfonated 

polyimides in Fenton’s reagent.  In fact, these maintained mechanical stability for over nine 

hours in Fenton’s reagent at 80 °C.  However, the copolymers did exhibit a decrease in proton 

conductivity above 100 °C due to poor water retention, which some believe could be remedied 

by addition of a small amount of bulky comonomer.101  Sulfonated dianhydride monomers are 

an alternative route to sulfonated polyimides.  3,4,9,10-Perylenetetracarboxylic dianhydride has 

been sulfonated and employed in the synthesis of polyimides.102  The structure is shown below.   

                                                 
101 Miyatake, K.; Zhou, H.; Matsuo, T.; Uchida, H.; Watanabe, M. Proton Conductive Polyimide Electrolytes 

Containing Trifluoromethyl Groups:  Synthesis, Properties, and DMFC Performance. Macromolecules 2004, 37, 
4961-4966.   

102 Lyapunov, V. V.; Lyakh, E. N.; Solomin, V. A.; Zhubanov, B. A. Copolyimide With Six-Member Cycles,     
Containing Sulfonic Acid Groups. Doklady Akademii Nauk 1992, 326, 106-108.   
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Figure 2.17.  Novel sulfonated dianhydride for synthesis of naphthalenic polyimides.102   
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 Hydrolytic stability is still a very important issue for six-membered-ring polyimides.  The 

suggested explanation of the relative instability of most polyimides is that the aromatic imide 

linkage can undergo acid-catalyzed hydrolysis by water molecules, resulting in chain scission.  It 

has been suggested that increasing the electron density of the imide nitrogen can increase the 

stability of the polymers by preventing this attack.103  This corresponds to the increased basicity 

of the diamine, addressed by Okamoto and co-workers.   

 To show that the electron density of the nitrogen was more important to the hydrolytic 

stability than the aromatic character of the backbone, an aliphatic non-sulfonated diamine was 

used in the synthesis of disulfonated copolyimides along with a sulfonated diamine containing 

electron-donating groups.  The stability of this membrane was tested at 140 °C and 100% RH.  

While other sulfonated polyimides lasted less than one day, the partially aliphatic membrane 

remained relatively unchanged after one week.  The stability in Fenton’s reagent was similar to 

wholly aromatic sulfonated polyimides.  Although the proton conductivity of this membrane was 

lower than Nafion at temperatures below 100 °C, the values for the two membranes converged 

above 100 °C.103   

 Although great improvements have been made in the hydrolytic stability of sulfonated 

polyimides, many researchers believe that they will not be applicable for PEM fuel cells because 

of their inherent instability.  However, novel approaches to increasing the stability could still be 

successful.  It is important to keep in mind the long-term operation requirements for 

commercialization of any fuel cell membrane.   

 

2.3.1.8.  Polybenzoxazoles 
 
                                                 
103 Asano, N; Miyatake, K.; Watanabe, M. Hydrolytically Stable Polyimide Ionomer for Fuel Cell Applications.  
    Chemistry of Materials 2004, 16, 2841-2843.   
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 Polybenzoxazoles (PBOs) are known for their thermal and hydrolytic stability and 

excellent mechanical properties.104  PBOs (Fig. 2.18) are typically synthesized via a 

poly(hydroxyamide) precursor, but a one-step synthesis in polyphosphoric acid is the preferred 

method.  Reports of sulfonated PBOs, however, are rare.  Only a few studies can be found in the 

literature,105, 106 but the stability of sulfonated PBOs was not reported until recently.107  To 

emulate the conditions of sulfonated PBOs, the stability of several non-sulfonated PBOs in 

methane sulfonic acid was studied.  The result was that the molecular weight of the PBOs 

decreased over time in the acid, although there was a structural influence on the stability.  

Recently, partially fluorinated sulfonated PBOs were synthesized from 2,2’-bis(3-amino-4-

hydroxyphenyl)-hexafluoropropane, 4,4’-oxydibenzoic acid, and a novel sulfonated diacid, 2,2’-

disulfonate-4,4’-dicarboxydiphenyl ether.108, 109  These copolymers exhibited low water uptake 

and proton conductivity.  The proton conductivity increased with degree of sulfonation and 

temperature.  The stability in boiling water was poor even on short time scales.  The hydrolytic 

stability was evidenced in the hydrogen/air fuel cell testing as well.  Current density was 

monitored as a function of time for the 100% disulfonated copolymer, and the current density 

dropped to zero in less than one hour for this membrane.  

                                                 
104 Wolfe, J.R. In Encyclopedia of Polymer Science and Engineering Mark, H. F.; Bikales, N. M.; Overberger, C. G.;  
     Menges, G.; Kroschwitz, J. I., Eds.; Wiley: New York, 1986, Vol. 11, pp. 601.   
105 Sakaguchi, Y.; Kitamura, K.; Nakao, J.; Hamamoto, S.; Tachimori, H.; Takase, S.  Preparation and Properties of  
     Sulfonated or Phosphonated Polybenzimidazoles and Polybenzoxazoles.  American Chemical Society Polymeric  
     Materials:  Science and Engineering 2001, 84, 899-900.   
106 Sakaguchi, Y.; Kitamura, K.; Nakao, J.; Hamamoto, S.; Tachimori, H.; Takase, S.  Preparation and Properties of  
     Sulfonated or Phosphonated Polybenzimidazoles and Polybenzoxazoles, in Carraher, C.E.; Swift, G., Eds.  
     Functional Condensation Polymers, Kluwer:  New York, 2002, pp. 95-104.   
107 Kim, Y.J.; Einsla, B.R.; Tchatchoua, C.N.; McGrath, J.E. Synthesis of High Molecular Weight Polybenzoxazoles  
     in Polyphosphoric Acid and Investigation of Their Hydrolytic Stability Under Acidic Conditions. High  
     Performance Polymers 2005, 17, 377-401.   
108 Einsla, B.; Kim, Y.J.; Tchatchoua, C.; McGrath, J.E. Polybenzoxazoles for Use as Proton Exchange Membrane  
     Fuel Cells.  Abstracts of Papers, 204th National Meeting of the Electrochemical Society 2004.   
109 Einsla, B.R.; Kim, Y.J.; Tchatchoua, C.N.; McGrath, J.E.  Disulfonated Polybenzoxazoles for Proton Exchange  
     Membrane Fuel Cell Applications.  Polym. Prepr. 2003, 44, 645-646.   
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Figure 2.18.  General structure of a poly(benzoxazole).   
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2.3.1.9.  Polybenzimidazoles 
 
 Polybenzimidazoles (PBIs) are a class of high-temperature polymers that are known for 

their excellent thermal stability, flame resistance, mechanical properties, and acid and base 

resistance.  The structure-property relationships of PBIs are as expected:  aromatic backbones 

result in greater thermal and oxidative stability, but lower flexibility than aliphatic linkages, and 

para-substituted polymers are more stable and rigid than meta-substituted ones.  The addition of 

flexible groups, such as ethers and sulfones, imparts a greater degree of solubility, but also 

lowers the thermal stability.110, 111   

 Commercial PBI (poly(5,5’-benzimidazole-2,2’-diyl-1,3-phenylene), trade name 

Celazole) is traditionally made by melt polymerization of 3,3’-diaminobenzidine and diphenyl 

isophthalate.  The proposed reaction mechanism is a two-step process:  nucleophilic substitution 

to the amine-amide followed by nucleophilic addition to form the ring, as shown below.112   

 Another approach to the synthesis of polyheteroarylenes (including PBIs) is known as 

reductive polyheterocyclization.  In this procedure, high molecular weight is achieved during the 

first step, which involves the reaction of a bis(o-nitroamine) with a diacid chloride or ester.  The 

nitro groups are then reduced, resulting in immediate closure of the ring.  This method offers 

several advantages over the traditional procedure, which employs bis(o-diamines).  Perhaps the 

most important advantage of this method is that the bis(o-nitroamines) are cheaper and more 

stable than bis(o-diamines).  Another advantage is that much lower reaction temperatures are 

required (150-170 °C).  The synthesis of PBIs by this method is conducted using N-

                                                 
110 Cassidy, P. E. Thermally Stable Polymers, Marcel Dekker, Inc., New York:  1980.   
111 Buckley, A.; Stuetz, D. E.; Serad, G. A. Polybenzimidazoles in Encyclopedia of Polymer Science and  
      Engineering Mark, H. F.; Bikales, N. M.; Overberger, C. G.; Menges, G.; Kroschwitz, J. I., Eds.; Wiley: New  
      York, 1986, Vol. 11, pp. 572-601. 
112 Odian, G. Principles of Polymerization, 4th Ed., John Wiley & Sons, Inc., Hoboken, New Jersey:  2004.   
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methylpyrolidone (NMP) as the solvent and gaseous HCl to promote reduction of the nitro 

groups and closure of the ring.  This technique has been shown to be successful for PBI 

synthesis; however, incomplete reduction and cyclization can sometimes occur, resulting in 

decreased thermal and chemical stability of the polymer.113   

 Another two-stage synthetic approach involving the reaction of bis(o-diamines) with 

aromatic dialdehydes to produce a poly(azomethine) intermediate has been reported at even 

lower temperatures.  The first polycondensation step of the synthesis must be conducted at 

extremely low temperatures (-18 to 25 °C) and the dialdehyde monomer must be added very 

slowly to avoid branching and eventual cross-linking during the cyclodehydrogenation step.  

Although cyclodehydrogenation occurs at relatively mild temperatures (<100 °C), transition-

metal catalysts are often required.114   

 PBI has been synthesized from an A-B monomer, which may be advantageous because of 

the convenience of using a single monomer and guaranteed 1:1 stoichiometry of functional 

groups, which results in high molecular weight.  The resulting polymer is referred to as AB-PBI, 

and the synthesis is shown in Fig. 2.20.115, 116   

                                                 
113 Korshak, V. V.; Rusanov, A. L.; Tugushi, D. S. Reductive Polyheterocyclization:  A New Approach to the  
     Synthesis of Polyheteroarylenes. Polymer 1984, 25, 1539-1548.   
114 Neuse, E. W.; Loonat, M. S. Two-Stage Polybenzimidazole Synthesis via Poly(azomethine) Intermediates.  
     Macromolecules 1983, 16, 128-136.   
115 Asensio, J. A.; Borros, S.; Gomez-Romero, P. Polymer Electrolyte Fuel Cells Based on Acid-Impregnated  
     Poly(2,5-benzimidazole) Membranes. J. Electrochem. Soc. 2004, 151, A304-A310.   
116 Asensio, J. A.; Borros, S.; Gomez-Romero, P. Enhanced Conductivity in Polyanion-Containing  
     Polybenzimidazoles.  Improved Materials for Proton Exchange Membranes and PEM Fuel Cells. Electrochem.  
     Comm. 2003, 5, 967-972.   
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Figure 2.19.  Proposed reaction mechanism for the melt synthesis of commercial PBI. 
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Figure 2.20.  Synthesis of AB-PBI.   
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 Other methods for the synthesis of PBIs have been developed, including a reaction using 

phosphorus pentoxide and methanesulfonic acid as the condensation agent and solvent for 

polymerization of 3,3’-diaminobenzidine tetrahydrochloride with activated dicarboxylic acids.117  

The advantage is that this solvent system requires a much lower reaction temperature (140 °C) 

than the melt polymerization method (290 °C).  The use of acid monomers is also an advantage 

because they are much less inexpensive than the traditional diphenyl ester.   

 Similarly, poly(phosphoric acid) (PPA) has been employed as a catalyst/solvent for PBI 

synthesis.  The effectiveness of PPA as a condensing agent in the synthesis of PBIs, PBOs, and 

PBTs was originally demonstrated by Hein, et al. in 1957.118  Recently, this technique was 

modified to produce PBI membranes doped with phosphoric acid through a sol-gel process.119  

This technique is discussed in more detail in the following section.  This method resulted in 

higher yields than other acid-catalyzed PBI syntheses.  Other researchers have shown that the 

addition of a small amount of sulfuric acid catalyst to these reactions is helpful.120   

 Variation in the chemical structure of PBI can greatly affect the polymer properties.  The 

structure of the diacid has been shown to affect the solubility, thermal behavior, and flexibility of 

the polymers.121  Polycondensation of an imidazole-containing bisphenol with a dihalide via 

nucleophilic aromatic substitution is an alternative route to synthesize poly(arylene ether 

benzimidazole)s (PAEBIs).122  These can be synthesized via nucleophilic aromatic substitution 

                                                 
117 Ueda, M.; Sato, M.; Mochizuki, A. Poly(benzimidazole) Synthesis by Direct Reaction of Diacids and Diamines.  
     Macromolecules 1985, 18, 2723-2726.   
118 Hein, D. W.; Alheim, R. J.; Leavitt, J. J. The Use of Polyphosphoric Acid in the Synthesis of 2-aryl- and 2-alkyl- 
     Substituted Benzimidazoles, Benzoxazoles, and Benzothiazoles. J. Am. Chem. Soc. 1957, 79, 427-429.   
119 Xiao, L.; Zhang, H.; Scanlon, E.; Ramanathan, L.S.; Choe, E.-W.; Rogers, D.; Apple, T.; Benicewicz, B.C. High- 
     Temperature Polybenzimidazole Fuel Cell Membranes via a Sol-Gel Process, Chem. Mater. 2005, 17, 5328- 
     5333.   
120 Wang, L. L.; Joullie, M. M. Synthesis of Bisbenzimidazoles. J. Am. Chem. Soc. 1957, 79, 5706-5708.   
121 Chen, C. C.; Wang, L. F.; Wang, J. J.; Hsu, T. C.; Chen, C. F. Diacid Architecture Effect on the Synthesis and  
      Microstructure of Rigid-Rod Poly(benzobisimidazoles). J. Mat. Sci. 2002, 37, 4109-4115.   
122 Hergenrother, P. M.; Smith, Jr., J. G.; Connell, J. W. Synthesis and Properties of Poly(arylene ether  
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in sulfolane at 200 °C.  These polymers exhibit good mechanical properties and controlled-

molecular weight specimens were melt-processable.  They had lower Tgs and less moisture 

uptake than conventional PAEBIs, which the authors attribute to less hydrogen bonding.123  The 

synthetic scheme and resulting polymer structure are shown below (Fig. 2.21).   

 The post-sulfonation of PBI on the benzimidazole ring has been demonstrated.124  

However, the direct polymerization of sulfonated diacids with tetraamines is also common.  

Sulfonated isophthalic and terephthalic acids have been used to produce PBIs with sulfonic acid 

groups directly on the polymer backbone.124, 125   

 Directly copolymerized sulfonated poly(arylene ether benzimidazole)s have been 

synthesized by copolymerization of a benzimidazole-containing bisphenol with a sulfonated and 

non-sulfonated dihalide.126  Although the benzimidazole-containing bisphenol was synthesized 

first by Hergenrother et al., their polymers did not contain any sulfonation.127  The water uptake 

of the sulfonated copolymers increased with the degree of sulfonation, but the proton 

conductivity actually decreased as more sulfonic acid sites were introduced.  This trend led to the 

conclusion that the proton conduction was due mostly to the imidazole moieties, which became 

tied up in strong interactions as the amount of sulfonic acid groups was increased.   

                                                                                                                                                             
      benzimidazoles). Polymer 1993, 34, 856-865.   
123 Smith, J. G., Jr.; Connell, J. W.; Hergenrother, P. M. Synthesis and Properties of Poly[arylene ether (N- 
      arylenebenzimidazole)s]. J. Polym. Sci.:  Part A:  Polym. Chem. 1993, 31, 3099-3108.   
124 Reynolds, J. R.; Lee, Y.; Kim, S.; Bartling, R. L.; Gieselman, M. B.; Savage, C. S. Rigid-Rod and High Aspect  
      Ratio Polyelectrolytes Based on Polybenzimidazoles and Polybenzothiazoles. Polym. Prepr. 1993, 34(1), 1065- 
      1066.   
125 Uno, K.; Niume, K.; Iwata, Y.; Toda, F.; Iwakura, Y. Synthesis of Polybenzimidazoles with Sulfonic Acid  
      Groups. J. Polym. Sci. 1977, 15, 1309-1318.   
126 Einsla, B.R.; Hill, M.L.; Harrison, W.L.; Tchatchoua, C.N.; McGrath, J.E. Direct Copolymerization of  
      Sulfonated Poly(arylene ether bezimidazole) Copolymers for Proton Exchange Membrane Fuel Cells.   
      Proceedings of the 204th Electrochemical Society International Meeting 2005, in press.   
127 Hergenrother, P.M.; Smith Jr. J.G.; Connell, J.W. Synthesis and Properties of Poly(arylene ether  
      benzimidazole)s. Polymer 1993, 34, 856-865.   
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Figure 2.21.  Synthesis of PAEBIs by nucleophilic aromatic substitution.123 
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 Post-modification of PBIs has been accomplished by first deprotonating the N-H group 

on the polymer backbone with lithium hydride, followed by reaction with an appropriate 

sulfonated molecule, such as sodium (4-bromomethyl)benzene sulfonate,128, 129 1,3-propane 

sultone,130 or 1,4-butane sultone.131  The degree of sulfonation can be controlled by varying the 

amount of either LiH or sulfonated reagent, and is usually measured by elemental analysis.  

Increased solubility of PBIs in polar aprotic solvents has been observed after sulfonation.130  

Although the conductivity of sulfonated PBIs is much lower than Nafion at low temperatures 

(<100 °C), there is some evidence that PBI maintains its conductivity as the temperature is 

increased above 100 °C, while Nafion decreases significantly.131   

 PBIs can also be post-sulfonated using common sulfonating agents such as sulfuric 

acid.132  The conductivity of PBIs sulfonated in this manner is generally low, approaching only 

7.5 x 10-5 S/cm (160 °C, 100% RH).  This can be attributed to protonation of the benzimidazole 

ring by the acid groups, which lowers the proton mobility.  It is believed that the resulting 

“hydrogen bridge” causes the acid-form polymer to be insoluble in common aprotic solvents.132  

When complexed with base (sodium hydroxide), the sodium sulfonate form of PBI has 

demonstrated ionic conductivity as high as 10-2 S/cm (25 °C, 100% RH).128   

 The sulfonation of phosphoric acid-doped PBI has also been reported, using sulfuric acid 

as the sulfonating agent, followed by very short-term treatment at high temperature (30-120 

                                                 
128 Jones, D. J.; Roziere, J. Recent Advances in the Functionalization of Polybenzimidazole and Polyetherketone for  
      Fuel Cell Applications. Journal of Membrane Science 2001, 185, 41-58.   
129 Glipa, X.; El Haddad, M.; Jones, D. J.; Roziere, J. Synthesis and Characterization of Sulfonated  
      Polybenzimidazole: A Highly Conducting Proton Exchange Polymer. Solid State Ionics 1997, 97, 323-331.   
130 Gieselman, M. B.; Reynolds, J. R. Water-Soluble Polybenzimidazole-Based Polyelectrolytes. Macromolecules  
      1992, 25, 4832-4834.   
131 Bae, J.-M.; Honma, I.; Murata, M.; Yamamoto, T.; Rikukawa, M.; Ogata, N. Properties of Selected Sulfonated  
      Polymers as Proton-Conducting Electrolytes for Polymer Electrolyte Fuel Cells. Solid State Ionics 2002, 147,  
     189-194.   
132 Staiti, P.; Lufrano, F.; Arico, A. S.; Passalacqua, E.; Antonucci, V. Sulfonated Polybenzimidzole Membranes –  
      Preparation and Physico-Chemical Characterization. J. Mem. Sci. 2001, 188, 71-78.   
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seconds at 450 °C).  The conductivity (20 °C, 100% RH) decreased after the sulfonation 

procedure (5 x 10-6 S/cm), and decreased even further upon boiling the film in water (2 x 10-7 

S/cm).133   

 Blending sulfonated p-PBI blended with lithium iodide (LiI) has been shown to increase 

the conductivity.  Sulfonated p-PBI with an excess of LiI (3.9 wt%) has shown conductivity as 

high as 3.8 x 10-3 S/cm at 70 °C (humidity conditions were not reported), while the undoped 

membrane had an ionic conductivity of 10-8 S/cm.134   

2.3.1.10.  PBIs with Inorganic Acids 
 
 The basic nature of the imidazole ring in PBI results in strong interactions with acid 

groups.  Inorganic acids are often added to PBI to improve the protonic conductivity.  This acid 

“doping” of PBI films allows for high proton conductivity in the absence of water.   Phosphoric 

acid is the most commonly used inorganic acid for this application, although sulfuric acid has 

also been employed for this purpose.  Measurements have shown that the water drag coefficient 

for PBI/phosphoric acid membranes is essentially zero, which means that humidification may not 

be necessary for successful fuel cell operation at high temperature. 135   

 The basicity of the polymer is important for incorporation of large amounts of acid 

because basic polymers are capable of hydrogen bonding and proton transfer interactions with 

the acid.136  The acid has several important effects on the membrane properties, including 

increased proton conductivity, especially at high temperatures and low relative humidity values 
                                                 
133 Ariza, M. J.; Jones, D. J.; Roziere, J. Role of Post-Sulfonation Thermal Treatment in Conducing and Thermal  
      Properties of Sulfuric Acid Sulfonated Poly(benzimidazole) Membranes. Desalination 2002, 147, 183-189.   
134 Spry, R. J.; Alexander, Jr., M. D.; Bai, S. J.; Dang, T. D.; Price, G. E.; Dean, D. R.; Kumar, B.; Solomon,  
      J. S.; Arnold, F. E. Anisotropic Ionic Conductivity of Lithium-Doped Sulfonated PBI. J. Polym. Sci.:  Part B:   
      Polym. Phys. 1997, 35, 2925-2933.   
135 Li, Q.; Hjuler, H. A.; Bjerrum, N. J. Phosphoric Acid Doped Polybenzimidazole Membranes:  Physiochemical  
      Characterization and Fuel Cell Applications. J. Applied Electrochemistry 2001, 31, 773-779.   
136 Schuster, M. F. H.; Meyer, W. H. Anhydrous Proton-Conducting Polymers. Annu. Rev. Mater. Res. 2003, 33,  
      233-261.   
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(%RH).  The acid has also been shown to act as a plasticizer, thereby lowering the Tg of the 

PBI.137   

 Several methods are used to incorporate acid into a PBI membrane, including:  a) soaking 

the PBI membrane in acid (time and concentration are varied to control the amount of acid) b) 

adding acid to a solution of polymer, followed by film casting, and c) synthesizing the polymer 

in polyphosphoric acid (PPA) and casting the film to hydrolyze the PPA to phosphoric acid.138   

 The immersion method has been employed for PBI with phosphoric, sulfuric, and 

hydrobromic acids.  The amount of phosphoric acid in PBI is dependent on the concentration of 

the acid solution and the immersion time.128  A PBI membrane with 450 weight % phosphoric 

acid displayed a conductivity of 4.6 x 10-2 S/cm at 165 °C and 85% RH.  When the doping level 

was increased to 1600%, the conductivity reached 0.13 S/cm under the same conditions, but the 

mechanical properties of the membrane suffered at such high acid contents.135  Another study 

showed that the conductivity of phosphoric acid-doped PBI membranes increased as a function 

of acid concentration.  The immersion time also had an effect on the final amount of acid in the 

membrane.  For immersion times less than 10 hours, all membranes exhibited similar behavior.  

When the soaking time was increased to 11 hours or more, there was a significant increase in the 

conductivity of the membrane, although all membranes soaked for 11 hours or more had the 

same conductivity.139   

 Immersion of PBI films in acid (H3PO4, H2SO4, CH3SO3H, or C2H5SO3H) of different 

concentrations for 72 hours showed that the membrane properties were dependent upon the type 

                                                 
137 Pu, H. Studies on Polybenzimidazole/Poly(4-vinylpyridine) Blends and Their Proton Conductivity After Doping  
      with Acid. Polym. Int. 2003, 52, 1540-1545.   
138 Xiao, L.; Zhang, H.; Choe, E.-W.; Scanlon, E.; Ramanathan, L. S.; Benicewicz, B. C. Synthesis and  
      Characterization of Pyridine-Based Polybenzimidazoles as Novel Fuel Cell Membrane Materials. ACS Fuel  
      Chemistry Division Preprints 2003, 48, 447-448.   
139 Glipa, X.; Bonnet, B.; Mula, B.; Jones, D. J.; Roziere, J. Investigation of the Conduction Properties of Phosphoric  
      and Sulfuric Acid Doped Polybenzimidazole. J. Mater. Chem. 1999, 9, 3045-3049.   
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of acid.  The thermal stability of the PBI membranes containing H3PO4 did not decrease, but PBI 

membranes containing all of the other acids studied resulted in a significant decrease in the 

thermal stability.  In addition, the conductivity of the H3PO4-containing membranes maintained a 

conductivity value of 10-5 S/cm at 160 °C and 0% RH, while other acids showed a large decrease 

in conductivity above 80 °C.140  Infrared spectroscopy has been used to show that the nitrogen on 

the imidazole ring was protonated by the acids.  Activation energy measurements showed that 

the activation energy was not dependent on the amount of phosphoric or hydrobromic acid, but it 

was lowered when the amount of sulfuric acid was increased.  Higher proton conductivity was 

also achieved with the sulfuric acid-doped samples.141   

 To increase the amount of phosphoric acid in PBI films, the membrane pore size can be 

increased.  This has been achieved by dissolving PBI and a porogen in DMAc, followed by film 

casting.  The porogen was then extracted with methanol, resulting in a porous PBI membrane, 

which was soaked in phosphoric acid.  Increased amounts of porogen resulted in larger pores and 

a greater phosphoric acid uptake.142   

 Casting doped membranes directly from a solution containing both polymer and acid is 

desirable because of the reduction in preparation time.143  Using this procedure, a PBI film 

                                                 
140 Kawahara, M.; Morita, J.; Rikukawa, M.; Sanui, K.; Ogata, N. Synthesis and Proton Conductivity of Thermally  
      Stable Polymer Electrolyte:  Poly(benzimidazole) Complexes with Strong Acid Molecules. Electrochimica Acta  
      2000, 45, 1395-1398.   
141 Bouchet, R.; Siebert, E. Proton Conduction in Acid Doped Polybenzimidazole. Solid State Ionics 1999, 118, 287- 
      299.   
142 Mecerreyes, D.; Grande, H.; Miguel, O.; Ochoteco, E.; Marcilla, R.; Cantero, I. Porous Polybenzimidazole  
      Membranes Doped with Phosphoric Acid:  Highly Proton-Conducting Solid Electrolytes. Chem. Mater. 2004,  
      16, 604-607.   
143 Wainright, J. S.; Savinell, R. F.; Litt, M. H. Acid Doped Polybenzimidazole as a Polymer Electrolyte  
      for Methanol Fuel Cells.  Proceedings of the Second International Meeting on New Materials for Fuel  
      Cells and Modern Battery Systems 1997, 808-817.   
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prepared from a DMAc solution containing 600% phosphoric acid reached a conductivity of 4.5 

x 10-5 S/cm at 25 °C under dry conditions.144   

 Synthesis of PBIs in PPA followed by film casting and hydrolysis of PPA to phosphoric 

acid has been reported by Benicewicz et al.138  High molecular weight PBIs were synthesized 

from 3,3’-diaminobenzidine and various pyridine-containing diacids in PPA at 190 °C.  The 

viscous polymer solutions were cast and the PPA was hydrolyzed over a period of 24 hours at 25 

°C and about 40% relative humidity, which has been termed a sol-gel process.  Using this 

method, large amounts of phosphoric acid were incorporated in the membranes, resulting in very 

high conductivity at low humidity and high temperatures (~0.2 S/cm at 160-180 °C, 0% RH).  

Other researchers have prepared PBIs in PPA, followed by thorough washing with base and 

water, then casting.145  The membranes were then doped by dissolving them in phosphoric acid, 

precipitating them in water, and finally drying the polymer to determine the amount of acid.  

This procedure seems slightly excessive in light of the results presented by Benicewicz et al.   

2.3.1.11.  Polyphosphazenes 
 
 Several research groups have studied functionalized polyphosphazenes as potential 

candidates for PEMs.  The inorganic backbone of polyphosphazenes provides enhances stability 

to free-radical attack, and the ease of functionalization allows the properties to be easily adjusted.  

However, the Tg of polyphosphazenes is fairly low, so these materials are often crosslinked to 

provide enhanced thermal stability.146  The general structure of a polyphosphazene and an easy 

method of functionalization are shown in Fig. 2.22.  

                                                 
144 Fontanella, J. J.; Wintersgill, M. C.; Wainright, J. S.; Savinell, R. F.; Litt, M. High Pressure Electrical  
      Conductivity Studies of Acid Doped Polybenzimidazole. Electrochimica Acta 1998, 43, 1289-1294.   
145 Asensio, J. A.; Borros, S.; Gomez-Romero, P. Proton-Conducting Polymers Based on Polybenzimidazoles and  
      Sulfonated Polybenzimidazoles. J. Polym. Sci.:  Part A:  Polymer Chemistry 2002, 40, 3703-3710.   
146 Allcock, H. R.; Moore, G. Y. Synthesis of Poly(organophosphazene) Copolymers and Crosslinked Polymers by  
     Ligand Exchange. Macromolecules 1972, 5, 231-235.   
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Figure 2.22.  Structure and functionalization of a polyphosphazene.  Product may be mono- 

or di-functionalized.   
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 Polyphosphazenes functionalized with phosphonic acid groups have shown promising 

properties, such as high proton conductivity (5 x 10-2 S/cm at 25 °C in liquid water) and low 

methanol permeability.  The methanol permeability was ten times lower than that measured for 

Nafion and six times lower than a traditionally sulfonated polyphosphazene.147   

 Sulfonimide side groups have also been incorporated into polyphosphazenes.  A 

sulfonamide-functionalized polyphosphazene with an IEC of 0.99 meq/g had a proton 

conductivity of 0.05 S/cm (25 °C in liquid water) and a water uptake value of 119%.  

Crosslinking the membrane with γ radiation decreased the water uptake to 73% while 

maintaining the conductivity.  Blending the polymer with poly(vinylidene fluoride) (PVDF) had 

a similar result.148   

2.3.1.12.  Substituted Polyphenylenes 
 
 Poly(p-phenylenes) are a very rigid class of polymers with excellent thermal and 

mechanical properties.  They are usually synthesized via nickel-catalyzed coupling of aryl 

dichlorides.  This process for the synthesis of biphenylenes was first reported by Colon and 

Kelsey in 1986.149  This procedure is usually employed today for the synthesis of soluble 

substituted polyphenylenes, and the reaction is shown in Fig. 2.23.   

                                                 
147 Allcock, H. R.; Hofmann, M. A.; Ambler, C. M.; Lvov, S. N.; Zhou, Z. Y.; Chalkova, E.; Weston, J. Phenyl  
      Phosphonic Acid Functionalized Poly(aryloxyphosphazenes) as Proton-Conducting Membranes for Direct  
      Methanol Fuel Cells. J. Mem. Sci. 2002, 201, 47-54.   
148 Hofmann, M. A.; Ambler, C. M.; Maher, A. E.; Chalkova, E.; Zhou, X. Y.; Lvov, S. N.; Allcock, H. R. Synthesis  
      of Polyphosphazenes with Sulfonimide Side Groups. Macromolecules 2002, 35, 6490-6493.   
149 Colon, I.; Kelsey, D. R. Coupling of Aryl Chlorides by Nickel and Reducing Metals. J. Org. Chem. 1986, 51,  
      2627-2637.   
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Figure 2.23.  Synthesis of substituted poly(p-phenylene). 
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 Due to their rigid structure and packing properties, the methanol permeability of pure, 

highly crystalline polyphenylenes is usually very low.  However, high molecular weight is 

impossible to achieve because of poor solubility once the oligomer stage is reached.  Attempts to 

incorporate flexible side chains to improve the solubility have resulted in moderate to high 

molecular weight functionalized polyphenylenes.150,151,152,153   

 Even high molecular weight substituted p-phenylenes have limited application because 

they are so rigid that flexible films are not usually attainable.  The incorporation of flexible 

linkages (such as ether, sulfones, or ketones) into the polymer backbone may be a solution to this 

obstacle.  High molecular weight poly(ether ketone)s have been synthesized by this method,154 

as well as polysulfones (Fig. 2.24).155  Substituted poly(p-phenylene)s have been synthesized by 

post-functionalization of a fluorinated substituted poly(p-pheynylene) by nucleophilic aromatic 

substitution.156  This method is desirable because the fluorine groups will not react during the 

nickel coupling polymerization, but they are very reactive in the post reactions.   

                                                 
150 Marroco, M. L.; Gagne, R. R.; Trimmer, M. S. Solubilized Rigid-Rod Polyphenyls. U. S. Patent No.  
      WO9318076, 1993.   
151 Hagberg, E.C.; Olson, D.A.; Sheares, V.V. Advances in Ni(0)-Catalyzed Coupling for the Synthesis of  
      Polythiophenes and Polyphenylenes. Macromolecules 2004, 37, 4748-4754.   
152 Wang, H.; McGrath, J.E. Synthesis of Substituted (Poly(arylene ether sulfone)-Substituted Poly(p-phenylenes))  
      Multiblock Copolymers for Proton Exchange Membranes. American Chemical Society Division of Fuel  
      Chemistry Preprints 2005, 50(2), 581-582.   
153 Wang, H.; Harrison, W.; Yang, J.; McGrath, J.E. Synthesis of Substituted Poly(p-phenylene)s by Nickel(0)- 
      Catalyzed Coupling Reaction and Derived Multiblock Copolymers for Proton Exchange Membrane Fuel Cells.  
      Amerian Chemical Society Division of Fuel Chemistry Preprints 2004, 49(2), 586-587.   
154 Ueda, M.; Ichikawa, F. Synthesis of Aromatic Poly(ether ketone)s by Nickel-Catalyzed Coupling Polymerization  
      of Aromatic Dichlorides. Macromolecules 1990, 23, 926-930.   
155 Poppe, D.; Frey, H.; Kreuer, D. K.; Heinzel, A.; Mülhaupt, R. Carboxylated and Sulfonated Poly(arylene-co- 
      arylene sulfone)s:  Thermostable Polyelectrolytes for Fuel Cell Applications.  Macromolecules 2002, 35, 7936- 
      7941.   
156 Bloom, P.D.; Jones, C.A. III; Sheares, V.V. Novel Poly(p-phenylene)s via Nucleophilic Aromatic Substitution of  
      Poly(4’-fluoro-2,5-benzophenone). Macromolecules 2005, 38, 2159-2166.   
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Figure 2.24.  Synthesis of poly(arylene sulfone) copolymers via nickel-coupling 
polymerization.   
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 Post-sulfonated polyphenylenes are promising candidates for PEMs due to their stability, 

high conductivity and low methanol permeability.  A post-sulfonated poly(2,5-benzophenone) 

with an IEC of 2.6 meq/g had good proton conductivity of 0.09 S/cm (25 °C, liquid water) and 

water uptake of 78%.157, 158  Post sulfonation of the material shown in Fig. 2.21 results in an 

ionomer with reported conductivity similar to Nafion, but methanol permeability four times 

lower than that of Nafion.155   

 The post-sulfonation of poly(4-phenoxybenzoyl-1,4-phenylene) with concentrated 

sulfuric acid results in improved solubility in polar aprotic solvents, but above 70 mole% 

sulfonation, the polymers became soluble in methanol.  The amount of sulfonation was 

controlled by varying the reaction time, and the maximum level of sulfonation was 85 mole%.  

At 65 mole%, the proton conductivity was 10-2 S/cm (25 °C, 100% RH).31   

 To achieve tough, flexible films with the advantageous properties of polyphenylenes, 

multiblock copolymers incorporating poly(p-phenylene) blocks have been synthesized.  One 

promising candidate, a multiblock copolymer of polyphenylene units and poly(ether sulfone) 

units, had a water uptake value of 31% and conductivity of 3.4 x 10-2 S/cm (25 °C, liquid 

water).159   

2.3.1.13.  Phosphonated Polymers 
 
 In addition to sulfonic acid groups, other conductive sites have been investigated for 

PEMs.  Phosphonic acids are a common variety of ion-conducting sites.  Phosphonic acid groups 

                                                 
157 Ghassemi, H.; McGrath, J. E. Proton-Conducting Polymers Derived from Poly(p-phenylene)s. Polym. Prepr.  
      2002, 43(2), 1021.   
158 Ghassemi, H.; McGrath, J. E. Synthesis and Properties of New Sulfonated Poly(p-phenylene) Derivatives for  
      Proton Exchange Membranes. I. Polymer 2004, 45, 5847-5854.   
159 Ghassemi, H.; Ndip, G.; McGrath, J. 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, 5855- 
      5862.   
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have been incorporated into a variety of polymers, including poly(arylene ether)s160 and 

poly(aryloxy phosphazene)s.161  Phosphonic acids are usually introduced via the conversion of 

bromine groups by one of four common methods.   

 The first phosphonation method discussed herein is known as metalation, and involves 

treating the brominated precursor first with t-butyl lithium and then with 

diphenylchlorophosphate.161  The lithiation step requires extremely dry conditions.  During the 

lithiation step, each bromine is replaced by lithium.  Lithiation can be carried out in the absence 

of bromine groups, although harsher conditions are required.  Treatment with 

dialkylchlorophosphate results in a dialkyl phosphonate ester.   

 The brominated precursor may also be treated with a palladium (0) catalyst and 

triethylamine and diethyl or diphenyl phosphate to obtain the phosphonate ester.160  Several 

different reports of this method on brominated polymers have presented conflicting accounts of 

the amount of catalyst needed for this reaction.  Miyatake and Hay reported needing 50 mol% of 

the expensive palladium catalyst to achieve conversion of the bromine groups to phosphonic 

acids on poly(phenylene oxide).  Shortly thereafter, a different group of researchers were able to 

accomplish this reaction with only 2.5 mol% of the same catalyst for phosphonation of Radel®.  

This study also found that tris(dibenzylideneacetone)dipalladium(0) was a more effective 

catalyst than tetrakis(triphenylphosphine)palladium(0).162   

 A third method for conversion of bromine groups to phosphonic acids is known as the 

Michaelis-Arbuzov reaction.  In this case, a Lewis acid such as NiCl2 is used to catalyze the 

                                                 
160 Miyatake, K.; Hay, A. S. New Poly(arylene ether)s with Pendant Phosphonic Acid Groups. J. Polym. Sci. 2001,  
      39, 3770-3779.   
161 Allcock, H. R.; Hofmann, M. A.; Ambler, C. M.; Lvov, S. N.; Zhou, X. Y.; Chalkova, E.; Weston, J. Phenyl  
      Phosphonic Acid Functionalized Poly(aryloxyphosphazenes) as Proton-Conducting Membranes for Direct  
      Methanol Fuel Cells. J. Mem. Sci. 2002, 201, 47-54.   
162 Jakoby, K.; Peinemann, K. V.; Nunes, S. P. Palladium-Catalyzed Phosphonation of Polyphenylsulfone.   
     Macromol. Chem. Phys. 2003, 204, 61-67 
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nucleophilic substitution at the bromine groups by a trialkylphosphite.  Reports of this reaction 

on monomer stated that triethylphosphite lead to higher yields than when trimethylphosphite was 

used.163  The Michaelis-Arbuzov reaction can also occur at chlorine rather than bromine.  This 

reaction can also proceed without a catalyst, although long reaction times or high temperatures 

may be required.164   

 The fourth method of phosphonation is known as the Michaelis-Becker reaction.  In this 

less common route, the reactive species is prepared in-situ from a dialkylphosphite and sodium 

hydride.  The resulting nucleophile is then available for nucleophilic substitution at the halide.  A 

summary of phosphonation methods is presented in Table 2.2.   

 Each of the four phosphonation methods discussed above results in a phosphonate ester, 

which must be converted to the phosphonic acid form for proton conduction.  Common methods 

of hydrolysis include refluxing in strong acid (HCl or HBr) or strong base (NaOH).  Silylating 

reagents, such as BrSi(CH3)3, or inorganic halides can also be used.  When a silylating reagent is 

used, the alkyl groups of the phosphonate ester are replaced by the silane moieties.  Subsequent 

hydrolysis with water or alcohol results in the phosphonic acid product (Fig. 2.25).165   

                                                 
163 Souzy, R.; Ameduri, B.; Boutevin, B.; Virieux, D. Synthesis of New Aromatic Perfluorovinyl Ether Monomers  
      Containing Phosphonic Acid Functionality. J. Fluorine Chem. 2004, 125, 1317-1324.   
164 Boutevin, B.; Hervaud, Y.; Boulahna, A.; El Hadrami, E.M. Synthesis of Phosphonated Styrenic Copolymers and  
      Their Chemical Modifications. Polym. Int. 2002, 51, 450-457.   
165 Brondino, C.; Boutevin, B.; Hervaud, Y.; Pelaprat, N.; Manseri, A. Synthesis of New Phosphonic Derivatives  
      with Fluorinated Chains. J. Fluorine Chem. 1996, 76, 193-200.   
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Table 2.2.  Summary of phosphonation methods.   
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Figure 2.25.  Deprotection of phosphonate esters with bromotrimethylsilane and water or 
alcohol.   
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2.3.2.  Polymer Blend Membranes 
 
 Blends of two polymers are often interesting because the desirable properties of the two 

polymers can be combined into one membrane.  For blend PEMs, a rigid polymer, such as PBI or 

poly(ether imide) (PEI), is often chosen to lower the methanol permeability and water uptake of 

the more conductive component.166, 167, 168  When a very basic polymer (such as PBI) is blended 

with one containing acid groups (such as sulfonic acids), an ionic interaction, or “ionic crosslink” 

can form, as evidenced by the loss of solubility after blending.63   

 Blends of sulfonated p-PBI with poly(vinylpyridine) (PVP) have been formed by solution 

blending.  The two polymers were dissolved separately in methanol, added together, heated at 80 

°C, and cast on a glass tray.  Triethylamine was necessary to dissolve the p-PBI.  The resulting 

blend films showed a single Tg by DMA measurements, and the Tg increased as more sulfonated 

p-PBI was added, as did the storage modulus.169  The proton conductivity increased as more PVP 

was added.  It has been suggested that the miscibility of these two polymers is due to hydrogen-

bonding interactions between the N-H groups on the PBI and the lone pair of electrons on the 

nitrogen of the PVP.137   

 Blends of PBI with post-sulfonated polysulfone (Udel) have also been studied.  These 

films were doped with phosphoric acid, and the properties of the undoped blend films were not 

reported.  The equilibrium conductivity of a film containing 75% PBI and 25% post-sulfonated 

                                                 
166 Chun, Y. S.; Kwon, H. S.; Kim. W. N.; Yoon, H. G. Compatibility Studies of Sulfonated Poly(ether ether  
      ketone)-Poly(ether imide)-Polycarbonate Ternary Blends. J. Appl. Polym. Sci. 2000, 78, 2488-2494.   
167 Jorissen, L.; Gogel, V.; Kerres, J.; Garche, J. New Membranes for Direct Methanol Fuel Cells. J. Power Sources  
      2002, 105, 267-273.   
168 Manea, C.; Mulder, M. New Polymeric Electrolyte Membranes Based on Proton Donor-Proton Acceptor  
      Properties for Direct Methanol Fuel Cells. Desalination 2002, 147, 179-182.   
169 Venkatasubramanian, N.; Dean, D. R.; Dang, T. D.; Price, G. E.; Arnold, F. E. Solvent Cast Thermoplastic and  
      Thermoset Rigid-Rod Molecular Composites. Polymer 2000, 41, 3213-3226.   
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Udel, doped with 500 wt% phosphoric acid was 0.02 S/cm (175 °C, 0% RH).170  Due to the 

added high-temperature stability of the PBI, these blends can operate effectively in a 

hydrogen/air fuel cell at temperatures as high as 200 °C, and they can tolerate as much as 3.0% 

of carbon monoxide in the fuel stream because of the high operation temperature.171   

 Although PBI and polysulfone are immiscible, miscible blends of PBI with post-

sulfonated polysulfone exhibit single-Tg behavior, as measured by DMA.  FTIR spectroscopy 

shows shifts in the NH and SO3H bands, which accounts for a hydrogen-bonding interaction 

between these two groups.  This intermolecular interaction accounts for the improved miscibility 

of the polymers.  When doped with phosphoric acid, the conductivity of the PBI/sulfonated 

polysulfone blend membranes reaches 10-2 S/cm, promising fuel cell performance with no 

humidification.172, 173   

 Polysulfone/sulfonated PEEK blends have been studied, and the water uptake and 

conductivity depend on the degree of sulfonation and amount of S-PEEK.  The swelling of the 

blends is restricted by the nonsulfonated polysulfone.  At S-PEEK contents less than 50%, the 

IEC is lower than expected because not all of the sulfonic acid functional groups are accessible.  

In all cases, the water uptake is also lower than what would be expected from simple mixing 

theory.174   

                                                 
170 Hasiotis, C.; Li, Q.; Deimede, V.; Kallitsis, J. K.; Kontoyannis, C. G.; Bjerrum, N. J. Development and  
      Characterization of Acid-Doped Polybenzimidazole/Sulfonated Polysulfone Blend Polymer Electrolytes for Fuel  
      Cells. J. Electrochem. Soc. 2001, 148, A513-A519.   
171 Li, Q.; Hjuler, H. A.; Hasiotis, C.; Kallitsis, J. K.; Kontoyannis, C. G.; Bjerrum, N. J. A Quasi-Direct Methanol  
      Fuel Cell System Based on Blend Polymer Membrane Electrolytes. J. Electrochem. Soc. 2002, 5, A125-128.   
172 Deimede, V.; Voyiatzis, G. A.; Kallitsis, J. K.; Qingfeng, L.; Bjerrum, N. J. Miscibility Behavior of Polyamide  
      11/Sulfonated Polysulfone Blends Using Thermal and Spectroscopic Techniques. Macromolecules 2000, 33,  
      7609-7617.   
173 Hasiotis, C.; Deimede, V.; Kontoyannis, C. New Polymer Electrolytes Based on Blends of Sulfonated   
      Polysulfones with Polybenzimidazole. Electrochimica Acta 2001, 46, 2401-2406.   
174 Wilhelm, F. G.; Punt, I. G. M.; van der Vegt, N. F. A.; Strathmann, H.; Wessling, M. Cation Permeable  
      Membranes from Blends of Sulfonated Poly(ether ether ketone) and Poly(ether sulfone). J. Mem. Sci. 2002, 199,  
      167-176.   
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 Directly copolymerized sulfonated poly(arylene ether)s have also been employed in 

blends with PBIs.  To combine the thermal stability, excellent mechanical properties, and low 

methanol permeability of PBI with the high conductivity of a highly sulfonated poly(arylene 

ether sulfone), a partially fluorinated 60% disulfonated poly(arylene ether) was blended with 

small amounts of PBI.175  These blends showed good proton conductivity at a variety of 

temperatures and relative humidities.   

2.3.3.  Inorganic Additives 
 
 The operation of fuel cells at higher temperatures is desirable for a number of reasons, 

including a decrease of carbon monoxide poisoning of the platinum catalyst at the anode and 

increased reaction kinetics at the anode (oxidation of hydrogen) and cathode (reduction of 

oxygen).  Elevated-temperature operation is limited by a variety of factors, including the 

thermomechanical stability of the membrane and the loss of water due to evaporation.  For 

example, hydrated Nafion exhibits a loss in performance at temperatures greater than 100 °C.  

This is thought to be due in part to the hydrated Tg of the material and the loss of water from the 

membrane, which greatly decreases transport.  One possible solution to these problems is the use 

of inorganic additives.  Inorganic materials may impart a greater degree of mechanical stability 

to the PEM, as well as increasing the amount of water in the membrane via relatively stable 

hydrated species.   

 Methanol permeability is an important factor in direct methanol fuel cells.64  Some 

inorganic substances, especially metal phosphates and phosphonates with layered structures, can 

block the passage of methanol through the membrane.  In addition, some inorganic substances 

                                                 
175 Einsla, B.R.; Hill, M.L.; McGrath, J.E. Synthesis and Characterization of Polybenzimidazole/Disulfonated  
      Poly(arylene ether sulfone) Copolymer Blends for Proton Exchange Membrane Fuel Cells.  Advances in  
      Membranes for Proton Exchange Membrane Fuel Cell Systems 2005, Pacific Grove, CA, February 20-23, 2005.   
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that have been investigated for PEM additives are themselves proton conductors, which can 

enhance the conductivity of the membrane and increase performance of the cell.  

Polymer/inorganic composite membranes can display a wide range of properties, which will be 

dependent on the properties of the polymer electrolyte (conductivity, methanol permeability, 

morphology, thermal properties), the properties of the additive (conductivity, amount, size, 

orientation, mechanical properties, etc.), as well as any interactions between the two phases.   

 There are two main methods for preparing polymer/inorganic composites.  The first of 

these is addition of inorganic particles to a solution of the polymer, then casting the composite 

into membrane form.  This method is comparatively facile, but may present problems if there is 

no significant interaction between the two components or if no suitable solvent can be found to 

dissolve both the polymer and the additive.  In a variation of this method, the reagents used to 

make the inorganic component are dissolved in the organic solvent, and this “precursor solution” 

is mixed with a polymer solution and cast.  The inorganic component is then formed during the 

solvent evaporation step of membrane casting.  The second method is an in-situ procedure.  In 

this case, the inorganic filler particles are formed within the pores of the swollen polymer 

membrane.  The preservation of the original membrane morphology is a significant advantage of 

this method.176  In some cases, such as polybenzimidazole/phosphoric acid composites, the 

polymer membrane can be swollen with an inorganic liquid, and the interaction is strong enough 

to prevent a significant degree of extraction.  There have also been several attempts to form a 

chemical bond between the polymer and the inorganic additive by reaction of a group on the 

polymer backbone with a metal ion.  Each of these methods will be discussed in more detail in 

later sections.   

                                                 
176 Tchicaya-Bouckary, L.; Jones, D. J.; Roziere, J. Hybrid Polyaryletherketone Membranes for Fuel Cell  
      Applications. Fuel Cells 2002, 2, 40-45.   
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2.3.3.1.  Metal Oxides 
 
 Metal oxides, such as zirconium, titanium, silicon, aluminum, and stannous oxide, have 

been shown to improve certain properties of proton exchange membranes.177, 178, 179, 180  

Although these materials do not possess significant proton conductivity, they are hygroscopic 

and result in greater water retention in Nafion membranes at high temperatures and low relative 

humidities.  Because proton conduction can not occur without sufficient hydration, this effect 

can improve the performance of Nafion membranes in hydrogen/air fuel cells.181  The in-situ 

generation of SiO2, TiO2, and ZrO2 in sulfonated poly(arylene ether ketone) membranes has been 

investigated.177  The synthesis of SiO2 was achieved through hydrolysis of tetraethoxy silane and 

1-(3-triethoxysilyl propyl)-4,5-dihydro imidazole.  This method resulted in lower methanol and 

water permeability up to 10% of SiO2, after which point the permeability began to increase 

again.  Scanning electron microscopy (SEM) of these films showed cavities due to poor adhesion 

between the organic and inorganic components.  However, when the polymer was functionalized 

with alkoxy silane groups, the methanol permeability significantly decreased when as little as 5% 

of the silane functional groups were added, and remained low with increased amounts of alkoxy 

silane groups.  The functionalization was achieved by subjecting the polymer to 1,1’-carbonyl-

diimidazole and aminopropyl triethoxysilane, followed by tetraethoxy silane, and resulted in 

better adhesion between the SiO2 and the polymer matrix.  Addition of SiO2 dramatically 

decreased the conductivity of the membranes.  For example, a sulfonated(poly arylene ether 

                                                 
177 Nunes, S. P.; Ruffmann, B.; Rikowski, E.; Vetter, S.; Richau, K. Inorganic Modification of Proton Conductive  
      Polymer Membranes for Direct Methanol Fuel Cells. J. Mem. Sci. 2002, 203, 215-225.   
178 Zhang, Z. U.S. Patent No. 2003:717583, 2003.   
179 Grot, W. G.; Rajendran, G. U.S. Patent No. 5,919,583, 1999.   
180 Chalkova, E.; Fedkin, M.V.; Wesolowski, D.J.; Lvov, S.N. Effect of TiO2 Surface Properties on Performance of  
      Nafion-Based Composite Membranes in High Temperature and Low Relative Humidity PEM Fuel Cells. J.  
      Electrochem. Soc. 2005, 152, A1742-A1747.   
181 Li, Q.; He, R.; Jensen, J.O.; Bjerrum, N.J. Approaches and Recent Development of Polymer Electrolyte  
      Membranes for Fuel Cells Operating above 100 C.  Chem. Mater. 2003, 15, 4896-4915.   
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ketone) membrane containing 33% SiO2 had a conductivity about 100 times lower than the 

unmodified polymer.177   

 Zirconium and titanium oxides were generated in-situ by hydrolysis of Zr(OPr)4 and 

Ti(OEt)4, respectively.  To avoid aggregation of the inorganic oxides, acetyl acetone was added 

as a chelating agent.  Composite membranes containing titanium oxide exhibited very uniform 

distribution of the inorganic phase, as well as significant reduction of the methanol permeability 

with membranes containing up to 5% TiO2.  However, as more TiO2 was added, the methanol 

permeability once again began to increase.  The conductivity of the TiO2 composite membrane 

was about one third of the value for the parent polymer.  Addition of ZrO2 produced very similar 

results.  However, when a combination of ZrO2 and zirconium phosphate was used, the methanol 

permeability decreased without a significant reduction in the conductivity of the membrane.177   

2.3.3.2.  Metal (IV) Phosphates 
 
 The simplest of the phosphate salts to be discussed herein is zirconium hydrogen 

phosphate (Zr(HPO4)2, ZrP).  ZrP is found mainly in two crystalline forms (α-ZrP and γ-ZrP), 

the structures of which are shown in Fig. 2.26.  These structures have been well-described in the 

literature.182, 183, 184   

                                                 
182 Clearfield, A.; Wang, Z. Organically Pillared Microporous Zirconium Phosphonates. J. Chem. Soc., Dalton  
      Trans. 2002, 2937-2947.   
183 Bauer, B.; Roziere, J.; Jones, D.; Alberti, G.; Casciola, M.; Pica, M. International Patent # WO 03/077340 A2  
      2003.   
184 Alberti, G.; Casciola, M.; Pica, M. International Patent # WO 03/081691 A2 2003.   
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Figure 2.26.  Lamellar structure of (a) α-ZrP and (b) γ-ZrP.185 

                                                 
185 Alberti, G.; Casciola, M. Composite Membranes for Medium-Temperature PEM Fuel Cells. Annual Rev. Mater.  
      Res. 2003, 33, 129-154.   
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 The α-ZrP formed by the direct precipitation method is often amorphous, but this product 

can be converted to the crystalline form by refluxing in phosphoric acid.186  Formation of these 

layered structures may be encouraged by slower precipitation, caused by addition of HF.  The 

resulting zirconium fluorocomplexes release Zr4+ ions very slowly as a result of decomposition.  

This slow release allows the formation of crystalline ZrP.187   

 ZrP may be added to the polymer matrix either by in-situ precipitation179 or by addition 

of a colloidal dispersion of either α-ZrP or γ-ZrP to a polymer solution.185, 188   

 When the in-situ method is employed, the membrane is first soaked in hot water to open 

the pores of the membrane.  The swollen membrane is then immersed in a solution of zirconium 

ions (usually zirconyl chloride, ZrOCl2) at a specific temperature (usually from room 

temperature to 80 °C) for several hours.  It is then advantageous to rinse the membrane in 

deionized water before the precipitation step to avoid precipitation of insoluble ZrP on the 

surface of the membrane.  After brief rinsing, the membrane is immersed in phosphoric acid 

(H3PO4) for several hours at room temperature, during which time the resulting zirconium 

hydrogen phosphate Zr(HPO4)2 is precipitated into very small particles evenly dispersed 

throughout the hydrophilic pores of the membrane.  The amount of ZrP in the membrane can be 

determined by the weight difference between the virgin film and the final composite film.   

 This method is especially advantageous for membranes that are not usually cast from 

solution.  For example, if the polymer electrolyte membrane in question is formed into films by 

                                                 
186 Segawa, K.; Kihara, N.; Yamamoto, H. Catalyst Design of Two-Dimensional Zirconium Phosphonates. J.  
      Molecular Catalysis 1992, 213-221.   
187 Brochsztain, S.; Rodrigues, M. A.; Demets, G. J. F.; Politi, M. J. Stabilization of Naphthalene-1,8:4,5- 
      Dicarboximide Radicals in Zirconium Phosphonate Solid Materials and Thin Films. J. Mater. Chem. 2002, 12,  
      1250-1255.   
188 Ruffmann, B.; Silva, H.; Schulte, B.; Nunes, S.P. Organic/Inorganic Composite Membranes for Application in  
      DMFC. Solid State Ionics 2003, 162-163, 269-275.   
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extrusion or coated onto a porous support before use, the solution-mixing of inorganic additives 

followed by film casting would not be a realistic method.  In these cases, in-situ precipitation of 

additives such as zirconium phosphate is more desireable.179   

 The in-situ precipitation of ZrP into many different polymer electrolyte membranes has 

been investigated.  In one study, the operation temperature range of Nafion was effectively 

increased by addition of ZrP.189  ZrP incorporation of 23% was accomplished for a commercial 

Nafion 115, while a recast Nafion film afforded 36% ZrP incorporation due to the higher water 

uptake of the recast film.  AC impedance spectroscopy was employed to measure the proton 

conductivity of the composite Nafion/ZrP films.  As expected, the protonic conductivity of both 

the commercial Nafion 115 and the Nafion/ZrP hybrid membrane increased with increasing 

temperature.  The presence of the inorganic component resulted in slightly lower conductivity, 

although the effect was not significant.189  The membranes were tested in a hydrogen/oxygen 

fuel cell at various temperatures ranging from 80 to 140 °C.  The Nafion/ZrP composite 

membrane exhibited significantly lower reactant gas permeability than did the Nafion 115 

membrane.  At lower temperatures (80 to 120 °C), both membranes displayed similar fuel cell 

performance.  However, at higher temperatures (130 and 140 °C), the hybrid organic/inorganic 

membrane significantly surpassed the Nafion 115 membrane in terms of fuel cell performance.  

It is important to note that a high pressure of 3 atm was used for these measurements, which is 

unrealistic for a commercial fuel cell.  It would be interesting to see a comparison of Nafion and 

the Nafion/ZrP membranes at lower pressure.   

 Several researchers have investigated the DMFC performance of Nafion/ZrP composites 

at high temperatures.  One group verified that this hybrid membrane outperformed Nafion 115 at 

                                                 
189 Costamagna, P.; Yang, C.; Bocarsly, A. B.; Srinivasan, S. Nafion 115/Zirconium Phosphate Composite  
      Membranes for Operation in PEMFCs Above 100 °C. Electrochimica Acta 2002, 47, 1023-1033.   
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temperatures up to 150 °C.  Even more encouraging was the fact that this performance was 

achieved without the need for humidification of the cathode reactant gas.  This result is 

indicative that the addition of inorganic additives such as ZrP can help to improve water 

management in the PEM and prevent dehydration even at temperatures as high as 150 °C.190   

 In contrast to the in-situ method, ZrP may be synthesized, isolated, and dispersed in a 

solvent before addition to a polymer electrolyte solution, from which the PEM is cast.  In this 

procedure, ZrOCl2 is hydrolyzed to form ZrO2, which may be treated with phosphoric acid to 

generate ZrP.  After purification, the ZrP is dispersed in a solvent such as N-methyl-2-

pyrrolidinone (NMP) and added to a solution of the polymer electrolyte.  Interestingly, certain 

researchers have found that addition of ZrP to sulfonated poly(ether ketone) membranes by this 

method increased both the methanol permeability and the conductivity of the membrane.188  ZrP 

was added to PBI (doped with phosphoric acid) in this manner, and the conductivity of the 

resulting hybrid membrane was slightly higher (9.6 x 10-2 S/cm at 200 °C and 5% RH) than the 

PBI containing only phosphoric acid (6.8 x 10-2 S/cm).191   

 A similar method has been developed in which a precursor solution of ZrP reagents is 

added to a polymer solution.192  The precursor solution consists of zirconium propionate and the 

desired phosphoric or phosphonic acid reagents.  When the precursor solution is heated to 80 °C, 

a gel is formed, and if the solvent is completely evaporated, ZrP can be isolated.  However, if the 

precursor solution is maintained below 30 °C, it can be stable for up to one week.  To form 

polymer/ZrP composite membranes, the precursor solution is added to a solution of the polymer 

                                                 
190 Yang, C.; Srinivasan, S.; Arico, A. S.; Creti, P.; Baglio, V.; Antonucci, V. Composite Nafion/Zirconium  
      Phosphate Membranes for Direct Methanol Fuel Cell Operation at High Temperature. Electrochemical and Solid  
      State Letters 2001, 4, A31-A34.   
191 He, R.; Li, Q.; Xiao, G.; Bjerrum, N. J. Proton Conductivity of Phosphoric Acid Doped Polybenzimidazole and  
      Its Composites with Inorganic Proton Conductors. J. Mem. Sci. 2003, 226, 169-184.   
192 Alberti, G.; Casciola, M.; Pica, M. Innovative Method for the Preparation of Proton Conducting Nanopolymeric    
      Membranes for Use in Fuel Cells or in Catalytic Membrane Reactors. U.S. Patent Appl. No. 0164092.   
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and mixed at room temperature for one hour.  The solution is then poured onto a glass plate and 

the solvent is evaporated.  The resulting membranes contain α-ZrP or zirconium phosphonates in 

the amorphous form.   

 Characterization of ZrP can be accomplished with solid-state 31P magic-angle spinning 

(MAS) nuclear magnetic resonance (NMR) spectroscopy.  The α form of ZrP shows one signal 

at -18.7 ppm, even though two nonequivalent phosphorous atoms are present in the crystal 

structure.  On the other hand, γ-ZrP exhibits two equal-intensity signals at -9.4 and -27.4 ppm.  

The rather large difference in chemical shift between the two signals leads to the conclusion that 

there are two very different types of phosphate atoms in the structure of γ-ZrP.  Detailed 

structures for each of the phosphate environments are proposed by Clayden.193  Using cross-

polarization (CP) experiments, the signal at -9.4 ppm was attributed to the (H2PO4)- group and 

the one at -27.4 ppm was assigned to the (PO4)3- group.   

 The 31P MAS NMR of α- and γ-titanium phosphate (TiP) has also been studied.194  Not 

surprisingly, these spectra are very similar to those for α- and γ-ZrP both in number of signals 

and chemical shift.  The NMR spectrum of α-TiP showed one signal at -18.4 ppm and that of γ-

TiP exhibited two signals with chemical shifts of -10.6 and -32.6 ppm.   

 X-ray diffraction is another common method for the crystallographic characterization of 

inorganic compounds.  Using molybdenum Kα radiation, it has been determined that the unit cell 

for α-ZrP is monoclinic, with cell constants a = 9.076 ± 0.003 Å, b = 5.298 ± 0.006 Å, c = 16.22 

                                                 
193 Clayden, N. J. Solid-State Nuclear Magnetic Resonance Spectroscopic Study of γ-Zirconium Phosphate. J. Chem.  
      Soc. Dalton Trans. 1987, 8, 1877-1881.   
194 Nakayama, H.; Eguchi, T.; Nakamura, N.; Yamaguchi, S.; Mayumi, D.; Tsuhako, M. Structural Study of  
      Phosphate Groups in Layered Metal Phosphates by High-Resolution Solid State 31P NMR Spectroscopy.  J.  
      Mater. Chem. 1997, 7, 1063-1066.   
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± 0.02 Å, and β = 111.5 ± 0.1°.195  The crystal structures of α- and γ-TiP have been shown to be 

similar to those of α- and γ-ZrP.196   

 Proton conductivity is one of the most important properties to be investigated for fuel cell 

applications.  It is generally accepted that the conductivity of ZrP itself is relatively low (10-6 S 

cm-1 at 100 °C and 60% relative humidity).197, 198  It is important to note that to get a true reading 

and prevent leaching of residual acid, one must assure that the additive or composite film has 

been thoroughly rinsed with water to remove excess phosphoric acid.  Washing for up to 10-20 

days may be necessary to ensure that all the residual acid has been removed.199   

 Temperature and humidity have a profound effect on the conductivity of ZrP.  Hydration, 

achieved by the presence of water vapor, results in an increase in the conductivity.  Conductivity 

measurements as a function of temperature at constant relative humidity and as a function of 

relative humidity at constant temperature have shown that the conductivity increases as a 

function of temperature both under dry conditions and in 2% relative humidity.  However, the 

sample under humidified conditions exhibited significantly higher conductivity.  Measurements 

were also taken as a function of relative humidity at constant temperature, and the result was as 

                                                 
195 Clearfield, A.; Smith, G. D. Crystallography and Structure of α-Zirconium Bis(monohydrogen orthophosphate)  
      Monohydrate. Inorganic Chemistry 1969, 8, 431-436.   
196 Norlund Christensen, A.; Krogh Andersen, E.; Krogh Andersen, I. G.; Alberti, G.; Nielsen, M.; Lehmann, M. S.  
      X-Ray Powder Diffraction Study of Layer Compounds. The Crystal Structure of α-Titanium Bis(hydrogen  
      phosphate monohydrate) and a Proposed Structure for Titanium Phosphate (γ-Ti(H2PO4)(PO4)) Dihydrate. Acta  
      Chemica Scandinavica 1990, 44, 865-872.   
197 Stein, E. W. Sr.; Clearfield, A.; Subramanian, M. A. Conductivity of Group IV Metal Sulfophenyl Phosphonates  
      and a New Class of Interstratified Metal Amine-Sulfophosphonates. Solid State Ionics 1996, 83, 113-124.   
198 Jerus, P.; Clearfield, A. Ionic Conductivity of Anhydrous Zirconium Bis(monohydrogen orthophosphate) and Its  
      Sodium Ion Forms. Solid State Ionics 1982, 6, 79-83.   
199 Krogh Andersen, E.; Krogh Andersen, I. G.; Knakkergård Møller, C.; Simonsen, D. E.; Skou, E. α-Zirconium  
      Hydrogen Phosphate, Monohydrate. Preparation, Chemical Properties, and A.C. Conductivity. Solid State Ionics  
      1982, 7, 301-306.   
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expected:  the conductivity increased with increasing humidification.  It was estimated that the 

contribution of bulk hydration to the overall conductivity was as great as 40%.200   

 One very interesting study has shown that spraying a dispersion of ionomer containing 

hydrophilic inorganic conductive material onto the surfaces of the membrane (membrane-

electrode interface) enhances the MEA performance.  At the anode, the inorganic component is 

especially beneficial because it helps prevent anode dehydration.  There may also be an added 

benefit at the cathode because the additive facilitates water migration, thereby potentially 

preventing flooding.201   

2.3.3.3.  Metal(IV) Phosphonates and Mixed Phosphate-Phosphonates 
 
 The introduction of organic moieties into metal(IV) phosphates is of interest because of 

the potential for functionalization.  For example, zirconium sulfophenylphosphonates are 

particularly attractive for fuel cell applications because of the added proton conductivity from the 

sulfonic acid groups.202, 203, 204  When blended with ionic polymers, these compounds may offer 

the same advantages as ZrP (lower methanol permeability, improved mechanical properties at 

high temperatures, etc.), without the decrease in conductivity that is observed in ZrP composite 

membranes.   

 Zirconium phenylphosphonate (Zr(O3PC6H5)2•nH2O) may be synthesized via direct 

precipitation from zirconyl chloride (ZrOCl2) and phenylphosphonic acid (C6H5PO3H2), in a 

                                                 
200 Casciola, M.; Marmottini, F.  AC Conductivity of α-Layered Zirconium Phosphate in the Presence of Water  
      Vapor at 100-200°.  Solid State Ionics 1993, 61, 125-129.   
201 Alberti, G.; Casciola, M.; Enrico, R.; Ruben, O. J.  European Patent # EP1205994 2002.   
202 Alberti, G.; Casciola, M. Palombari, R.; Peraio, A. Protonic Conductivity of Layered Zirconium Phosphonates  
      Containing –SO3H Groups. II. AC Conductivity of Zirconium Alkyl-Sulfophenyl Phosphonates in the Range of  
      100-200 °C, in the Presence of Absence of Water Vapor.  Solid State Ionics 1992, 58, 339-344.   
203 Alberti, G.; Casciola, M.; Palombari, R. Inorgano-Organic Proton Conducting Membranes for Fuel Cells and  
      Sensors at Medium Temperatures. J. Mem. Sci. 2000, 172, 233-239.   
204 Alberti, G.; Boccali, L.; Casciola, M.; Massinelli, L.; Montoneri, E. Protonic Conductivity of Layered Zirconium  
      Phosphonates Containing –SO3H Groups. III. Preparation and Characterization of γ-Zirconium Sulfoaryl  
      Phosphonates. Solid State Ionics 1996, 84, 97-104.   
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procedure very similar to the synthesis of ZrP.  This reaction is sometimes carried out in the 

presence of hydrofluoric acid (HF), which acts as a complexing agent and increases the 

crystallinity and particle size of the product by inhibiting release of the Zr4+ ions.186  Metal (IV) 

sulfophenylphosphonates are similarly derived using sulfophenylphosphonic acid.205  Mixed 

phosphonates can also be prepared in this manner.  The addition of alkyl chains reduces the 

number of sulfonic acid groups in the interlayer region, thus decreasing the water solubility 

(extraction) of the compound.202  Similar titanium complexes have also been explored, though 

not in as much detail, and these show very promising results.  Considering both a titanium 

complex and a zirconium complex of similar composition, the conductivity of the titanium 

complex is higher by an order of magnitude at the same conditions.  At low humidity, this effect 

is due to a much lower activation energy, while at higher humidity, it is explained by a pre-

exponential factor.206  Several types of mixed zirconium and titanium phosphonates and their 

proton conductivities (σ) are summarized in Table 2.3.  ZrP is shown for comparison.   

                                                 
205 Montoneri, E.; Gallazzi, M. C.; Grassi, M. Organosulfur Phosphorus Acid Compounds. Part 1. m-Sulfophenyl  
      Phosphonic Acid. J. Chem. Soc., Dalton Trans. 1989, 9, 1819-1823.   
206 Alberti, G.; Constantino, U.; Casciola, M.; Ferroni, S.; Massinelli, L.; Staiti, P. Preparation, Characterization and  
      Proton Conductivity of Titanium Phosphate Sulfophenylphosphonate.  Solid State Ionics 2001, 145, 249-255.   
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Table 2.3.  Formulas and proton conductivity values for several mixed Zr and Ti 
phosphonates.   

Compound σ (Scm-1) Conditions Ref.
α-Zr(O3PC6H4SO3H)0.85(O3PC2H5)1.15•3.7H2O 2 x 10-3 180 °C, 0% RH 202 

α-Zr(O3PC6H4SO3H)0.97(O3PCH2OH)1.03•4.9H2O 6 x 10-4 180 °C, 0% RH 202 
Zr(HPO4)2 5 x 10-5 180 °C, 0% RH 202 

5 x 10-2 100 °C, 100% RH Zr(O3PC6H4SO3H)0.73(O3PCH2OH)1.27 2 x 10-2 150 °C, 80% RH 203 

0.1 20 °C, 90% RH Ti(HPO4)1.00(O3PC6H4SO3H)0.85(OH)0.30•nH2O 0.25 100 °C, 90% RH 206 
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 Pillared phosphonates, in which the layers are covalently attached via an organic moiety, 

have also been prepared.  Clearfield et al. have synthesized a variety of γ-zirconium 

phosphonates with various alkyl and aryl groups.  The type of pillar (spacing organic group) can 

be chosen to tailor the pore size for the desired application, and these materials can be sulfonated 

to provide proton conductivity.182   

 The addition of Zr4+ ions to polymers containing phosphonic acid groups results in a type 

of ionic crosslinking reaction, which has been explored for non-linear optical devices in which 

monolayers of polymeric materials are desirable.207  These types of zirconium-crosslinked 

networks may be advantageous for fuel cells as well.   

2.3.3.4.  Heteropolyacids 
 
 Heteropolyacids (HPAs) are very conductive inorganic acids, and they are generally very 

hydrophilic.  These properties make them attractive additives for PEMs due to the possibility of 

improved conductivity and greater water retention in high temperature/low relative humidity 

environments.  The incorporation of several types of HPAs into many different PEM materials 

has been accomplished.  The most common HPAs include phosphotungstic acid (PTA) and 

phosphomolybdic acid (PMA).   

 The incorporation of PTA into disulfonated poly(arylene ether sulfone)s results in a 

marked increase in the proton conductivity, especially at high temperature.  A poly(arylene ether 

sulfone) film with 40 mole% of disulfonation and 30 wt% of PTA had a conductivity value of 

0.08 S/cm at room temperature (100% RH), which increased to 0.15 S/cm at 130 °C (100% RH).  

The pure copolymer film with no added PTA had lower conductivity values of 0.07-0.09 S/cm 

                                                 
207 Hanken, D. G.; Naujok, R. R.; Gray, J. M.; Corn, R. M. Synthesis, Spectroscopic Characterization, and Electro- 
      Optical Properties of Noncentrosymmetric Azobenzene/Zirconium Phosphonate Multilayer Films. Analytical  
      Chemistry 1997, 69, 240-248.   
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over this temperature range.  IR spectroscopy verified that water retention of the PTA-containing 

samples was much better over the temperature range of 100-280 °C than that of the pure 

copolymer.  Even though the PTA is water-soluble, extraction of PTA from the films was low (in 

water vapor), which is probably due to a bridging interaction between the sulfonic acid sites on 

the polymer and the terminal tungstic oxide group of the PTA, as evidenced by IR.208   

 Adsorption of PTA onto silica reduces leaching of the HPA in aqueous environments.  

The additive is formed by mixing the PTA with an alcoholic solution of tetraethyl silane.  The 

PTA acts as a catalyst for the formation of silica (SiO2), so the acid adsorbs as soon as the silica 

is formed.  The additive was mixed with a polymer solution (PBI in DMAc) at a concentration of 

60 wt % inorganic component, followed by film casting.  For this membrane, a maximum 

conductivity value of 3 x 10-3 S/cm was measured at 100 °C and 100% RH.209   

 In studies with sulfonated poly(ether ketone) (S-PEK), addition of HPA (PTA or PMA) 

resulted in increased water uptake and methanol permeability of the membrane.   

These composites had proton conductivity around 3 x 10-3 S/cm (25 °C, 100% RH), but fairly 

high water uptake (64-94 %).  The HPA particles were evenly dispersed in particles 0.05-0.15 

μm in diameter, as shown by scanning electron microscopy (SEM).  An increase in Tg is 

evidence of close interactions between the polymer and the HPA.210  Extraction of the additive 

was a problem in these composites.  The PMA was more easily extracted than the PTA.  

However, when a small amount of zirconium oxide (ZrO2, 8%) was added to an S-PEK 

membrane containing 28% PTA, the water uptake and methanol permeability were lower than an 
                                                 
208 Kim, Y. S.; Wang, F.; Hickner, M.; Zawodzinski, T. A.; McGrath, J. E. Fabrication and Characterization of  
      Heteropolyacid (H3PW12O40)/Directly Polymerized Sulfonated Poly(arylene ether sulfone) Copolymer  
      Composite Membranes for Higher Temperature Fuel Cell Applications. J. Mem. Sci. 2003, 212, 263-282.   
209 Staiti, P.; Minutoli, M.; Hocevar, S. Membranes Based on Phosphotungstic Acid and Polybenzimidazole for Fuel  
      Cell Application. Journal of Power Sources 2000, 90, 231-235.   
210 Zaidi, S. M. J.; Mikhailenko, S. D.; Robertson, G. P.; Guiver, M. D.; Kaliaguine, S. Proton Conducting  
      Composite Membranes from Polyether ether ketone and Heteropolyacids for Fuel Cell Applications. J. Mem.  
      Sci. 2000, 173, 17-34.   
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unmodified S-PEK membrane, while the conductivity was higher.  The inorganic oxide also 

helped to prevent extraction of the HPA.211   

 Boron phosphate (BPO4) has similar properties to HPAs; the proton conductivity is 7 x 

10-2 S/cm (25 °C, 100% RH).  Blends of BPO4 with S-PEEK seem promising compared to PTA 

and PMA.  An S-PEEK sample with a degree of sulfonation of 72% and 40 wt% of added BPO4 

had a proton conductivity value of 5 x 10-2 S/cm (25 °C, 100% RH), which is twice as high as 

the pure S-PEEK copolymer.  The water uptake also increased from 52% to 79%, but the 

additive was not readily extracted in water.  The conductivity of these composites does not 

decrease below 145 °C.212   

2.3.4.  Alternative Proton Solvents 
 
 Ionic polymers require a proton solvent for proton conduction, which is traditionally 

water.  However, because water has a low boiling point in terms of fuel cell operating 

temperatures, the search for other proton solvents is necessary.  Phosphoric acid, sulfuric acid, 

ionic liquids, and aromatic heterocycles (such as imidazole), which can self-dissociate similarly 

to water, are some promising candidates.136  These amphoteric molecules can perform the 

function of proton solvent at much higher temperatures than water.  Phosphoric acid has been 

widely employed as an additive to improve the proton conductivity of many different types of 

polymers, including ethers, alcohols, imines, amides213, imides, and imidazoles.   

                                                 
211 Ponce, M. L.; Prado, L.; Ruffmann, B.; Richau, K.; Mohr, R.; Nunes, S. P. Reduction of Methanol Permeability  
      in Polyetherketone-Heteropolyacid Membranes. J. Mem. Sci. 2003, 217, 5-15.   
212 Mikhailenko, S. D.; Zaidi, S. M. J.; Kaliaguine, S. Sulfonated Polyether ether ketone Based Composite Polymer  
      Electrolyte Membranes. Catalysis Today 2001, 67, 225-236.   
213 Lassegues, J. C.; Grondin, J.; Hernandez, M.; Maree, B. Solid State Ionics 2001, 145, 37-45.   
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2.3.5.  Characterization of Ionic Polymers 

2.3.5.1.  Molecular Weight 

 Polymer molecular weight and molecular weight distribution are important parameters 

that have a significant effect on many polymer properties.  Molecular weight is typically 

measured by intrinsic viscosity (IV) or by size exclusion chromatography (SEC), also known as 

gel permeation chromatography (GPC), which relies heavily on the hydrodynamic radius of the 

polymer molecules for determining the molecular weight.214   

 Intrinsic viscosity, also referred to as the limiting viscosity number, is the extrapolated 

value of reduced or inherent viscosity at zero concentration.  IV is measured by measuring the 

flow time of a polymer solution through a capillary tube and comparing that time to the flow 

time of the pure solvent.  The Mark-Houwink equation is often used to determine the viscosity-

average molecular weight (Mv) of a polymer (Eq. 2.3).   

  [η]=K·Mva       Eq. 2.3 

where [η] is the intrinsic viscosity, and K and a are constants which are unique to each specific 

polymer-solvent system.   

 GPC (or SEC) is a chromatographic separation method in which a polymer solution flows 

through a column packed with porous beads (typically crosslinked polystyrene).  The beads 

contain pores of various sizes, and polymer molecules of varied molecular weight can flow only 

through the pores which are larger than the hydrodynamic volume of the polymer chain.  

Polymer chains with a larger hydrodynamic volume (higher molecular weight) have shorter 

elution volumes because their path through the column is shorter than small molecules which can 

fit through more of the pores and therefore have a longer path.   

                                                 
214 Sun, S.F. Physical Chemistry of Macromolecules, 2nd Ed. John Wiley & Sons:  New York 2004.   
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 Molecular weight characterization of ionic polymers is complicated by the interactions 

between ionic groups on the polymer backbone.  The interactions (or rather, repulsions) between 

these ionic groups cause the reduced viscosity to rapidly increase as the concentration of the 

polymer solution approaches zero, due to the enhanced dissociation of the counterions.215  The 

increased degree of dissocation results in greater repulsion, and the polyelectrolyte chains 

expand, increasing the end-to-end distance and hydrodynamic volume of the polymer chains.216  

This effect makes extrapolation to zero concentration and determination of intrinsic viscosity 

impossible.  Addition of salts to the polyelectrolyte solution effectively shields the charges on 

the polymer backbone, allowing the conformation of the polyelectrolyte chains to approach that 

of a non-ionic polymer.217,218,219220,221,222  This technique has been used for GPC as well.223   

                                                 
215 Aldebert, P.; Gebel, G.; Loppinet, B.; Nakamura, N. Polyelectrolyte Effect in Perfluorosulfonated  
      Ionomer Solutions.  Polymer 1995, 36, 431-434.   
216 Yamanaka, J.; Araie, H.; Matsuoka, H.; Kitano, H.; Ise, N.; Yamaguchi, T.; Saeki, S.; Tsubokawa, M.  
      Revisit to the Intrinsic Viscosity-Molecular Weight Relationship of Ionic Polymers. 5. Further Studies on  
      Solution Viscosity of Sodium Poly(styrenesulfonates). Macromolecules 1991, 24, 6156-6159.   
217 Minakata, A.; Takayama, K.; Yano, S.; Tanaka, Y.; Araki, T.; Shimizu, T. Polyelectrolytic Behavior of a  
      Novel Fluorine-Containing Ionomer, PPFNA. J. Phys. Chem. B. 2003, 107, 8146-8151.   
218 Zagar, E.; Zigon, M. Solution Properties of Carboxylated Polyurethanes and Related Ionomers in Polar  
      Solvents (DMF and LiBr/DMF).  Polymer 2000, 41, 3513-3521.   
219 Yang, J.; Li, Y.; Wang, H.; Hill, M.; Yu, X.; Wiles, K.; Lee, H.-S.; McGrath, J.E. Vicometric Behavior and  
      Molecular Weight Characterization of Sulfonated Poly(arylene ether sulfone) Copolymers.  Polm. Prepr. 2005,  
      50(2), 701-702.   
220 Parent, J.S.; Liskova, A.; Whitney, R.A.; Resendes, R. Ion-Dipole Interaction Effects in Isobutylene- 
      Based Ammonium Bromide Ionomers.  J. Polym. Sci., Part A:  Polym. Chem. 2005, 43, 5671-5679.   
221 Fernandes, A.L.P.; Martins, R.R.; da Trindade Neto, C.G.; Pereira, M.R.; Fonseca, J.L.C.  
      Characterization of Polyelectrolyte Effect in Poly(acrylic acid) Solutions. J. Appl. Polym. Sci. 2003, 89,  
      191-196.   
222 Yamanakia, J.; Matsuoka, H.; Kitano, H.; Ise, N.; Yamaguchi, T.; Saeki, S.; Tsubokawa, M. Revisit to the  
      Intrinsic Viscosity –Molecular Weight of Ionic Polymers. 3. Viscosity Behavior of Ionic Polymer Latices  
      in Ethylene Glycol/Water Mixtures. Langmuir 1991, 7, 1928-1934.   
223 Blagodatskikh, I.V.; Sutkevich, M.V.; Sitnikova, N.L.; Churochkina, N.A.; Pryakhina, T.A.; Philippova,  
      O.E.; Khokholov, A.R. Molecular Mass Characterization of Polymers with Strongly Interacting Groups 
      Using Gel Permeation Chromatography – Light Scattering Detection.  J. Chromatography 2002, 976,  
      155-164.   
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2.3.5.2.  Chemical Composition 

  Nuclear magnetic resonance (NMR) spectroscopy is an invaluable tool in polymer 

synthesis.  In the synthesis of sulfonated copolymers, proton NMR is often used to evaluate the 

degree of sulfonation.  This is especially important when post-sulfonation methods are 

employed, due to the lack of precise control with these reactions.224,225  13C NMR has also been 

used for this purpose.226   

 For directly synthesized sulfonated copolymers made from sulfonated monomers, 1H 

NMR has been used as a verification of the structure and to calculate the experimental IEC (Fig. 

2.27).227,228,229,230,231,232  As shown in Fig. 2.27, the degree of sulfonation can be determined from 

the ratio of the integration of a signal which is present only in the sulfonated repeat units to the 

integration of one which is present in every repeat unit.  For the polymer structure shown in the 

figure, the degree of sulfonation was determined by the ratio of k protons to a and b protons.228   

                                                 
224 Wang, L.; Meng, Y.Z.; Wang, S.J.; Shang, X.Y.; Li, L.; Hay, A.S. Synthesis and Sulfonation of Poly(aryl ethers) 
Containing Triphenyl Methane and Tetraphenyl Methane Moieties from Isocyanate-Masked Bisphenols. 
Macromolecules 2004, 37, 3151-3158.   
225 Gao, Y.; Robertson, G.P.; Guiver, M.D.; Jian, X.; Mikhailenko, S.D.; Wang, K.; Kaliaguine, S. Sulfonation of 
Poly(phthalazinones) with Fuming Sulfuric Acid Mixtures for Proton Exchange Membrane Materials. J. Mem. Sci. 
2003, 227, 39-50.   
226 Chikashige, Y.; Chikyu, Y.; Miyatake, K.; Watanabe, M. Poly(arylene ether) Ionomers Containing 
Sulfofluorenyl Groups for Fuel Cell Applications. Macromolecules 2005, 38, 7121-7126.   
227 Wang, F.; Hickner, M.; Ji, Q.; Harrison, W.; Mecham, J.; Zawodzinski, T.A.; McGrath, J.E. Synthesis of Highly 
Sulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers Via Direct Polymerization. Macromol. 
Symp. 2001, 175, 387-395.   
228 Harrison, W.L.; Wang, F.; Mecham, J.B.; Bhanu, V.A.; Hill, M.; Kim, Y.S.; McGrath, J.E. Influence of the 
Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I. J. Polym. Sci. Part A: 
Polym. Chem. 2003, 41, 2264-2276.   
229 Einsla, B.R.; Hong, Y.-T.; Kim, Y.S.; Wang, F.; Gunduz, N.; McGrath, J.E. Sulfonated Naphthalene Dianhydride 
Based Polyimide Copolymers for Proton-Exchange-Membrane Fuel Cells. I. Monomer and Copolymer Synthesis. J. 
Polym. Sci. Part A: Polym. Chem. 2004, 42, 862-874.   
230 Wiles, K.B.; Wang, F.; McGrath, J.E. Directly Copolymerized Poly(arylene sulfide sulfone) Disulfonated 
Copolymers for PEM-Based Fuel Cell Systems. I. Synthesis and Characterization. J. Polym. Sci. Part A: Polym. 
Chem. 2005, 43, 2964-2976.   
231 Choi, I.J.; Ahn, C.J.; Yoon, T.H. Adhesion Property of Sulfonated Poly(arylene ether sulfone)s. J. Appl. Polym. 
Sci. 2004, 93, 1211-1218.   
232 Lakshmi, R.T.S.M.; Meier-Haack, J.; Schlenstedt, K.; Vogel, C.; Choudhary, V.; Varma, I.K. Sulphonated 
Poly(ether ether ketone) Copolymers: Synthesis, Characterisation, and Membrane Properties. J. Mem. Sci. 2005, 
262, 27-35.   
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Figure 2.27.  1H NMR spectrum of a partially fluorinated directly synthesized disulfonated 
poly(arylene ether sulfone) copolymer.228   
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2.3.5.3. Ion Exchange Capacity 
 
 Ion exchange capacity (IEC) is defined as the concentration of ionic groups (most 

commonly sulfonic acid moieties) per gram of polymer.  This parameter is usually reported in 

meq/g.  IEC is a very important property because it allows for a more accurate comparison of 

materials than does the degree of sulfonation.  As discussed in the previous section, IEC can be 

determined from NMR by integrating known signals due to the sulfonated and non-sulfonated 

repeat units.  However, titration of the acidic groups can often be a more precise method of 

determining IEC.  Titration of sulfonic acid groups is typically accomplished by one of two 

methods.  The first is a potentiometric titration of the polymer in an organic solvent, such as 

dimethyl acetamide, with a soluble base, such as tetramethyl ammonium hydroxide.  When this 

method is used, a “blank” titration of the solvent should be performed.  The second common 

method is aqueous titration with sodium hydroxide.  To use this method, the acidic sites on the 

polymer must first be dissociated using a weak base such as sodium sulfate.  This method can 

sometimes result in lower-than-theoretical IEC values, possibly due to incomplete dissociation of 

the sulfonic acid sites.   

2.3.5.4.  Film Preparation 
 
 The casting solvent and treatment of the film (such as acidification) can significantly 

affect the membrane properties in several ways.  First, morphology is often strongly dependent 

on the choice of solvent.  Many important membrane properties, such as mechanical strength, 

proton conductivity, water uptake, and methanol permeability are dependent on the morphology 

of the film.  Traces of casting solvent left behind in the PEM will also affect the performance of 

the film.  For example, it has been shown that post-sulfonated PEEK membranes cast from 
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dimethylformamide (DMF) exhibit lower conductivity than those cast from DMAc, because 

DMF forms very strong hydrogen bonds with the sulfonic acid groups.  In this reference, the 

DMF could not be completely removed from the polymer film.233   

 Hydrothermal treatment (i.e. acidification method) also has a profound effect on the 

morphology of the film and the resulting properties.  Directly copolymerized disulfonated 

poly(arylene ether sulfone)s undergo a morphological transformation around 70 °C, where the 

sulfonic acid groups aggregate to form larger and more co-continuous ionic domains, as shown 

by tapping-mode atomic force microscopy (TM-AFM).  This effect was more pronounced in the 

more highly sulfonated samples.  The proton conductivity, water uptake, and methanol 

permeability increased after hydrothermal treatment at 100 °C.  However, after treatment at 

much higher temperatures (140 °C), the ionic groups redistributed to form a more homogeneous 

morphology.  After this point, the conductivity again decreased.234, 235   

2.3.5.5.  Morphological Characterization 
 
 The morphology of ionic polymers can often be correlated to properties such as 

conductivity, water uptake, and methanol crossover.  The high proton conductivity of Nafion 

copolymers is often partially attributed to the ion-channels in the phase-separated morphology.  

These interconnected hydrophilic domains can help to facilitate proton migration throughout the 

film.  As described above, the continuity of the ionic domains has a marked effect on water 

uptake and methanol permeability.   
                                                 
233 Kaliaguine, S.; Mikhailenko, S. D.; Wang, K. P.; Xing, P.; Robertson, G.; Guiver, M. Properties of SPEEK  
      Based PEMs for Fuel Cells Application. Catalysis Today 2003, 82, 213-222.   
234 Kim, Y. S.; Wang, F.; Hickner, M.; McCartney, S.; Hong, Y. T.; Harrison, W.; Zawodzinski, T. A.; McGrath, J.  
      E. Effect of Acidification Treatment and Morphological Stability of Sulfonate Poly(arylene ether sulfone)  
      Copolymer Proton Exchange Membranes for Fuel Cell Use Above 100 °C. J. Polym. Sci.:  Part B: Polym. Phys.  
      2003, 41, 2816-2828.   
 
235 Kim, Y. S.; Dong, L.; Hickner, M. A.; Pivovar, B. S.; McGrath, J. E. Processing Induced Morphological  
      Development in Hydrated Poly(arylene ether sulfone) Copolymer Membranes. Polymer 2003, 44, 5729-5736.   
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 Microphase separation of ionic and hydrophilic domains in sulfonated polyimides has 

been studied by transmission electron microscopy (TEM).  This was achieved by a form of 

staining – the sulfonate groups were converted to their silver salt form (Ag+).  This technique 

results in a large difference in electron density between the hydrophilic and hydrophobic 

domains, so that these can be differentiated by TEM.79   

2.3.5.6.  Methanol Permeability 
 
 Methanol permeability of the membrane is an important factor in DMFCs because it 

leads to undesireable transport of methanol across the membrane.  This has two important 

consequences:  1) the fuel is wasted instead of being usefully oxidized at the anode, and 2) the 

oxidation of methanol at the cathode results in a backward flux of protons and electrons, and 

lowers the overall efficiency of the cell.   

 The diffusion of methanol across a membrane can be measured by a diffusion experiment 

in which the membrane separates two compartments:  one rich in methanol and the other rich in 

water.  This method is fairly simple; the main equipment requirements are a methanol pump, a 

refractive index detector, and a desktop computer.  In a working fuel cell, the movement of 

protons and water through the membrane complicates the measurement of methanol permeation, 

but in-situ measurements of methanol crossover current are possible with fuel cell hardware.   

2.3.5.7.  Water Sorption 

 There has been extensive research on types of water in the area of hydrogels, and the 

three types of water are generally described as nonfreezing water, freezable loosely bound water, 

and free water.  Nonfreezing water is strongly associated with the polymer chain, and causes 

depression of the polymer Tg (plasticization), but does not participate in the melting endotherm 
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at 0 °C.  Freezable loosely bound water is loosely associated with the polymer or with the 

nonfreezing water.  Freezable loosely bound water has a broad melting endotherm centered 

around 0 °C.  Free water is not associated with the polymer chain, and behaves like bulk water.  

It shows a sharp melting endotherm at 0 °C.  A correlation exists between methanol permeability 

and the state of water in the membrane.  For example, even though Nafion and BPSH-30 (a 

poly(arylene ether sulfone) copolymer with 30 mole% disulfonation) have similar water uptake 

values, the methanol permeability of Nafion is much higher (167 x 10-8 cm2/s compared to 36 x 

10-8 cm2/s for BPSH-30).  Recent research has shown that this may be due to a difference in the 

“types” of water that are present in each of the membranes.  Using these three types of water as a 

guideline, the differences in methanol permeability between polymers with the same water 

uptake can be explained.  BPSH-30 has a higher fraction of tightly bound water and a lower 

fraction of free water than Nafion.97, 236   

2.3.5.8.  Electro-Osmotic Drag 
 
 When protons are transported across the PEM, they are usually hydrated by a certain 

number of water molecules.  The number of water molecules per proton is defined as the electro-

osmotic drag coefficient.  Electro-osmotic drag is an important factor in PEMFCs because as 

protons are conducted across the membrane, water is transported from the anode to the cathode.  

The amount of water present in the electrodes has a large influence on the electrode performance.  

If there is too much water, flooding will occur, which results in decreased gas diffusion to the 

reactive sites.  If there is too little water, the electrode will become too dry and the proton 

conductivity will be restricted.   

                                                 
236 Roy, A.; Hickner, M.; Glass, T.; Li, Y.; Einsla, B.; Wiles, K.B.; Yu, X.; McGrath, J.E. States of Water –  
      Investigating the Water-Polymer Interactions and Transport Phenomenon in Proton Exchange Membranes.  
      American Chemical Society Division of Fuel Chemistry Preprints 2005, 50(2), 699-700.   
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 The electro-osmotic drag coefficient can be measured during fuel cell operation utilizing 

a previously described technique.237  The electro-osmotic drag has also been correlated to the 

states of water in the membrane.  Even though BPSH-30 and Nafion have similar water uptake 

values, the electro-osmotic drag of BPSH-30 (1.0 H2O/H+) is much lower than that of Nafion 

(3.3 H2O/H+).97   

2.3.5.9.  Proton Conductivity 
 
 Good candidates for proton exchange membranes must exhibit fairly high proton 

conductivity and low electrical conductivity.  Proton conductivity is necessary to transport 

protons from the anode to the cathode via the PEM.  Electrical conductivity is undesirable 

because the electrons should travel through the external circuit where they can be harnessed for 

powering the device, not through the membrane.  Proton conductivity is perhaps the most 

universal characterization technique for PEM materials.  Proton conductivity can be measured 

through the plane of the membrane or across the plane of the membrane.  While the through-

plane technique is more analogous to actual proton conduction in a fuel cell, the resistance across 

a thin membrane is usually too small to be measured accurately.  For this reason, the in-plane 

technique is more commonly used.  A typical cell for in-plane proton conductivity measurements 

is shown in Fig. 2.28.  In this case, the cell geometry was chosen to minimize the resistance of 

the cell so that the measured resistance was due primarily to the membrane resistance.46   

                                                 
237 Ren, X.; Henderson, W.; Gottesfeld, S. Electro-Osmotic Drag of Water in Ionomeric Membranes. New  
      Measurements Employing a Direct Methanol Fuel Cell. J. Electrochem. Soc. 1997, 144, L267-L270.   
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Figure 2.28.  Typical cell geometry for an in-plane proton conductivity measurement.   
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3.  Zirconium Hydrogen Phosphate/Disulfonated Poly(arylene ether sulfone) Copolymer 
Composite Membranes Prepared via In-situ Precipitation for Use in Proton Exchange 

Membrane Fuel Cells238 
 

3.1.  Introduction 
 
 Proton exchange membrane fuel cells (PEMFCs) are quickly becoming attractive 

alternative energy sources for transportation, stationary power, and small electronics due to the 

increasing cost and environmental hazards of traditional fossil fuels.239  Two main classes of 

PEMFCs include hydrogen/air or hydrogen/oxygen fuel cells and direct methanol fuel cells 

(DMFCs).  The current state-of-the-art membrane for both types of PEMFCs is Nafion®, a 

perfluorinated sulfonated copolymer made by DuPont.  Nafion copolymers exhibit good thermal 

and chemical stability, as well as very high proton conductivity under hydrated conditions at 

temperatures below 80 °C.240  However, application of these membranes is limited due to their 

high methanol permeability and loss of conductivity at high temperatures and low relative 

humidities.  These deficiencies have led to the search for improved materials for proton 

exchange membranes.  Potential PEMs should have good thermal, hydrolytic, and oxidative 

stability, high proton conductivity, selective permeability, and mechanical durability over long 

periods of time.   

 Poly(arylene ether)s, polyimides, polybenzimidazoles, and polyphenylenes are among the 

most widely investigated candidates for PEMs.241,242,243  Poly(arylene ether)s are a promising 

                                                 
238 Hill, M.L.; Kim. Y.S.; Einsla, B.R.; McGrath, J.E. Zirconium Hydrogen Phosphate/Disulfonated Poly(arylene  
      ether sulfone) Copolymer Composite Membranes for Proton Exchange Membrane Fuel Cells. J. Mem. Sci.  
      Submitted 2005.   
239 Hickner, M.A.; Ghassemi, H.; Kim, Y.S.; Einsla, B.R.; McGrath, J.E. Alternative Polymer Systems for Proton  
      Exchange Membranes (PEMs). Chem. Rev. 2004, 104, 4587.   
240 Mauritz, K.A.; Moore, R.B. State of Understanding of Nafion.  Chem. Rev. 2004, 104, 4535-4585.   
241 Kerres, J.; Cui, W.; Reichle, S. New Sulfonated Engineering Polymers via the Metalation Route. I. Sulfonated  
      Poly(ether sulfone) PSU Udel via Metalation-Sulfination-Oxidation. J. Polym. Sci. 1996, 35, 2421.   
242 Kerres, J.; Zhang, W.; Cui, W. New Sulfonated Engineering Polymers via the Metalation Route. II.  
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class of proton exchange membranes due to their excellent thermal and chemical stability and 

high glass transition temperatures.244  High protonic conductivity can be achieved through post-

sulfonation of poly(arylene ether) materials, but this most often results in very high water 

sorption or even solubility in water.  Synthesis of sulfonated poly(arylene ether)s through direct 

copolymerization using sulfonated monomers is a method that can overcome the high water 

sorption and poor stability of post-sulfonated materials.  Previously, our group has reported the 

synthesis and properties of several directly polymerized disulfonated poly(arylene ether sulfone) 

copolymers.  These exhibit high proton conductivity and excellent thermal and chemical 

stability, and also improved methanol permeability and a higher upper use limitation temperature 

compared to Nafion.245, 246, 247, 248   

 Introduction of an inorganic component into a proton exchange membrane can further 

improve the properties by potentially decreasing the water uptake and methanol permeability, 

while increasing the mechanical strength of the membrane.  Metal oxides, phosphates, and 

phosphonates are currently being investigated as additives employed in fuel cell membranes.249  

The addition of zirconium hydrogen phosphate (ZrP) to Nafion membranes has been 
                                                                                                                                                             
      Sulfinated/Sulfonated Poly(ether sulfone) PSU Udel and Its Crosslinking.  J. Polym. Sci. 1998, 36, 1441. 
243 Miyatake, K.; Chikashige, Y.; Watanabe, M. Novel Sulfonated Poly(arylene ether):  A Proton Conductive  
      Polymer Electrolyte Designed for Fuel Cells.  Macromolecules 2003, 36, 9691. 
244 Wang S.; McGrath, J.E. Synthesis of Poly(arylene ether)s, in M.E. Rogers and T.E. Long (Eds.), Synthetic  
      Methods in Step-Growth Polymers, Wiley: New York, NY, 2003, pp. 327-374. 
245 Wang, F.; Hickner, M.; Ji, Q.; Harrison, W.; Mecham, J.; Zawodzinski, T.A.; McGrath, J.E. Synthesis of Highly  
      Sulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers via Direct Polymerization. Macromol.  
      Symp. 2001, 175, 387. 
246 Wang, F.; Hickner, M.; Kim, Y.S.; Zawodzinski, T.A.; McGrath, J.E. Direct Polymerization of Sulfonated  
      Poly(arylene ether sulfone) Random (Statistical) Copolymers:  Candidates for New Proton Exchange  
      Membranes. J. Membrane Sci. 2002, 197, 231. 
247 Kim, Y.S.; Dong, L.; Hickner, M.A.; Pivovar, B.S.; McGrath, J.E. Processing Induced Morphological  
      Development in Hydrated Sulfonated Poly(arylene ether sulfone) Copolymer Membranes. Polymer 2003, 44,  
      5729.   
248 Kim, Y.S.; Wang, F.; Hickner, M.; McCartney, S.; Hong, Y.T.; Harrison, W.; Zawodzinski, T.A.; McGrath, J.E.  
      Effect of Acidification and Morphological Stability of Sulfonated Poly(arylene ether sulfone) Copolymer  
      Proton-Exchange Membranes for Fuel-Cell Use Above 100 °C.  J. Polym. Sci.: Part B: Polym. Phys. 2003, 41,  
      2816. 
249 Alberti, G.; Casciola, M. Composite Membranes for Medium-Temperature PEM Fuel Cells. Annu. Rev. Mater.  
     Res. 2003, 33, 129. 
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accomplished using an in-situ method in which very small particles of ZrP are precipitated into 

the pores of the membrane.250, 251, 252  Nafion/ZrP hybrid membranes prepared by this technique 

can be used at higher temperatures than pure Nafion membranes.251  It has also been suggested 

that the ZrP prevents dehydration of the membranes at high temperatures.252  The addition of 

inorganic additives often reduces the water uptake of membranes as well, which has been shown 

to be an important factor in PEMFC performance.253  This publication will focus on the 

preparation and properties of organic/inorganic composite membranes of directly copolymerized 

disulfonated poly(arylene ether sulfone) copolymers and zirconium hydrogen phosphate via the 

in-situ technique.   

3.2.  Experimental 

3.2.1.  Materials 
 
 4,4-Dichlorodiphenylsulfone (DCDPS) was kindly provided by Solvay Advanced 

Polymers and was dried at 60 ºC under vacuum for 24 hours before use.  4,4’-Biphenol was 

generously provided by Eastman Chemical and was dried at 60 ºC under vacuum for 24 hours 

prior to use.  N,N-dimethylacetamide (DMAc, Aldrich) was distilled under reduced pressure 

over calcium hydride.  Potassium carbonate (Aldrich) was dried at 120 ºC under vacuum for 24 

hours prior to use.  Toluene (Fisher Scientific) was dried over molecular sieves (5 Å, Aldrich).  

Zirconyl chloride (ZrOCl2, 30% in hydrochloric acid), phosphoric acid (H3PO4), and fuming 

sulfuric acid (27% SO3) were purchased from Aldrich and used as received. 

                                                 
250 Grot, W.G.; Rajendran, G. Membranes Containing Inorganic Fillers, and Membrane and Electrode Assemblies,  
      and Electrochemical Cells Employing Them. U.S. Patent 5,919,583, 1999. 
251 Costamagna, P.; Yang, C.; Bocarsly, A.B.; Srinivasan, S.  Nafion 115/Zirconium Phosphate Composite  
      Membranes for Operation in PEMFCs Above 100 °C.  Electrochimica Acta 2002, 47, 1023. 
252 Yang, C.; Srinivasan, S.; Arico, A.S.; Creti, P.; Baglio, V.; Antonucci, V.  Composite Nafion/Zirconium  
      Phosphate Membranes for Direct Methanol Fuel Cell Operation at High Temperature.  Electrochemical and  
      Solid State Letters 2001, 4, A31. 
253 Pivovar, B.S.; Kim, Y.S.; Proceedings of the 206th Joint International Meeting of the Electrochemical Society,  
      October 2004. 
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3.2.2.  Sulfonation of 4,4’-Dichlorodiphenylsulfone (S-DCDPS) 

 The sulfonation of DCDPS was accomplished using fuming sulfuric acid at 110 °C, as 

described previously.245, 254, 255, 256  The product was isolated using sodium chloride, neutralized 

with sodium hydroxide, and purified in a mixture of isopropanol and deionized water.   

3.2.3.  Synthesis of Disulfonated Poly(arylene ether sulfone) Random Copolymers (BPS) 
 
 Disulfonated poly(arylene ether sulfone) copolymers were synthesized according to a 

previously reported procedure.245, 246  A sample copolymerization reaction for a copolymer in 

which 35% of the repeat units were disulfonated proceeded as follows:  4,4’-biphenol (1.8621 g, 

10 mmol), DCDPS (1.8666 g, 6.5 mmol), S-DCDPS (1.7194 g, 3.5 mmol), and potassium 

carbonate (1.5894 g, 11.5 mmol) were charged to a three-neck round-bottom flask equipped with 

a nitrogen inlet, mechanical stirrer, Dean-Stark trap, and reflux condenser.  DMAc (28 mL) and 

toluene (14 mL) were added, and the reaction mixture was heated in an oil bath at 155 ºC for 

four hours to reflux the toluene, thereby dehydrating the system.  The temperature was then 

increased to 190 ºC for 24-48 h until an increase in viscosity was observed.  The viscous solution 

was precipitated into an excess of deionized water.  The resulting copolymer will be referred to 

as BPS-XX, where XX represents the mole % of disulfonated repeat units, or the degree of 

disulfonation.  The degree of disulfonation of the copolymers may be varied by changing the 

ratio of DCDPS to S-DCDPS.   

                                                 
254 Harrison, W.L.; Wang, F.; Mecham, J.B.; Bhanu, V.A.; Hill, M.; Kim, Y.S.; McGrath, J.E. Influence of the  
      Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I., J. Polym. Sci. Part  
      A:  Polym. Chem. 41 (2003) 2264.   
255 Ueda, M.; Toyota, H.; Ochi, T.; Sugiyama, J.; Yonatake, K.; Mazuko, T.; Teremoto, T. Synthesis and  
      Characterization of Aromatic Poly(ether sulfone)s Containing Pendent Sodium Sulfonate Groups, J. Polym. Sci.  
      Part A:  Polym. Chem. 31 (1993) 853.   
256 Sankir, M.; Bhanu, V.S.; 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’-dichlorodiphenylsulfone (SDCDPS)  
      Monomer for Proton Exchange Membranes (PEM) in Fuel Cell Applications., J. Appl. Polym. Sci. Accepted  
      2006.   
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3.2.4.  Membrane Preparation and Acidification 
 
 The copolymers in the potassium sulfonate form were dissolved in DMAc (5% w/v), 

filtered through a 0.45-μm Teflon syringe filter, and cast onto a clean glass plate.  The solvent 

was evaporated under an infrared lamp, resulting in transparent, flexible films.  The membranes 

were acidified by boiling in 0.5 M sulfuric acid for two hours, followed by washing in boiling 

water for two hours.  The membranes were then dried in a vacuum oven at 120 ºC for 24 hours.  

Acidified membranes are henceforth referred to as BPSH-XX, where XX represents the degree 

of disulfonation and the ‘H’ signifies the acid form.   

3.2.5.  Preparation of Polymer/Inorganic Nanocomposite Membranes 

Nanocomposite membranes were formed by in-situ precipitation of zirconium 

hydrogen phosphate (Zr(HPO4)2•H2O, ZrP) into the hydrophilic portions of the membrane.  First, 

the hydrophilic domains were swollen by treatment in boiling water for one hour.  The excess 

water was wiped from the membrane, which was then immersed in an acidic aqueous zirconyl 

chloride solution for six hours at 80 ºC.  The amount of inorganic component in the final 

composite membrane was controlled by varying the concentration of zirconyl chloride.  The 

concentration of the zirconyl chloride solution ranged from one to 30 wt%.  Upon removal from 

the zirconyl chloride solution, the membrane was briefly rinsed with water to remove excess 

zirconyl chloride from the surface, then immersed in an aqueous solution of 1.0 M phosphoric 

acid at room temperature for 24 hours.  After this step, each membrane was washed in boiling 

water to remove any excess zirconyl chloride and phosphoric acid.  The membranes were then 

dried under vacuum at 120 ºC for 24 hours to obtain the dry weight of the composite membrane.  

The concentration of the inorganic component in the final composite membrane was determined 

by the following equation: 
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  % ZrP = Wafter – Wbefore x 100, 
    Wafter 
 
where Wbefore is the dry mass of the unmodified BPSH membrane and Wafter is the dry mass of 

the composite membrane.   

3.2.6.  Model Reaction Between Benzenesulfonic Acid and Zirconyl Chloride 

 To ensure that the zirconyl chloride would not react with the sulfonic acid groups on the 

polymer backbone during fabrication of the composite membranes, a model reaction was carried 

out.  An acidic aqueous solution of zirconyl chloride (20 mL, 5 wt%) was added to an excess of 

aqueous benzenesulfonic acid (50 mL, 10 wt%).  The solution was heated at 80 ºC for six hours.  

After six hours, the solution of benzenesulfonic acid and zirconyl chloride was added to an 

excess of phosphoric acid (200 mL, 1.0M).  The resulting white precipitate was filtered and 

washed with three 500-mL portions of deionized water.  The precipitate was analyzed by by 

FTIR spectroscopy and compared to a sample of zirconium phosphate prepared in the absence of 

sulfonic acid groups.   

3.2.7.  Membrane Characterization 

Magic angle spinning (MAS) 31P NMR spectroscopy was obtained on a Bruker MSL 300 

instrument.  The spectra were obtained using 100-200 scans using a spinning rate of 6.0-6.5 kHz.  

FTIR spectra were recorded using a Nicolet Impact 400 FTIR spectrometer.  All spectra were 

measured at a resolution of 2 cm-1 and represent the sum of 64 scans.  In-plane protonic 

conductivity was measured by a two-probe method using a Hewlett-Packard 4192A 

Impedance/Gain-Phase Analyzer over the frequency range of 10 Hz to 1 MHz. The conductivity 

of the membrane was calculated from the measured resistance and the geometry of the cell.   
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The water uptake of the membranes was measured after immersion in deionized water at 

room temperature for 24 hours.  The water uptake was determined by the following equation:   

  WU (wt.%) = Wwet – Wdry   x 100, 
         Wdry 

 
where Wwet and Wdry represent the masses of the wet and dry membranes, respectively.   

 Uniaxial tensile testing was carried out using an Instron machine.  The measurements 

were conducted at 25 ºC and approximately 40% humidity.  For each sample, five specimens 

were tested, and the crosshead speed was 5 mm/min.  “Wet” measurements were made promptly 

after removing the films from deionized water and wiping excess water from the surface.  “Dry” 

measurements were conducted on films which had been previously dried in a vacuum oven at 

100 ºC overnight and equilibrated at ambient humidity prior to testing.   

 Membrane electrode assemblies (MEAs) for all membranes were prepared with standard 

Nafion-based electrodes containing unsupported precious metal catalyst using a direct painting 

method developed at Los Alamos National Laboratory.257,258  Catalyst loadings were 

approximately 6 mg/cm2 of platinum on the cathode and 10 mg/cm2 of platinum/ruthenium on 

the anode. 

 Direct methanol fuel cell (DMFC) polarization curves were measured using a Fuel Cell 

Technologies, Inc. Fuel Cell Test Station.  Each membrane was exposed to a break-in period 

under hydrogen/air conditions at a cell voltage of 0.5 V overnight, or until the current density 

leveled off.  For DMFC testing, the anode was supplied with methanol (the concentration in 

water was varied) at a flow rate of 1.8 mL/min.  The cathode was supplied with humidified air 

                                                 
257 Thomas, S.C.; Ren, X.; Gottesfeld, S.; Zelenay, P. Direct Methanol Fuel Cells:  Progress in Cell Performance and  
      Cathode Research.  Electrochim. Acta 47 (2002) 3741.   
258 Kim, Y.S.; Sumner, M.H.; Harrison, W.L.; Riffle, J.S.; McGrath, J.E.; Pivovar, B.S. Direct Methanol Fuel Cell  
      Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers.  J. Electrochem. Soc. 151 (2004)  
      A2150.   
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(90 oC) at a flow rate of 500 sccm with no back pressure.  The cell temperature was held at 80 

°C.  Methanol crossover experiments were performed under fuel cell conditions, with aqueous 

methanol (1.8 mL min-1) supplied to the anode and humidified nitrogen (500 sccm) supplied to 

the cathode.  The methanol flux was determined from the limiting current density resulting from 

methanol oxidation at the cathode.258  

3.3.  Results and Discussion 
 Disulfonated poly(arylene ether sulfone) copolymers (BPSH) with varied IECs were 

synthesized via direct copolymerization (Fig. 3.1).  The IEC was controlled by varying the ratio 

of sulfonated to nonsulfonated dihalide.  High molecular weight polymers were isolated by 

precipitation into deionized water, and tough, ductile films were obtained by casting from 

DMAc.  The films were fully converted to their proton-conducting form using sulfuric acid.     
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Figure 3.1.  The synthesis and acidification of disulfonated poly(arylene ether sulfone) 

random copolymers was achieved by the above multi-step process.   
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 The reaction of zirconyl chloride with the sulfonic acid groups on the polymer would 

prevent the formation of zirconium phosphate.  To verify that the zirconyl chloride did not react 

with the sulfonic acid groups on the polymer, a model reaction was conducted.  Zirconyl chloride 

was added to a solution of benzenesulfonic acid and heated at 80 ºC for six hours.  This solution 

was added to an excess of phosphoric acid, and a white precipitate formed.  The precipitate was 

washed thoroughly with deionized water and dried.  FTIR of the powder showed several peaks 

characteristic of zirconium phosphate and was identical to a spectrum of zirconium phosphate 

synthesized in the absence of sulfonic acids (Fig. 3.2).   

 Composite membranes of BPSH with zirconium hydrogen phosphate (ZrP) were 

prepared by in-situ precipitation (Fig. 3.3).  The hydrophilic pores of the membranes were first 

swollen in water, and then the membranes were immersed in zirconyl chloride (ZrOCl2) solution.  

Finally, the precipitation of ZrP in the hydrophilic pores and channels of the ionomer membranes 

was accomplished by immersion in dilute phosphoric acid.  The amount of inorganic component 

was varied by controlling the soaking time and concentration of zirconyl chloride solution (Fig. 

3.4).  The concentration of ZrOCl2 solution was varied from 1 to 30 wt%.  The amount of ZrP 

that was incorporated into the membrane was dependent upon the degree of disulfonation (IEC).  

Larger quantities of ZrP could be incorporated into BPSH-40 than BPSH-30 because of the 

higher degree of ionic groups and greater swelling (Fig. 3.4). 

 The morphology of the membranes also influenced the amount of ZrP that could be 

incorporated.  It has been previously demonstrated that the temperature at which BPSH 

membranes are acidified has an effect on their morphology.247, 248  Specifically, two temperatures 

have been studied:  30 °C (method 1) and 100 °C (method 2).  It has been demonstrated that 

films treated in water at 100 °C generally have a much more open morphology in which the 
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hydrophilic domains become interconnected at higher degrees of disulfontion.  For this reason, 

films treated by method 2 resulted in higher amounts of ZrP incorporated under the same 

conditions than films acidified by method 1 (Fig. 3.4).  This can at least partially be attributed to 

the higher degree of swelling in water in these cases.   

 The chemical composition of the additive was verified using solid-state 31P CP-MAS 

NMR.  The NMR spectra suggested that the ZrP was present mostly in the α-form, with several 

other phosphate species present in small amounts as well (Fig. 3.5).259   

                                                 
259 Clayden, N.J. J. Chem. Soc., Dalton Trans. 1987, 8, 1877.   
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Figure 3.2.  FTIR spectra of the precipitate formed from zirconyl chloride and phosphoric 
acid in the presence of benzenesulfonic acid compared to zirconium phosphate synthesized 

in the absence of sulfonic acid.  
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ZrOCl2 + 2H3PO4        Zr(HPO4)2 + 2HCl + H2O 
Figure 3.3.  The synthesis of ZrP occurred via the condensation reaction between zirconyl 

chloride and phosphoric acid.   
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Figure 3.4.  The amount of ZrP in composite membranes was dependent on the 

concentration of the precursor ZrOCl2 solution, the IEC of the matrix copolymer, and the 
temperature of acification.  M2 refers to boiling acidification and M1 refers to room 

temperature acidification. 
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Figure 3.5.  Solid-state 31P CP-MAS NMR of a BPSH-40 membrane containing 27% ZrP.  
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 The thermal stability of the BPSH/ZrP composite membranes was evaluated using 

thermogravimetric analysis (TGA, Fig. 3.6).  The initial degradation temperatures increased as 

the amount of inorganic component increased.  The char yields at 800 °C also increased as more 

ZrP was added because the zirconium hydrogen phosphate does not undergo significant thermal 

degradation below 800 °C.   

 The reinforcing effect of the inorganic component is evidenced by the tensile properties 

(Fig. 3.7).  The moduli, yield stress, and tensile strength were higher for the composite 

membrane than for the pure BPSH membrane, which is typical of reinforced nanocomposites.260  

The mechanical properties are shown for both hydrated membranes and dry membranes.  Both 

pure BPSH and BPSH/ZrP composite membranes had better mechanical properties when 

hydrated due to plasticization.  Addition of moderate amounts of ZrP (17%) had a positive effect 

on the mechanical properties, while high amounts (36%) resulted in brittle membranes, which 

would not be desirable for fuel cell applications.   

 The protonic conductivity of ZrP is low (~10-6 S/cm).261  Therefore, it is not surprising 

that addition of this material to BPSH decreased the protonic conductivity of the polymer 

membranes at 30 °C.  The protonic conductivity of BPSH-30 and -40 membranes with different 

amounts of ZrP decreased linearly with ZrP content (Fig. 3.8).  Similarly, because the inorganic 

component was concentrated in the ionic domains, the water uptake was significantly reduced as 

well (Fig. 3.9).  Lower water uptake in PEMs is desirable because of reduced dimensional 

changes in the fuel cell.  By reducing the water uptake of the PEM, the interfacial resistance of 

                                                 
260 Nielsen, L.E. Mechanical Properties of Polymers and Composites, Marcel Dekker, Inc.: New York 1974.   
261 Alberti, G.; Casciola, M.; Palombari, R.; Peraio, A. Protonic Conductivity of Layered Zirconium Phosphonates  
      Containing –SO3H Groups. II. Ac Conductivity of Zirconium Alkyl-Sulphophenyl Phosphonates in the Range  
      100-200C, in the Presence or Absence of Water Vapour. Solid State Ionics 58 (1992) 339-344.   
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the membrane electrode assemblies (prepared with Nafion electrodes) can also be lowered.  This 

results in greater long-term durability of the fuel cell.   



 120

 

Figure 3.6.  Thermogravimetric analysis of BPSH and BPSH/ZrP composite membranes in 
nitrogen at a heating rate of 10 ºC/minute.   
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Figure 3.7.  Stress-strain curves for BPSH and BPSH/ZrP composite membranes show the 
reinforcing effect of the inorganic component under both wet (left) and dry (right) 

conditions.   
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Figure 3.8.  As the amount of ZrP in the composite membranes increased, the protonic 
conductivity decreased.  Measurements were conducted in liquid water at 30 ºC.   
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Figure 3.9.  The water uptake of BPSH/ZrP composite membranes, measured after soaking 
in liquid water at 25 ºC overnight, decreased as a function of the amount of inorganic 

additive.   
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 Although the conductivity of the BPSH/ZrP composite membranes was lower than 

unmodified BPSH at room temperature, the conductivity improved as the temperature was 

increased.  At temperatures above 60 °C, the protonic conductivity increased above that of pure 

BPSH copolymer for low concentrations of ZrP (Fig. 3.10).  This may be due to a reinforcing 

effect of the inorganic component, which prevents the morphology from being disrupted as the 

polymer goes through its hydrated glass transition temperature.  Another possibility is that there 

may be greater water retention in the composite membranes, which is supported by the FTIR 

spectra (Fig. 3.11).  There is evidence of water in the FTIR spectra of BPSH/ZrP composite 

membranes at temperatures up to 280 °C.  The retention of water at high temperatures is 

advantageous for PEMs because water is required for proton conduction in sulfonated 

membranes.  At high temperatures and low relative humidities, similar to the conditions in 

hydrogen/air fuel cells, sulfonated membranes often suffer from conductivity losses due to 

dehydration.  The BPSH/ZrP composite membranes may result in improved hydrogen/air fuel 

cell performance due to the enhanced high temperature conductivity.   



 125

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

20 40 60 80 100 120 140

Temperature, oC

C
on

du
ct

iv
ity

, S
/c

m
   

   
   

  .
1: BPSH-40
2: BPSH-40/ZrP

 

Figure 3.10.  The protonic conductivity (at 100% relative humidity) of the composite 
membranes was lower than BPSH-40 at room temperature, but continued to increase at 

high temperature, while BPSH-40 decreased after passing through its hydrated Tg.   
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Figure 3.11.  FTIR spectra showing that the BPSH-40/ZrP composite membrane (36 wt% 
ZrP) retained water at elevated temperatures.  The top spectrum was measured at room 

temperature, and the bottom spectrum was measured at 280 °C.   
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 The direct methanol fuel cell performance of the composite membranes was measured at 

80 °C with 0.5 M methanol as fuel.  The DMFC performance of the composite membranes was 

strongly affected by the amount of additive.  The BPSH-35 membrane with 3 wt% ZrP modestly 

outperformed the unmodified BPSH-35 membrane (Fig. 3.12).  The improvement in DMFC 

performance over the unmodified BPSH-35 membranes was probably due to the lower methanol 

permeability of the composite membranes, which was also evidenced by an increase in the open 

circuit voltage.  However, the BPSH-35 membrane with 14 wt% ZrP suffered from low protonic 

conductivity, which resulted in poor performance.  These results show that a small amount of 

ZrP (3 wt%) results in a noticeable improvement in DMFC performance because the large 

reduction of methanol permeability overcomes the small decrease in protonic conductivity.   

 The methanol permeability for all membranes was measured under fuel cell conditions 

(Table 3.1).  Because the addition of the inorganic component increases the toruosity of the path 

of methanol through the membrane, the methanol permeability decreased with increasing ZrP 

content.  The protonic conductivity, calculated from the high frequency resistance, is also shown.  

Although the conductivity of the membranes decreased with addition of ZrP, the fuel cell 

performance was still improved at moderate ZrP concentrations.  This means that in order to 

achieve the best DMFC performance, a membrane with low methanol permeability and at least 

moderate protonic conductivity is required.  
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Figure 3.12.  DMFC performance curve measured with 0.5 M methanol as fuel, showing 
the modest improvement realized by adding a small amount of ZrP to a BPSH-35 

membrane.  Thickness of membranes 2, 3, and 4 was 3 mil.   
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Table 3.1.  Protonic conductivity and methanol permeability of Nafion 1135, BPSH-35, and 
two BPSH-35/ZrP composite membranes measured under fuel cell conditions (80 °C, 0.5 M 
methanol).   

Membrane Membrane Thickness
mil (μm) 

Membrane Conductivity 
(S/cm)* 

Methanol Permeability 
(cm2/s) 

Nafion 1135 3.5 (89) 0.068 2.6 x 10-6 

BPSH-35 3 (76) 0.037 9.5 x 10-7 

BPSH-35/3% ZrP 3 (76) 0.027 7.5 x 10-7 

BPSH-35/14% ZrP 3 (76) 0.011 4.7 x 10-7 

*Calculated from HFR (high frequency resistance).   
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3.4.  Conclusions 
 

Nanocomposite PEMs containing zirconium hydrogen phosphate in a disulfonated 

poly(arylene ether sulfone) copolymer matrix were synthesized by in-situ precipitation.  The 

amount of ZrP in the membranes was dependent upon the concentration of ionic groups in the 

copolymer, the acidification temperature, and the concentration of the ZrOCl2 solution.  The 

reinforcing effect of the inorganic component resulted in membranes with higher modulus and 

tensile strength than pure copolymer membranes.  Although the conductivity of the composite 

membranes decreased with the addition of ZrP, the water uptake and methanol permeability were 

also reduced.  This resulted in improved DMFC performance over unmodified BPSH-35 and 

Nafion 1135.   
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4.  Zirconium Phenylphosphonate/Disulfonated Poly(arylene ether sulfone) Random 
Copolymer Composite Membranes Prepared via In-situ Precipitation for Use in Proton 

Exchange Membrane Fuel Cells262, 263 
 

4.1.  Introduction 
 

For both hydrogen/air and direct methanol fuel cells (DMFCs), organic/inorganic composite 

membranes show promising properties for use as proton exchange membranes (PEMs).  These 

types of hybrid membranes may exhibit lower water sorption and reduced fuel permeability than 

pure polymer membranes containing no inorganic component.  Many types of inorganic 

additives for PEMs have been investigated, ranging from highly conductive, yet water soluble, 

heteropolyacids (HPAs) to metal oxides and phosphates with very low protonic conductivity, 

such as the widely investigated zirconium hydrogen phosphate.  The HPAs typically impart 

greater protonic conductivity to the membrane, but have the disadvantage of leaching from the 

system over time under fuel cell conditions.  In contrast, the metal oxides and phosphates have 

very low protonic conductivity, but they have the capability to greatly reduce fuel permeability 

of the membrane and increase the dimensional stability, especially under hydrated conditions.   

 Zirconium hydrogen phosphate (ZrP) has been widely investigated for use in composite 

proton exchange membranes.  ZrP is a promising candidate due to its insolubility in water and 

methanol, and the reduction in swelling and greater mechanical stability it imparts to sulfonated 

polymer membranes.9  Several variations on this structure have also been explored, including 

zirconium phenylphosphonate, zirconium sulfophenylphosphonate, and a wide variety of mixed 

                                                 
262 Hill, M.L.; Einsla, B.R.; Kim, Y.S.; McGrath, J.E. Synthesis and Characterization of Sulfonated Poly(arylene  
      ether sulfone)/Zirconium Phenylphosphonate Composite Membranes for Proton Exchange Membrane Fuel Cell  
      Applications.  American Chemical Society Division of Fuel Chemistry Preprints 2004, 49(2), 584-585.   
263 Hill, M.L.; Einsla, B.R.; Kim, Y.S.; McGrath, J.E. Zirconium Phenylphosphonate/Poly(arylene ether sulfone)  
      Composite Membranes for Proton Exchange Membrane Fuel Cells. Abstracts of the 206th Joint International  
      Meeting of the Electrochemical Society October 3-8, 2004.    
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phosphate-phosphonates.9  The presence of organic groups (such as phenyl, methyl, sulfophenyl, 

etc.) in the additive may result in a change in the properties of the final membrane.  Zirconium 

sulfophenylphosphonates have shown excellent protonic conductivity, and they are also 

interesting in that they can be dispersed in organic solvents.  Taking advantage of this property, 

polymer-inorganic composite membranes can be fabricated using simple solution blending 

techniques.   

 To make a direct comparison between ZrP (described in Chapter III) and ZrPP, 

composite membranes of disulfonated poly(arylene ether sulfone) copolymers and ZrPP were 

fabricated by the in-situ formation of ZrPP.   

4.2.  Experimental 

4.2.1.  Materials 

4,4-Dichlorodiphenylsulfone (DCDPS) was obtained from Solvay Advanced Polymers.  

4,4’-Biphenol was generously provided by Eastman Chemical.  Both were dried at 60 ºC under 

vacuum for 24 hours prior to use.  N,N-dimethylacetamide (DMAc, Aldrich) was distilled under 

reduced pressure over calcium hydride.  Potassium carbonate (Aldrich) was dried at 120 ºC 

under vacuum for 24 hours prior to use.  Toluene (Fisher Scientific) was dried over molecular 

sieves (5 Å, Aldrich).  Zirconyl chloride (ZrOCl2, 30% in hydrochloric acid), phenylphosphonic 

acid (C6H5PO3H2), and fuming sulfuric acid (27% SO3) were purchased from Aldrich and used 

as received. 
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4.2.2.  Sulfonation of 4,4’-Dichlorodiphenylsulfone (S-DCDPS) 

 The sulfonation of DCDPS was accomplished using fuming sulfuric acid at 110 °C, as 

described previously.46, 264, 265, 266  The product was isolated using sodium chloride, neutralized 

with sodium hydroxide, and purified in a mixture of isopropanol and deionized water.   

4.2.3.  Synthesis of Disulfonated Poly(arylene ether sulfone) Copolymers (BPS) 
 
 Disulfonated poly(arylene ether sulfone) copolymers were synthesized according to a 

previously reported procedure.245, 246  A sample copolymerization reaction for a copolymer in 

which 35% of the repeat units were disulfonated proceeded as follows:  4,4’-biphenol (1.8621 g, 

10 mmol), DCDPS (1.8666 g, 6.5 mmol), S-DCDPS (1.7194 g, 3.5 mmol), and potassium 

carbonate (1.5894 g, 11.5 mmol) were charged to a three-neck round-bottom flask equipped with 

a nitrogen inlet, mechanical stirrer, Dean-Stark trap, and reflux condenser.  DMAc (28 mL) and 

toluene (14 mL) were added, and the reaction mixture was heated in an oil bath at 155 ºC for 

four hours to reflux the toluene, thereby dehydrating the system.  The temperature was then 

increased to 190 ºC for 24-48 h until an increase in viscosity was observed.  The viscous solution 

was precipitated into an excess of deionized water.  The resulting copolymer will be referred to 

as BPS-XX, where XX represents the mole % of disulfonated repeat units, or the degree of 

disulfonation.  The degree of disulfonation of the copolymers may be varied by changing the 

ratio of DCDPS to S-DCDPS.   

                                                 
264 Harrison, W.L.; Wang, F.; Mecham, J.B.; Bhanu, V.A.; Hill, M.; Kim, Y.S.; McGrath, J.E. Influence of the  
      Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers I.  J. Polym. Sci. Part  
      A:  Polym. Chem. 2003, 41, 2264.   
265 Ueda, M.; Toyota, H.; Ochi, T.; Sugiyama, J.; Yonatake, K.; Mazuko, T.; Teremoto, T. Synthesis and     
Characterization of Aromatic Poly(ether sulfone)s Containing Pendent Sodium Sulfonate Groups.  J. Polym. Sci. 
Part A:  Polym. Chem. 1993, 31, 853-858.   
266 Sankir, M.; Bhanu, V.A.; Harrison, W.; 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’-dichlorodiphenylsulfone (SDCDPS) 
Monomer for Proton Exchange Membranes (PEM) in Fuel Cell Applications.  J. Appl. Polym. Sci. 2005, Accepted.   
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4.2.4.  Membrane Preparation and Acidification 
 
 The copolymer fibers in the potassium sulfonate form were dissolved in DMAc (5% 

w/v), filtered through a 0.45-μm syringe, and cast onto a clean glass plate.  The solvent was 

evaporated under an infrared lamp, resulting in transparent, flexible films.  The membranes were 

acidified by boiling in 0.5 M aqueous sulfuric acid for two hours, followed by washing in boiling 

water for two hours.  The membranes were then dried in a vacuum oven at 120 ºC for 24 hours.  

Acidified membranes are referred to as BPSH-XX, where XX represents the degree of 

disulfonation and the ‘H’ signifies the acid form.   

4.2.5.  Preparation of Inorganic/Organic Nanocomposite Membranes 

Nanocomposite membranes were formed by in-situ precipitation of zirconium 

phenylphosphonate (Zr(O3PC6H5)2, ZrPP) into the hydrophilic portions of the membrane.  First, 

the hydrophilic domains were swollen by treatment in boiling water for one hour.  The excess 

water was wiped from the membrane, which was then immersed in an acidic aqueous zirconyl 

chloride solution for a specified time at 80 ºC.  The amount of inorganic component in the final 

composite membrane was controlled by varying the concentration of zirconyl chloride solution 

as well as the soaking time in zirconyl chloride.  The soaking time in zirconyl chloride was 

varied from one to eight hours, and the concentration of the zirconyl chloride solution ranged 

from one to 30 weight %.  Upon removal from the zirconyl chloride solution, the membrane was 

quickly rinsed with water to remove excess zirconyl chloride from the surface, then immersed in 

a solution of 0.2 M phenylphosphonic acid at room temperature for 24 hours.  After this step, 

each membrane was washed in boiling water to remove any excess zirconyl chloride and 

phenylphosphonic acid.  The membranes were then dried under vacuum at 120 ºC for 24 hours to 
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obtain the dry weight of the composite membrane.  The final amount of inorganic component in 

the membrane was determined by the following equation: 

  % ZrPP = Wafter – Wbefore x 100, 
    Wafter 
 
where Wbefore is the dry mass of the unmodified BPSH membrane, and Wafter is the dry mass of 

the composite membrane.   

4.2.6.  Membrane Characterization 

Magic angle spinning (MAS) 31P NMR spectroscopy was obtained on a Bruker MSL 300 

instrument.  The spectra were obtained using 100-200 scans using a spinning rate of 6.0-6.5 kHz.  

FTIR spectra were recorded using a Nicolet Impact 400 FTIR spectrometer.  All spectra were 

measured at a resolution of 2 cm-1 and represent the average of 64 scans.  In-plane protonic 

conductivity was measured by a two-probe method using a Hewlett-Packard 4192A 

Impedance/Gain-Phase Analyzer over the frequency range of 10 Hz to 1 MHz. The conductivity 

of the membrane was calculated from the measured resistance and the geometry of the cell.   

The water uptake of the membranes was measured after immersion in deionized water at 

room temperature for 24 hours.  The water uptake was determined by the following equation:   

  WU (wt.%) = Wwet – Wdry   x 100, 
         Wdry 

 
where Wwet and Wdry represent the masses of the wet and dry membranes, respectively.   

 Uniaxial tensile testing was carried out using an Instron machine.  The measurements 

were conducted at 25 ºC and approximately 40% humidity.  For each sample, five specimens 

were tested, and the crosshead speed was 5 mm/min.   

 Membrane electrode assemblies (MEAs) for all membranes were prepared with standard 

Nafion-based electrodes using a direct painting method developed at Los Alamos National 



 136

Laboratory.267,268  Catalyst loadings were approximately 6 mg cm-2 of platinum on the cathode, 

and 10 mg cm-2 of platinum/ruthenium on the anode. 

 Direct methanol fuel cell (DMFC) polarization curves were measured using a Fuel Cell 

Technologies, Inc. Fuel Cell Test Station.  Each membrane was exposed to a breakin period 

under hydrogen/air conditions at a cell voltage of 0.5 V for at least two hours, or until the current 

density leveled off.  For DMFC testing, the anode was supplied with methanol (the concentration 

in water was varied) at a flow rate of 1.8 mL min-1.  The cathode was supplied with humidified 

air (90 oC) at a flow rate of 500 sccm with no back pressure.  The cell temperature was held at 80 

°C.  Methanol crossover experiments were performed under fuel cell conditions, with aqueous 

methanol (1.8 mL min-1) supplied to the anode and humidified nitrogen (500 sccm) supplied to 

the cathode.  The methanol flux was determined from the limiting current density resulting from 

methanol oxidation at the cathode.258 

4.3.  Results and Discussion 

Disulfonated poly(arylene ether sulfone) copolymers were synthesized via direct 

copolymerization in DMAc, and the degree of disulfonation (IEC) was controlled by varying the 

ratio of sulfonated to nonsulfonated dihalide monomer (Fig. 4.1).  The polymer fibers were 

isolated by precipitation into deionized water, and membranes were cast from DMAc solutions 

(5 wt%) onto clean glass plates after filtering through a 0.45 μm syringe filter.  The acidified 

form of the copolymers was obtained by boiling the membranes in 0.5 M sulfuric acid.   

                                                 
267 Thomas, S.C.; Ren, X.; Gottesfeld, S.; Zelenay, P. Direct Methanol Fuel Cells:  Progress in Cell Performance and  
      Cathode Research.  Electrochim. Acta. 2002, 47, 3741.   
268 Kim, Y.S.; Sumner, M.H.; Harrison, W.L.; Riffle, J.S.; McGrath, J.E.; Pivovar, B.S. Direct Methanol Fuel Cell  
      Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers.  J. Electrochem. Soc. 2004, 151,  
      A2150.   
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Figure 4.1.  The synthesis and acidification of disulfonated poly(arylene ether sulfone) 
copolymers is achieved by a multi-step process. 
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 Composite membranes of BPSH with zirconium phenylphosphonate (ZrPP) were 

prepared by in-situ precipitation (Fig. 4.2).  The hydrophilic pores of the membranes were first 

swollen in water, and then the membranes were immersed in zirconyl chloride (ZrOCl2) solution.  

Finally, the precipitation of ZrPP into the hydrophilic pores and channels of the ionomer 

membranes was accomplished by immersion in an aqueous solution of phenylphosphonic acid.  

The amount of inorganic component was varied by controlling the soaking time and 

concentration of zirconyl chloride solution.  The concentration of ZrOCl2 solution was varied 

from 1 to 30 wt%, resulting in varied amounts of ZrPP in the final composite membranes (Table 

4.1).  The structure and composition of the inorganic component was verified by solid-state 31P 

MAS-NMR.  The spectrum for the BPSH-35/ZrPP composite membranes was compared to that 

of a directly precipitated ZrPP powder (Fig. 4.3).  X-ray diffraction (XRD) was also employed to 

verify the structure of the ZrPP.  The ZrPP directly precipitated in powder form and a BPSH-

35/ZrPP composite were studied using XRD, and the spectra were compared to known standards 

(Fig. 4.4).   

 The water uptake of the membranes decreased as more ZrPP was added, but the proton 

conductivity also decreased (Table 4.1).  The precipitation of ZrPP probably occurred mostly in 

the ionic regions of the copolymer film due to exchange of the Zr4+ ions on the sulfonic acid 

groups and uptake of zirconyl chloride solution mainly in the hydrophilic domains.  This 

explained the decrease in both water uptake and protonic conductivity (Figs. 4.5 and 4.6).   

 Extraction was measured by boiling the membranes in deionized water for two hours, 

followed by drying in a vacuum oven at 110 °C for 24 hours.  The dry weight before boiling was 

compared with the dry weight after to determine how much weight was lost during this process.  

All BPSH-35/ZrPP membranes with ZrPP contents of 1 to 12 wt% had extraction values of 1 % 
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or less.  This is within the experimental error of the weight measurements, but a small amount of 

weight loss could be explained by loss of water-soluble unreacted phenylphosphonic acid or 

zirconyl chloride.   

 Thermogravimetric analysis was used to evaluate the thermal stability of the composite 

membranes (Fig. 4.7).  Both the degradation temperature and the char yield increased as ZrPP 

was incorporated.  The degradation temperature was measured as the onset of degradation.  Since 

the inorganic component was concentrated mainly in the ionic domains, there may be an 

interaction between the ZrPP and the sulfonic acid groups, causing them to become more 

thermally stable.   

 The mechanical properties of the composite membranes were measured at room 

temperature and ambient relative humidity (40%), as the average of five specimens.  Due to the 

reinforcing effect of the inorganic filler, the modulus and tensile strength increased when ZrPP 

was added (Fig. 4.8).  The crosshead speed was 5 mm/min.   

 The direct methanol fuel cell performance of a BPSH-35/ZrPP composite membrane was 

measured at 80 °C with 0.5 M methanol as fuel (Fig. 4.9).  Nafion 1135 and BPSH-35 are shown 

for comparison, and the high frequency resistance (HFR) and open circuit voltage (OCV) for all 

three membranes are given in the inset table.  Even though the BPSH-35/3% ZrPP composite 

membrane had the highest HFR (lowest conductivity), the voltage vs. current performance curve 

was comparable to or slightly better than that of BPSH-35.  This is most likely due to the high 

OCV, which is indicative of low methanol permeability.  It is important to note that the thickness 

of the BPSH-35 and BPSH-35/3% ZrPP membranes was 3 mil, while the Nafion was 3.5 mil 

thick.   
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ZrOCl2 + C6H5PO3H2             Zr(O3PC6H5)2 + 2HCl 
 

Figure 4.2.  The synthesis of ZrPP occurs via the condensation of zirconyl chloride and 
phenylphosphonic acid. 
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Figure 4.3.  31P MAS-NMR spectra for a BPSH-35/ZrPP composite membrane compared to 

a ZrPP powder.   
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Figure 4.4.  XRD of synthesized neat ZrPP was compared to literature spectra to verify the 
composition.197  
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Table 4.1.  Water uptake and protonic conductivity of BPSH-35/ZrPP composite 
membranes decrease as a function of the amount of additive, which is dependent upon 

soaking time in the ZrOCl2 solution. 

Hours in 
ZrOCl2

a 
Wt % 
ZrPPb 

Water 
Uptake, %c 

Conductivity, 
mS/cmd 

0 0 41 5 
3 6 31 3 
5 8 25 0.1 
6 10 24 0.1 
8 12 20 -e 

aConditions:  80 °C in 5% ZrOCl2 solution 
bFrom weight difference of dry membranes before and after incorporation 
cDetermined by weight difference of wet and dry membranes at room temperature 
dConditions:  120 °C and 45% relative humidity 
eConductivity was too low to be measured 
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Figure 4.5.  Water uptake decreased as ZrPP was incorporated into the ionic domains. 
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Figure 4.6.  Protonic conductivity decreased as a function of ZrPP content, measured at 

120 °C and 45% relative humidity. 
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Figure 4.7.  Thermogravimetric analysis of BPSH-35/ZrPP composite membranes in air 
with a heating rate of 10 °C/min. 

3483 - BPSH-35/ZrPP (8%)

3242 - BPSH-35/ZrPP (6%)

3041 - BPSH-35

Td, °C

3483 - BPSH-35/ZrPP (8%)

3242 - BPSH-35/ZrPP (6%)

3041 - BPSH-35

Td, °C

0

20

40

60

80

100

120
W

ei
gh

t (
%

)

0 200 400 600 800
Temperature (°C)

–––––––   BPSH-35-air-ZrPP-7
–––––––   BPSH-35-air-ZrPP-4
–––––––   BPSH-35 - air

Universal V3.3B TA I

3
2
1

3

2
1



 147

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8.  Stress vs. strain curves for BPSH-35 and BPSH-35 composite with 7 wt% 

ZrPP. 
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Figure 4.9.  Direct methanol fuel cell performance curves for Nafion 1135, BPSH-35, and 
BPSH-35/3% ZrPP at 80 °C with 0.5 M methanol as fuel. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400

Current Density (mA/cm2)

V
ol

ta
ge

 (V
)

1: BPSH-35 / 3% ZrPP
2: BPSH-35
3: Nafion 1135

1
23

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400

Current Density (mA/cm2)

V
ol

ta
ge

 (V
)

1: BPSH-35 / 3% ZrPP
2: BPSH-35
3: Nafion 1135

1: BPSH-35 / 3% ZrPP
2: BPSH-35
3: Nafion 1135

1
23

0.860.830.65**OCV

0.130.100.09*HFR

BPSH-
35/3% ZrPP

BPSH-
35

Nafion
1135

0.860.830.65**OCV

0.130.100.09*HFR

BPSH-
35/3% ZrPP

BPSH-
35

Nafion
1135



 149

4.4.  Conclusions 
 Polymer/inorganic composite membranes containing a disulfonated poly(arylene ether 

sulfone) (BPSH-35) as the matrix and zirconium phenylphosphonate (ZrPP) as the inorganic 

component were fabricated using an in-situ precipitation approach.  The structure of the 

inorganic component was verified using 31P solid-state NMR and X-ray diffraction.  The amount 

of ZrPP in the composite membranes was dependent upon the concentration of zirconyl chloride 

in which the membrane was soaked.  Thermal stability, measured by TGA, indicated that the 

inorganic filler served to increase both the degradation temperature and the char yield of the 

copolymer membranes.  Because the inorganic component is much less hydrophilic than the host 

copolymer, and because the fabrication method probably results in concentration of the inorganic 

component within the hydrophilic domains of the copolymer membrane, the water uptake of the 

composite membranes decreased as the amount of ZrPP increased.  Likewise, the proton 

conductivity also decreased as more ZrPP was added.  Tensile testing showed that the inorganic 

filler had a reinforcing effect on the membranes.  A composite membrane containing 7 wt% 

ZrPP exhibited higher tensile strength and modulus than the neat copolymer film.  Although the 

conductivity of the composite membranes was lower than the pure copolymer, DMFC testing 

showed that the open circuit voltage was higher, indicating a reduction in methanol permeability.  

The DMFC performance of a BPSH-35 membrane with just 3% ZrPP was comparable to or 

slightly better than pure BPSH-35 and showed a definite improvement over Nafion 1135.   
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5.  Poly(arylene ether sulfone) Disulfonated Copolymer Membranes Containing Zirconium 
Sulfophenylphosphonate269  

 

5.1.  Introduction 
 
 Proton exchange membrane fuel cells (PEMFCs) for both high power and low power 

applications are interesting and environmentally friendly alternative energy sources.  

Applications such as automobiles and stationary power generators which require high power 

density typically employ hydrogen/air technology in which hydrogen gas is introduced at the 

anode and oxygen from the air is used as the oxidant.  Low-power applications such as portable 

power for small electronic devices usually employ direct methanol fuel cells (DMFCs).  In 

DMFCs, aqueous methanol is used as the fuel and oxygen or air is used as the oxidant.  

Currently, the benchmark membrane for each type of PEMFC is Nafion, a perfluorinated 

copolymer with sulfonic acid side-chains.  Nafion exhibits good thermal and chemical stability 

and excellent protonic conductivity under low temperatures and high humidity conditions.  

However, Nafion is extremely expensive and suffers from poor conductivity at high temperatures 

and low humidities and very high methanol permeability.  The main challenges for researchers 

designing new membranes are increasing membrane performance at high temperature and low 

humidity for hydrogen/air fuel cells and decreasing methanol permeability for DMFCs.   

 Zirconium phosphates and phosphonates are known to increase operation temperature of 

fuel cells by reinforcing the modulus of the membrane even above the hydrated Tg of the matrix 

copolymer.  However, the overall conductivity of the composite membranes often suffers due to 

the low conductivity of the inorganic component.  Conductive additives, such as heteropolyacids, 

                                                 
269 Hill, M.L.; Einsla, B.R.; McGrath, J.E. Fabrication and Characterization of Composite PEMs: Disulfonated  
      Poly(arylene ether sulfone) Containing Zirconium Sulfophenylphosphonate. Abstracts of the 209th Meeting of  
      the Electrochemical Society May 7-12, 2006.   
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can increase the conductivity of the membrane, but are soluble in water.  Water-soluble additives 

have the potential to leach from the membrane under fuel cell operating conditions, leaving voids 

which can affect performance.  Conductive additives with low extraction are desirable because 

the conductivity of the membrane can be improved without the disadvantage of leaching in 

water.  These types of additives may also be advantageous in DMFCs by helping to decrease the 

methanol permeability.  Zirconium phosphate-sulfophenylphosphonates with the formula 

Zr(HPO4)x(O3PC6H4SO3H)2-x were incorporated into disulfonated poly(arylene ether sulfone) 

copolymers.  The degree of sulfonation of the inorganic component was varied to investigate the 

effect on extraction, water uptake, and conductivity.  The membranes were prepared by two 

methods – a “precursor method” in which the inorganic component was formed during casting of 

the membrane, and an “in-situ” method in which small particles of the inorganic phosphonate 

were precipitated directly into the pores of a pre-cast membrane.   

5.2.  Experimental 

5.2.1.  Materials 
 
 4,4-Dichlorodiphenylsulfone (DCDPS) was kindly provided by Solvay Advanced 

Polymers and was dried at 60 ºC under vacuum for 24 hours before use.  4,4’-Biphenol was 

generously provided by Eastman Chemical and was dried at 60 ºC under vacuum for 24 hours 

prior to use.  N,N-dimethylacetamide (DMAc, Aldrich) was distilled under reduced pressure 

over calcium hydride.  Potassium carbonate (Aldrich) was dried at 120 ºC under vacuum for 24 

hours prior to use.  Toluene (Fisher Scientific) was dried over molecular sieves (5 Å, Aldrich).  

Zirconyl chloride (ZrOCl2, 30% in hydrochloric acid), phosphoric acid (H3PO4), and fuming 

sulfuric acid (27% SO3) were purchased from Aldrich and used as received. 
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5.2.2.  Sulfonation of 4,4’-Dichlorodiphenylsulfone (S-DCDPS) 

 The sulfonation of DCDPS was accomplished using fuming sulfuric acid at 110 °C, as 

described previously.270, 271, 272, 273  The product was isolated using sodium chloride, neutralized 

with sodium hydroxide, and purified in a mixture of isopropanol and deionized water.   

5.2.3.  Synthesis of Disulfonated Poly(arylene ether sulfone) Copolymers (BPS) 
 
 Disulfonated poly(arylene ether sulfone) copolymers were synthesized according to a 

previously reported procedure.274, 275  A sample copolymerization reaction for a copolymer in 

which 35% of the repeat units were disulfonated proceeded as follows:  4,4’-biphenol (1.8621 g, 

10 mmol), DCDPS (1.8666 g, 6.5 mmol), S-DCDPS (1.7194 g, 3.5 mmol), and potassium 

carbonate (1.5894 g, 11.5 mmol) were charged to a three-neck round-bottom flask equipped with 

a nitrogen inlet, mechanical stirrer, Dean-Stark trap, and reflux condenser.  DMAc (28 mL) and 

toluene (14 mL) were added, and the reaction mixture was heated in an oil bath at 155 ºC for 

four hours to reflux the toluene, thereby dehydrating the system.  The temperature was then 

increased to 190 ºC for 24-48 h until an increase in viscosity was observed.  The viscous solution 

was precipitated into an excess of deionized water.  The resulting copolymer will be referred to 

                                                 
270 Wang, F.; Hickner, M.; Ji, Q.; Harrison, W.; Mecham, J.; Zawodzinski, T. A.; McGrath, J. E. Synthesis of Highly  
      Sulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers Via Direct Polymerization. Macromol.  
      Symp. 2001, 175, 387-395.   
271 Harrison, W.L.; Wang, F.; Mecham, J.B.; Bhanu, V.A.; Hill, M.; Kim, Y.S.; McGrath, J.E. Influence of the  
      Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I., J. Polym. Sci.  
      Part A:  Polym. Chem. 2003, 41, 2264.   
272 Ueda, M.; Toyota, H.; Ochi, T.; Sugiyama, J.; Yonatake, K.; Mazuko, T.; Teremoto, T. Synthesis and  
      Characterization of Aromatic Poly(ether sulfone)s Containing Pendent Sodium Sulfonate Groups, J. Polym. Sci.  
      Part A:  Polym. Chem. 1993, 31, 853.   
273 Sankir, M.; Bhanu, V.S.; 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’-dichlorodiphenylsulfone (SDCDPS)  
      Monomer for Proton Exchange Membranes (PEM) in Fuel Cell Applications. J. Appl. Polym. Sci. Accepted.   
274 Wang, F.; Hickner, M.; Kim, Y. S.; Zawodzinski, T. A.; McGrath, J. E. Direct Polymerization of Sulfonated  
      Poly(arylene ether sulfone) Random (Statistical) Copolymers:  Candidates for New Proton Exchange   
      Membranes. Journal of Membrane Science 2002, 197, 231-242.   
275 Wang, F.; Ji, Q.; Harrison, W.; Mecham, J.; Formato, R.; Kovar, R.; Osenar, P.; McGrath, J. E. Synthesis of  
      Sulfonated Poly(arylene ether sulfone)s via Direct Polymerization. Polym. Prepr. 2000, 41(1), 237-238.   
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as BPS-XX, where XX represents the mole % of disulfonated repeat units, or the degree of 

disulfonation.  The degree of disulfonation of the copolymers may be varied by changing the 

ratio of DCDPS to S-DCDPS.   

5.2.4.  Membrane Preparation and Acidification 
 
 The copolymers in the potassium sulfonate form were dissolved in DMAc (5% w/v), 

filtered through a 0.45-μm syringe filter, and cast onto a clean glass plate.  The solvent was 

evaporated under an infrared lamp, resulting in transparent, flexible films.  The membranes were 

acidified by boiling in 0.5 M sulfuric acid for two hours, followed by washing in boiling water 

for two hours.  The membranes were then dried in a vacuum oven at 120 ºC for 24 hours.  Acid-

form membranes of known weight (BPSH-XX) were then redissolved in dimethylformamide 

(DMF) and either recast or used for composite membranes as described below.   

5.2.5.  Synthesis of Sulfophenylphosphonic Acid 

 Sulfophenylphosphonic acid (SPPA) was synthesized using a previously reported 

procedure as a guide.276  Phenylphosphonic acid (21.89 g, 0.1385 mol) was dissolved in 

chlorosulfonic acid (100 g, 0.858 mol), and the reaction mixture was stirred and heated at 120 °C 

for three hours.  After cooling to room temperature, the reaction mixture was added dropwise to 

ice (150 g), and the temperature was maintained at 0-5 °C.  The resulting solution was 

concentrated at 80 °C and dissolved in deionized water (200 mL).  Sulfuric acid was removed by 

precipitating as barium sulfate upon addition of barium chloride (15% w/v in deionized water).  

Barium chloride solution was added to the product until no white precipitate was formed by 

further addition.  The barium sulfate was removed by filtration through Celite, and the solution 

                                                 
276 Montoneri, E.; Gallazzi, M.C.; Grassi, M. Organosulphur Phosphorus Acid Compounds. Part 1. m- 
      Sulphophenylphosphonic Acid. J. Chem. Soc. Dalton Trans. 1989, 9, 1819-1823.   
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was again heated at 80 °C to remove hydrochloric acid and concentrated to 200 mL.  Residual 

unreacted phenylphosphonic acid was removed by extraction with three 200-mL portions of 

diethyl ether.  The aqueous portion was neutralized with barium hydroxide (0.5 M), and the 

barium salt of the product was precipitated by addition of ethanol and filtered.  Dowex 50W-X8 

was used to acidify an aqueous solution of the product, which was obtained in powder form by 

rotary evaporation of the water.  The final product was vacuum-dried at 120 °C and redissolved 

in deionized water to yield a 0.2165 M solution, as determined by titration with a standardized 

sodium hydroxide solution.  Yield 78%; Mass Spectrum (FAB) 237 Daltons (SPPA – H+).   

5.2.6.  Fabrication of BPSH-XX/ZrSPP Composite Membranes by a “Precursor Method” 
 
 For the BPSH-XX/ZrSPP composite membranes made by this method, a precursor 

solution was used.  This precursor solution contained the reagents used to make zirconium 

sulfophenylphosphonate in DMF.  A polymer solution and a “precursor solution” containing a 

zirconium salt, phosphoric acid, and sulfophenylphosphonic acid in the desired ratio were mixed 

and cast into a glass tray.  For accuracy, phosphoric acid and sulfophenylphosphonic acid were 

measured from aqueous solutions by pipette.  The water was then evaporated to obtain an 

accurately measured amount of solid phosphoric acid and sulfophenylphosphonic acid.  Because 

of the unique procedure, this method is referred to as the “precursor method.”277  For a BPSH-35 

membrane containing 10% of Zr(O3PC6H4SO3H)1(HPO4)1, 0.93g of BPSH-35 was dissolved in 

DMF.  Separately, zirconium propionate (60 mg, 0.243 mmol) was dissolved in DMF.  

Phosphoric acid solution (0.2165 M, 1.12 mL, 0.243 mmol) and sulfophenylphosphonic acid 

solution (0.2165 M, 1.12 mL, 0.243 mmol) were accurately pipetted into a beaker and the water 

was evaporated in an oven at 60 °C for about one hour.  After the water was evaporated, the 
                                                 
277 Alberti, G.; Casciola, M. Composite Membranes for Medium-Temperature PEM Fuel Cells. Annual Rev. Mater.  
      Res. 2003, 33, 129-154.   
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acids were dissolved in DMF.  The acid solution was mixed with the zirconium propionate 

solution, and the resulting “precursor solution” was stirred for ten minutes, then mixed with the 

polymer solution and stirred for another five minutes.  The composite solution was poured into a 

glass tray and the DMF was evaporated under an infrared lamp for 24 hours, during which time 

the precursor reagents reacted to form zirconium sulfophenylphosphonate with 50% sulfonic 

acid groups.  This particular composite membrane will be referred to as BPSH-35/10% ZrSPP0.5, 

meaning that the matrix polymer was BPSH-35, and the membrane contained 10 wt% of 

Zr(O3PC6H4SO3H)1(HPO4)1, which is 50% sulfonated, as the inorganic component.   

5.2.7.  Fabrication of BPSH-XX/ZrSPP Composite Membranes by In-Situ Precipitation 

 For comparison, BPSH-35/ZrSPP composite membranes were also prepared by the in-

situ precipitation method.  This method involves the precipitation of very small particles of 

ZrSPP within the hydrophilic pores of the pre-formed polymeric membrane.  For example, to 

prepare a BPSH-35 membrane containing Zr(O3PC6H4SO3H)1(HPO4)1 (ZrSPP0.5) by this 

method, the following procedure was employed.  First, an acidified BPSH-35 membrane of 

known dry weight was immersed in boiling deionized water for one hour to hydrate the 

hydrophilic phase of the membrane.  The hydrated membrane was then added to a ZrOCl2 

solution at 80 °C for six hours.  The concentration of the ZrOCl2 solution was varied from 3 to 

20 wt%.  After six hours in the ZrOCl2 solution, the membrane was quickly rinsed with 

deionized water to remove excess ZrOCl2 from the surface.  The membrane swollen with ZrOCl2 

solution was immersed in a solution of phosphoric acid (0.25 M) and SPPA (0.25 M) for 24 

hours at room temperature.  Finally, the composite membrane was soaked in deionized water 

overnight to remove any unreacted ZrOCl2, H3PO4, SPPA, or HCl.  The amount of ZrSPP in the 
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final composite membrane was determined after drying at 120 °C for 24 hours under vacuum.  

The following equation was used to calculate the amount of ZrSPP: 

% ZrP = Wafter – Wbefore x 100, 
Wafter 

5.3.  Results and Discussion 

 Sulfophenylphosphonic acid was synthesized successfully and the structure was verified 

by 1H NMR, 31P NMR, and mass spectrometry (Figs 5.1 – 5.2).  The NMR spectra were 

consistent with the proposed structure and compared well to literature spectra.276   
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Figure 5.1.  1H NMR of acidified sulfophenylphosphonic acid.   
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Figure 5.2.  31P NMR of phenylphosphonic acid compared to sulfophenylphosphonic acid.   
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 BPSH-35/ZrSPP composites with varied levels of sulfonation were fabricated using both 

a “precursor” method and an in-situ precipitation method.  Two different levels of sulfonation of 

the inorganic component were used.  The two additives used were 

Zr(HPO4)1.34(O3PC6H4SO3H)0.66 (referred to as ZrSPP0.33 because 33% of the ligands were 

sulfonated) and Zr(HPO4)1(O3PC6H4SO3H)1 (referred to as ZrSPP0.5 because 50% of the ligands 

were sulfonated).  For membranes prepared by the in-situ precipitation method, the amount of 

ZrSPP in the composite membranes was dependent on the concentration of the ZrOCl2 reagent 

solution.  The amount of ZrSPP in the final membrane increased as the concentration of ZrOCl2 

increased (Fig. 5.3).   

 The extremely hydrophilic sulfonic acid groups on the zirconium phosphonate required 

that extraction in aqueous environments be investigated.  For the BPSH-35/ZrSPP samples 

prepared by the precursor method, the extraction values were high (Table 5.1).  However, the 

extraction of ZrSPP from the in-situ membranes was significantly lower.  This implies that 

stability of the composite membranes is promoted by using the in-situ method to achieve small 

particle size. 
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Figure 5.3.  The amount of ZrSPP in composite membranes fabricated by the in-situ 
method increased as the ZrOCl2 concentration increased. 
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 Solid-state 31P CP/MAS NMR spectra were obtained for BPSH-35/ZrSPP composite 

membranes fabricated by both the precursor and in-situ methods (Fig. 5.4).  Composite 

membranes made by both methods showed a peak at ~ -20 ppm, which is characteristic of 

zirconium hydrogen phosphate (Zr(HPO4)2).  Signals at -15 and -5 ppm were assigned to species 

of formula Zr(HPO4)(O3PC6H4SO3H) and Zr(O3PC6H4SO3H)2, respectively.  While the in-situ 

membrane exhibited a small peak at 0 ppm, indicating small amounts of residual phosphoric 

acid, the membrane fabricated by the precursor method showed significant amounts of both 

phosphoric acid and sulfophenylphosphonic acid.  The precursor method does not involve 

washing the membrane after incorporation of the additive, so the unreacted phosphoric acid and 

sulfophenylphosphonic acid were not removed.  Most of these reagents were removed during the 

in-situ method because the membranes fabricated by this method were washed with deionized 

water for 24 hours.  The structure of the zirconium sulfophenylphosphonate is shown in Figure 

5.5.   

 Transmission electron microscopy (TEM) showed that the particle size of the ZrSPP was 

dependent upon the method used to fabricate the composite membranes.  The BPSH-35/ZrSPP 

composite membranes fabricated by the precursor method contained individual particles with 

sizes of about 1 μm and aggregates over 2 μm.  Composite membranes fabricated by the in-situ 

method exhibited much small particle size of about 10 nm or less (Fig. 5.6).   

 The optical properties of the BPSH-35/ZrSPP composite films made by the two methods 

were very different (Fig. 5.7).  The membranes fabricated using the in-situ method were optically 

transparent and appeared no different than the starting BPSH-35 membranes.  However, the 

“precursor” method resulted in cloudy or somewhat opaque films.   
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Figure 5.4.  Solid-state CP/MAS 31P NMR spectra of BPSH-35/ZrSPP0.33 composite 
membranes fabricated by the in-situ metod (left) and the precursor method (right).   
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Figure 5.5.  Structure of zirconium sulfophenylphosphonate single layer (left) and two 
adjacent layers (right) with sulfonic acid groups pointing toward the interlayer region.278 

                                                 
278 Alberti, G.;Casciola, M.;Pica, M.;Tarpanelli, T.;Sganappa, M. New Preparation Methods for Composite  
     Membranes for Medium Temperature Fuel Cells Based on Precursor Solutions of Insoluble Inorganic  
     Compounds.  Fuel Cells 2005, 5, 366. 
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Figure 5.6.  TEM images of BPSH-35/ ZrSPP composites fabricated by the in-situ method 

(left) and the precursor method (right). 
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Figure 5.7.  The in-situ method and “precursor” method resulted in very different optical 

properties of the composite membranes. 
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Table 5.1.  Extraction of ZrSPP (%) from BPSH-35/ZrSPP composite membranes after 
soaking in water overnight.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 2-27% ZrSPP0.5

-5920% ZrSPP0.5

1410010% ZrSPP0.5

165920% ZrSPP0.33

349610% ZrSPP0.33

In-situ
Method

Precursor
Method

2-27% ZrSPP0.5

-5920% ZrSPP0.5

1410010% ZrSPP0.5

165920% ZrSPP0.33
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 Conductivity measurements were performed at 80 °C as a function of relative humidity.  

The conductivity of the composite membranes prepared by the precursor method was compared 

to a “recast” BPSH-35 membrane, which was acidified by a boiling method and then re-

dissolved in DMF and cast on a glass plate.  Since the composite membranes prepared by the 

precursor method were essentially recast, this recast BPSH-35 membrane was used as a 

comparison.  The conductivity of the BPSH-35/20% ZrSPP0.5 membrane was lower than the 

boiled BPSH-35 membrane but higher than the recast BPSH-35 membrane (Fig. 5.8).  The 

difference in conductivity between the boiled and recast BPSH-35 membranes is due to 

morphological differences, since BPSH copolymers acidified by method 2 show much more 

interconnection of the hydrophilic domains by AFM.279  The proton conductivity of the 

composite membranes prepared by the in-situ method was much lower than BPSH-35 and also 

lower than the conductivity measured for the precursor membranes (Fig. 5.9).  Reacidification of 

the BPSH-35/ZrSPP composite membranes resulted in a significant improvement for the 

membrane prepared by the precursor method, but no great improvement for the in-situ membrane 

(Fig. 5.10).  During acidification by boiling, 85% of the additive was extracted from the 

precursor membrane, while the extraction of the in-situ composite membrane was the same as 

the room temperature extraction.   

                                                 
279 Kim, Y. S.; Wang, F.; Hickner, M.; McCartney, S.; Hong, Y. T.; Harrison, W.; Zawodzinski, T. A.; McGrath, J.  
      E. Effect of Acidification Treatment and Morphological Stability of Sulfonate Poly(arylene ether sulfone)  
      Copolymer Proton Exchange Membranes for Fuel Cell Use Above 100 °C. J. Polym. Sci.:  Part B: Polym. Phys.  
      2003, 41, 2816-2828. 
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Figure 5.8.  Conductivity as a function of relative humidity for BPSH-35, BPSH-35/20% 
ZrSPP0.5 prepared by the precursor method, and recast BPSH-35.   
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Figure 5.9.  Conductivity as a function of relative humidity for BPSH-35, BPSH-35/11% 
ZrSPP0.5, and BPSH-35/33% ZrSPP0.5 prepared by the in-situ method.   

0.00000

0.00001

0.00010

0.00100

0.01000

0.10000

40 50 60 70 80 90 100

Relative Humidity (%)

C
on

du
ct

iv
ity

 (S
/c

m
) 1: BPSH-35

2: 11% ZrSPP0.5 in-situ
3: 33% ZrSPP0.5 in-situ

1

2

3



 170

 

 

 

 

 

 

 

 

 

Figure 5.10.  Conductivity of in-situ and precursor BPSH-35/ZrSPP0.5 composite 
membranes after re-acidification by a boiling method.  
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Figure 5.11.  Tensile testing of BPSH-35/ZrSPP composite membranes made via the 
precursor method.  The number after the sample name is the amount of water in the 

sample.   
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 Tensile testing measurements at room temperature and ambient relative humidity were 

performed on previously dried membranes.  All of the BPSH-35/ZrSPP membranes prepared by 

both methods had higher tensile strength but lower elongation at break than pure BPSH-35.  The 

observed increase in modulus as more filler is added is expected of filled polymer systems.280  

The composite membranes prepared by the precursor method were brittle compared with BPSH-

35 (Fig. 5.11).  For the membranes prepared by the in-situ precipitation method, the tensile 

strength increased as the amount of ZrSPP increased (Figs. 5.12-5.13).  Figure 5.14 shows that at 

the same sulfonation level and loading, the membranes prepared by the in-situ method had 

greater elongation at break than those prepared by the precursor method.  This may be due to 

concentration of stress at the sharp edges of the large ZrSPP particles in the precursor 

membranes.  At high loadings, the in-situ composite membranes had tensile strength double that 

of pure BPSH-35, while still maintaining reasonable elongation at break.  However, the 

nonsulfonated ZrPP composites presented in Figure 4.8 have similar modulus at low loadings.  

Mechanical properties of BPSH-35/ZrPP composite membranes with high loadings have not 

been investigated.   

                                                 
280 Nielsen, L.E. Mechanical Properties of Polymers and Composites, Marcel Dekker, Inc.: New York 1974.   
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Figure 5.12.  Tensile testing of BPSH-35/ZrSPP0.33 composite membranes made via the in-
situ method.  The number after the sample name is the amount of water in the sample.  
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Figure 5.13. Tensile testing of BPSH-35/ZrSPP0.5 composite membranes made via the in-
situ method.  The number after the sample name is the amount of water in the sample.  
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Figure 5.14.  Independent of sulfonation level, ZrSPP composite membranes prepared by 
the in-situ method were more ductile than those prepared by the precursor method.   
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Table 5.2.  Tensile testing summary for BPSH-35/ZrSPP “precursor” composite samples.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3543010% ZrSPP0.33

3583620% ZrSPP0.5

6673110% ZrSPP0.5

2543620% ZrSPP0.33

200263Nafion 117

505529BPSH-35

Elongation at 
Break (%)

Stress at Break 
(MPa)

Young’s 
Modulus (MPa)

3543010% ZrSPP0.33

3583620% ZrSPP0.5

6673110% ZrSPP0.5

2543620% ZrSPP0.33

200263Nafion 117

505529BPSH-35

Elongation at 
Break (%)

Stress at Break 
(MPa)

Young’s 
Modulus (MPa)
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Table 5.3.  Tensile testing summary for BPSH-35/ZrSPP in-situ composite samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

111347333% ZrSPP0.5

151066027% ZrSPP0.5

16693411% ZrSPP0.5

13814017% ZrSPP0.33

38663810% ZrSPP0.33

200263Nafion 117
505529BPSH-35

Elongation at 
Break (%)

Stress at 
Break (MPa)

Young’s 
Modulus (MPa)

111347333% ZrSPP0.5

151066027% ZrSPP0.5

16693411% ZrSPP0.5

13814017% ZrSPP0.33

38663810% ZrSPP0.33

200263Nafion 117
505529BPSH-35

Elongation at 
Break (%)

Stress at 
Break (MPa)

Young’s 
Modulus (MPa)
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 The water uptake of the BPSH-35 membranes decreased when ZrSPP0.33 was added, 

which is surprising condsidering the hydrophilicity of the additive.  The water uptake was not 

strongly affected by the amount of ZrSPP0.33 in the membrane.  All membranes with ZrSPP0.33 

contents between 17 and 38 wt% ZrSPP0.33 had the same water uptake (Table 5.4), which was 

lower than the water uptake of pure BPSH-35.  Extraction of the hydrophilic additive was very 

low when the in-situ method was used, in contrast to the “precursor” method.  The conductivity 

of the membranes synthesized by the in-situ method was much lower than BPSH-35 in liquid 

water (Table 5.4).  Even though the extraction was low, perhaps the small amount of ZrSPP0.33 

which leached out of the membranes during equilibration in water left small pores.  This could 

have the effect of decreasing the proton conductivity.   

 Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the 

composite membranes fabricated by both methods (Fig. 5.15).  For membranes made by both the 

precursor and in-situ methods, the char yield increased with added ZrSPP.  The degradation 

temperature showed a slight difference between the two methods.  The in-situ BPSH-35/ZrSPP 

composite membranes had a higher initial degradation temperature than the pure BPSH-35, 

perhaps due to an interaction between the ZrSPP and the sulfonic acid moieties which could be 

made possible by the extremely small particle size.  However, the composite membranes made 

by the precursor method showed lower initial degradation temperatures than the pure BPSH-35.  

The precursor composite membranes have an initial degradation temperature around 200 ºC, 

while the in-situ composite membranes are stable to about 400 ºC.  Although traditional fuel cell 

operating conditions of less than 100 ºC would not be a concern with these degradation 

temperatures, the composite membranes made using the precursor method might be unstable at 

the desired operating temperatures of 120-150 ºC for long periods of time.   
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Figure 5.15.  TGA of BPSH-35/ZrSPP composite membranes made by the in-situ method 
(left) and the precursor method (right) showed increased char yield compared to pure 

BPSH-35, but the effect of additive on the initial degradation temperature was dependent 
on the fabrication method.   
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Table 5.4.  Water uptake and conductivity data for BPSH-35/ZrSPP0.33 composite 
membranes synthesized by in-situ precipitation.   

% ZrSPP0.33 Water Uptake (%) σ (mS/cm)a 

0 (BPSH-35) 37 80 

17 28 1.7 

28 28 1.7 

38 28 1.1 
a Measured at 25 °C in liquid water after equilibration for 24 hours.   
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5.4.  Conclusions 

 
 Composite membranes of BPSH-35 and zirconium sulfophenylphosponate were prepared 

by a “precursor” method, in which the inorganic particles were formed during film casting, and 

an in-situ method, in which small particles of ZrSPP were precipitated into the hydrophilic pores 

of a preformed membrane.  Solid-state CP/MAS 31P NMR of the composite membranes showed 

that ZrSPP was present in both membranes, but the precursor membrane had residual phosphoric 

and sulfophenylphosphonic acids, while the in-situ membrane had only a very small signal for 

phosphoric acid.  The optical properties of the BPSH-35/ZrSPP composite membranes were 

significantly different depending on the fabrication method.  The membranes fabricated by the 

precursor method were very cloudy, while those fabricated by the in-situ method were 

transparent.  TEM was used to show that the particle size of the inorganic particlies in the 

precursor membranes was much larger (1-2 μm) than those in the in-situ membranes (10 nm).  

The extraction values in liquid water were very high for the precursor membranes, while the 

membranes made by the in-situ method had much less extraction.  Proton conductivity was 

measured as a function of relative humidity.  Compared to a “recast” BPSH-35, a BPSH-

35/ZrSPP membrane with 20 wt% ZrSPP0.5 made by the precursor method had good proton 

conductivity as a function of relative humidity.  The conductivity of the in-situ membranes was 

lower than pure BPSH-35 and did not improve significantly when reacidified by a boiling 

method.  The precursor membrane, however, did improve dramatically after reacidification, 

producing even higher conductivity than the pure BPSH-35 membrane.  Tensile testing showed 

that the amount of inorganic component affected the modulus of the composite membrane, but in 

general all of the composite membranes made by the precursor method were brittle.  The amount 

of inorganic component had a slight effect on the modulus – the membranes containing 20% of 
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ZrSPP had slightly higher modulus than those containing 10% of ZrSPP for both sulfonation 

levels.  The BPSH-35/ZrSPP composite membranes made by the in-situ were more ductile than 

those made by the precursor method and the modulus and tensile strength increased with added 

ZrSPP, while the elongation at break decreased.  TGA showed increased char yield as the 

amount of ZrSPP increased for membranes made by both methods.  The degradation temperature 

was enhanced in membranes made by the in-situ method, while the degradation temperature 

decreased when ZrSPP was added by the precursor method.   
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6.  Synthesis and Characterization of Partially Fluorinated Poly(arylene ether sulfone) 
Random (Statistical) Copolymers and Composites with Zirconium Hydrogen 

Phosphate281,282 
 

6.1.  Introduction 
 

 Directly copolymerized disulfonated poly(arylene ether sulfone) copolymers are 

advantageous for proton exchange membrane applications due to their excellent thermal and 

oxidative stability, high proton conductivity, and low methanol permeability.11, 13, 208  Partially 

fluorinated poly(arylene ether sulfone)s have added benefits due to decreased water swelling and 

fluorine surface-enrichment, which may promote adhesion with Nafion electrodes, leading to 

greater long-term stability within the fuel cell and decreased interfacial resistance.  Disulfonated 

partially fluorinated poly(arylene ether sulfone) copolymers, synthesized via direct 

copolymerization, have been shown to exhibit improved direct methanol fuel cell (DMFC) 

performance over both Nafion and similar nonfluorinated copolymers.283  The long-term 

performance of DMFCs is strongly influenced by the interfacial resistance between the 

membrane and the electrodes, which can be measured by detecting changes in the high frequency 

resistance (HFR) over time.  If the incompatibility of the membrane and the electrodes is such 

that delamination occurs during operation of the fuel cell, the HFR increases.  Partially 

fluorinated poly(arylene ether)s show improved adhesion to the electrodes over time, compared 

to non-fluorinated poly(arylene ether)s.  This may be due to increased chemical similarity to the 

                                                 
281 Hill, M.L.; Einsla, B.R.; Kim, Y.S.; Harrison, W.; Pivovar, B.S.; McGrath, J.E. Direct Methanol Fuel Cell  
      Performance of Partially Fluorinated Disulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers.  
      Advances in Materials for Proton Exchange Membrane Fuel Cell Systems February 20-23, 2005.   
282 Hill, M.L.; Einsla, B.R.; McGrath, J.E. Partially Fluorinated Poly(arylene ether sulfone) Copolymers Modified  
      with Zirconium Hydrogen Phosphate for Proton Exchange Membranes. American Chemical Society Division of  
      Fuel Chemistry Preprints 2005, 50(2), 652-653.   
283 Kim, Y.S.; Sumner, M.J.; Harrison, W.L.; Riffle, J.S.; McGrath, J.E.; Pivovar, B.S. Direct Methanol Fuel Cell  
      Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers, J. Electrochem. Soc., 2004, 151,  
      A2150.   
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Nafion electrodes, or possibly because these polymers have water uptake values more similar to 

Nafion.284  The synthesis and initial characterization of these copolymers has already been 

reported,45 but the acidification procedure has been changed for this work.  Previously, the 

copolymers were acidified at room temperature.  Herein, characterization of partially fluorinated 

poly(arylene ether sulfone) copolymers acidified by a boiling acidification method is presented.  

This method of acidification has been shown to be advantageous for non-fluorinated 

poly(arylene ether sulfone) copolymers.234  In this work, the boiling acidification procecure was 

applied to the previously reported partially fluorinated copolymers and a comparison of the two 

acidification methods is presented.   

Proton exchange membranes can be further improved by the addition of an inorganic 

component.185  The addition of certain inorganic materials to proton exchange membranes may 

decrease the water uptake and methanol permeability, while increasing the mechanical strength 

of the membrane.  The permeability to gases, especially oxygen, is an important property in 

hydrogen/air fuel cell systems, and it has been suggested that this is lowered by the addition of 

inorganic materials.  Metal oxides, phosphates, and phosphonates are among the materials that 

have been investigated for proton exchange membrane additives.  The precipitation of zirconium 

hydrogen phosphate (ZrP) into Nafion membranes through an in-situ method results in very 

small particles of ZrP dispersed within the pores of the membrane.176  Nafion/ZrP hybrid 

membranes prepared by this technique can be used at higher temperatures than pure Nafion 

membranes.  The inorganic component may also prevent dehydration of the membranes at 

elevated temperatures.  The water uptake and swelling of the membranes may also be reduced 

upon addition of ZrP, which an important factor in PEMFC performance.  The fabrication and 

                                                 
284 Kim, Y.S.; Pivovar, B.S. 206th Joint International Meeting of the Electrochemical Society, October 3-8, 2004,  
      Honolulu, HI.   
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initial characterization of organic/inorganic composite proton exchange membranes combining 

disulfonated partially fluorinated poly(arylene ether sulfone) copolymers and ZrP is reported 

herein.   

6.2.  Experimental 

6.2.1.  Materials 
 

4,4’-Hexafluoroisopropylidenediphenol (6F-BPA) was obtained from Ciba, and sublimed 

before use.  N.N-Dimethylacetamide (DMAc) (from Fisher Scientific) was distilled under 

reduced pressure from calcium hydride, and stored over 4 Angstrom molecular sieves.  Zirconyl 

chloride (ZrOCl2, 30% in hydrochloric acid), 4,4’-dichlorodiphenylsulfone (DCDPS) and 

phosphoric acid (H3PO4) were purchased from Aldrich and used as received.  All other reagents 

were obtained from Aldrich and were used without purification.   

6.2.2.  Synthesis of Disodium-3,3’-Disulfonated-4,4’-Dichlorodiphenylsulfone (S-DCDPS) 
  
 4,4’-Dichlorodiphenylsulfone (25 g, 98 mmol) was dissolved in 50 mL of fuming sulfuric 

acid (27-30% free SO3) in a 500-mL three-necked flask equipped with a mechanical stirrer, 

condenser, and nitrogen inlet/outlet.  The solution was heated at 110 °C for 6 hours, then cooled 

and dissolved in 800 mL of ice/deionized water.  The product was precipitated with 180 g of 

sodium chloride, and the white precipitate was filtered and re-dissolved in 300 mL of deionized 

water.  The acidic solution was titrated to neutral pH with 2M sodium hydroxide.  The product 

was again precipitated using 180 g of sodium chloride.  The precipitate was filtered and dried in 

vacuo at 160 °C overnight.  The crude product was recrystallized from hot methanol to remove 

excess sodium chloride.  Yield 70%; 1H NMR (400 MHz, DMSO-d6) δ 8.3 ppm (d, 2H), 7.85 

ppm (d, 2H), 7.65 ppm (d, 2H).   
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6.2.3.  Synthesis of Disulfonated Copolymers Containing 6F-BPA 
 
 Poly(arylene ether sulfone) copolymers were synthesized via nucleophilic aromatic 

substitution in a step-growth or polycondensation reaction.  A sample reaction follows.  To 

obtain a copolymer with a degree of disulfonation of 50% (i.e. 50% of the repeat units contain 

two sulfonic acid groups), 6F-BPA (3.00 g, 8.92 mmol), DCDPS (1.28 g, 4.46 mmol), S-DCDPS 

(2.19 g, 4.46 mmol), potassium carbonate (15% molar excess with respect to the number of 

hydroxyl groups, 1.42 g, 10.3 mmol), DMAc (32 mL, 20% solids), and toluene (16 mL) were 

added to a 100-mL, 3-neck, round-bottom flask equipped with a mechanical stirrer, nitrogen 

purge, Dean-Stark trap, and condenser.  The toluene was refluxed at 145 °C for 4 hours to 

azeotrope the water, and then removed from the Dean-Stark trap.  After all of the toluene and 

water had been removed, the reaction was heated to 165°C and allowed to react for an additional 

24-36 hours.  The viscous product was diluted with DMAc and precipitated into deionized water.  

To further remove the salts, the copolymer was stirred in deionized water for 24 hours at 60°C 

and dried for 24 hours at 70°C and 24 hours at 120°C under vacuum.  All other copolymer 

compositions were synthesized under similar conditions.   

6.2.4.  Membrane Preparation and Acidification 
 
 The copolymers in the potassium sulfonate form were dissolved in DMAc (5% w/v), 

filtered through a 0.45-μm syringe filter, and cast onto a clean glass plate.  The solvent was 

evaporated under an infrared lamp, resulting in transparent, flexible films.  To convert the 

potassium sulfonate groups to the acid form, two methods were used.  Method I consisted of 

immersing the membranes for 24 hours in 1.5 M aqueous sulfuric acid at room temperature and 

an additional 24 hours in deionized water at room temperature.  Method II consisted of a 2 hour 

boiling treatment in 0.5 M aqueous sulfuric acid and an additional 2 hours in boiling deionized 
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water.  Acidified membranes are referred to as 6FSH-XX, where XX represents the degree of 

disulfonation and the ‘H’ signifies the acid form.  These two methods of acidification are 

expected to result in membranes with different morphologies, based on previous results with 

similar systems.208  Membranes acidified by method 1 exhibit continuity in the hydrophobic 

domains, while those acidified by method 2 typically have a much more “open” morphology, 

wherein the hydrophilic domains are co-continuous.   

6.2.5.  Characterization 
 
 Intrinsic viscosity measurements of all polymers were obtained at 25°C using an 

Ubbelohde viscometer.  The solvent was NMP containing 0.05M lithium bromide to shield the 

interactions between polar groups on the polymer backbone and lessen the polyelectrolyte effect.   

 1H NMR experiments were conducted on a Varian Inova 400 spectrometer.  All spectra 

were obtained from dilute solutions in d6-dimethylsulfoxide, with the exception of the S-DCDPS 

monomer, which was dissolved in deuterated water.  Magic angle spinning (MAS) 31P NMR 

spectroscopy was obtained on a Bruker MSL 300 instrument.  The spectra were obtained using 

100-200 scans using a spinning rate of 6.0-6.5 kHz.   

FTIR spectra were recorded on a Nicolet Impact 400 FTIR Spectrometer using thin 

polymer films.  A high-temperature cell was used to control the temperature of the film inside 

the spectrometer and to ensure that all samples were dry before collecting the measurements.  All 

spectra were measured at a resolution of 4 cm-1 and represent the sum of 64 scans. 

 To measure water uptake, the membranes were immersed in deionized water for 24 

hours, quickly wiped dry, and weighed.  The membranes were then dried at 120 °C in a vacuum 

oven for 24 hours and the dry weight was obtained.  The water uptake was calculated using the 

following formula: 
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  WU (wt.%) = Wwet – Wdry   x 100, 
         Wdry 

 
where Wwet and Wdry represent the masses of the wet and dry membranes, respectively.   

 
In-plane protonic conductivity in liquid water at room temperature was measured by a 

two-probe method using a Hewlett-Packard 4192A Impedance/Gain-Phase Analyzer over the 

frequency range of 10 Hz to 1 MHz.  The cell geometry was chosen to ensure that the membrane 

resistance dominated the response of the system. The resistance of the film was taken at the 

frequency that produced the minimum imaginary response. 

 A TA Instruments TGA Q 500 was employed to evaluate the thermal stability of all 

copolymers and composite membranes up to temperatures of 800 ºC in air.  A TA Instruments 

DMA 2980 Dynamic Mechanical Analyzer was used to determine the thermal transitions of the 

polymers from -120 ºC to 350 ºC with a frequency of 1 Hz.  DMA plots represent both storage 

modulus (log scale) and tan delta (log scale) versus temperature (normal scale).   

 The copolymers in their acid form were subjected to high temperatures (up to 260 °C) to 

evaluate their thermal stability.  Intrinsic viscosity and infrared spectroscopy data was obtained 

after heating the membranes in air for one-half hour to each of four temperatures:  140 °C, 180 

°C, 220 °C, and 260 °C.   

 Surface compositions were analyzed on a Perkin-Elmer Physical Electronic Model 5400 

XPS spectrometer.  The spectrometer was equipped with a Mg/Kα achromatic X-ray source (300 

W, 14 kV).  Survey scans were taken in the range of 0–1100 eV.  The binding energy of each 

photopeak was referenced to C1s level from ubiquitous organic material at 285.0 eV.   

 Membrane electrode assemblies (MEAs) for all membranes were prepared with standard 

Nafion-based electrodes using a direct painting method developed at Los Alamos National 
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Laboratory.285, 286  Catalyst loadings were approximately 6 mg cm-2 of platinum on the cathode, 

and 9 mg cm-2 of platinum/ruthenium on the anode. 

 Direct methanol fuel cell (DMFC) polarization curves were measured using a Fuel Cell 

Technologies, Inc. Fuel Cell Test Station.  Each membrane was exposed to a breakin period 

under hydrogen/air conditions at a cell voltage of 0.5 V for at least two hours, or until the current 

density leveled off.  For DMFC testing, the anode was supplied with methanol (the concentration 

in water was varied) at a flow rate of 1.8 mL min-1.  The cathode was supplied with humidified 

air (90 oC) at a flow rate of 500 sccm with no back pressure.  The cell temperature was held at 80 

°C.  Methanol crossover experiments were performed under fuel cell conditions, with aqueous 

methanol (1.8 mL min-1) supplied to the anode and humidified nitrogen (500 sccm) supplied to 

the cathode.  The methanol flux was determined from the limiting current density resulting from 

methanol oxidation at the cathode.258  

6.2.6.  Preparation of Polymer/Inorganic Nanocomposite Membranes 
 

Nanocomposite membranes were formed by in-situ precipitation of zirconium 

hydrogen phosphate (Zr(HPO4)2•H2O, ZrP) into the hydrophilic portions of the membrane.  First, 

the hydrophilic domains were swollen by treatment in boiling water for one hour.  The excess 

water was wiped from the membrane, which was then immersed in a zirconyl chloride solution 

for a specified time at 80 ºC.  The amount of inorganic component in the final composite 

membrane was controlled by varying the concentration of zirconyl chloride solution as well as 

the soaking time in zirconyl chloride.  The concentration of the zirconyl chloride solution was 

                                                 
285 Thomas, S.C.; Ren, X.; Gottesfeld, S.; Zelenay, P. Direct Methanol Fuel Cells:  Progress in Cell Performance and  

Cathode Research.  Electrochim. Acta 2002, 47, 3741.   
286 Kim, Y.S.; Sumner, M.H.; Harrison, W.L.; Riffle, J.S.; McGrath, J.E.; Pivovar, B.S. Direct Methanol Fuel Cell  
      Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers.  J. Electrochem. Soc. 2004, 151,  
      A2150.   
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varied from one to 30 weight %.  Upon removal from the zirconyl chloride solution, the 

membrane was quickly rinsed with water to remove excess zirconyl chloride from the surface, 

then immersed in a solution of 1.0 M phosphoric acid at room temperature for 24 hours.  After 

this step, each membrane was washed in boiling water to remove any excess zirconyl chloride 

and phosphoric acid.  The membranes were then dried under vacuum at 120 ºC for 24 hours to 

obtain the dry weight of the composite membrane.  The final amount of inorganic component in 

the membrane was determined by the following equation: 

  % ZrP = Wafter – Wbefore x 100, 
    Wafter 
 
where Wbefore is the dry mass of the unmodified polymer membrane, and Wafter is the dry mass of 

the composite membrane.   

6.3.  Results and Discussion 
 
 S-DCDPS was successfully synthesized in 91% yield via electrophilic aromatic 

substitution using sulfur trioxide (Figure 6.1).  The structure was verified by 1H NMR (Fig. 6.2).   
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Figure 6.1.  Synthesis of sulfonated DCDPS from DCDPS. 

SCl
O

O
Cl SCl

O

O
Cl

SO3Na

NaO3S

1. SO3/H2SO4, 110 °C, 6 h
2. Ice/water

3. NaCl

4. NaOH
5. NaCl

6. MeOH

SCl
O

O
Cl SCl

O

O
Cl

SO3Na

NaO3S

1. SO3/H2SO4, 110 °C, 6 h
2. Ice/water

3. NaCl

4. NaOH
5. NaCl

6. MeOH



 192

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2.  1H NMR spectrum of SDCDPS monomer. 
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 Partially fluorinated disulfonated poly(arylene ether sulfone) copolymers with varying 

degrees of disulfonation were successfully synthesized and isolated in the potassium sulfonate 

form.  Copolymers in the potassium salt form prepared from 6F-bisphenol A are hereafter 

referred to as 6FS-XX, where XX represents the percentage of repeat units containing two 

sulfonic acid groups, or the degree of disulfonation.  In the acid form, the copolymers are 

referred to as 6FSH-XX.  The general synthetic scheme for the copolymers is shown in Figure 

6.3.  All copolymers afforded tough, ductile, transparent films.  The synthesis and preliminary 

characterization of these copolymers has been previously discussed.287, 288   

Table 6.1 summarizes the copolymers that were synthesized, their calculated degrees of 

disulfonation by 1H NMR, yields of the polymerization reactions, and intrinsic viscosities.   

 Integration of 1H NMR signals was used to calculate the actual percentage of 

disulfonation in the copolymers.  The integration values for three different types of protons (k, a, 

and b) (Fig. 6.4) were used in the following equation for the calculations:   

 
   % Disulfonation =         k/2          x 100 
                 k/2 + (a+b)/8 
 
All degrees of disulfonation determined by 1H NMR were in good agreement with the molar feed 

ratios of DCDPS and S-DCDPS, which verifies incorporation of the sulfonated comonomer into 

the copolymers.  A representative 1H NMR spectrum with all peaks assigned is shown in Figure 

6.4.   

                                                 
287 Harrison, W. L.; Wang, F.; Mecham, J. B.; Bhanu, V. A.; Hill, M.; Kim, Y. S.; McGrath, J. E. Influence of the 

Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I J. Polym. Sci.:  
Part A:  Polym. Chem. 2003, 41, 2264-2276.   

288 Harrison, W.; Shobha, H.; Wang, F.; Mecham, J.; Glass, T.; O’Connor, K.; McGrath, J.E. Influence of Bisphenol  
      Structure on the Direct Synthesis of Poly(arylene ether)s ACS Polym. Preprints, 2002, 41(2), 1239.   
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 The FTIR spectra for the 6FS-XX series of copolymers were normalized using the CF3 

peak at 968cm-1 (Fig. 6.5).289  In both series, the sulfonic acid peaks at 1030cm-1 and 1077cm-1 

increased in absorbance with increasing degree of disulfonation of the copolymer.  This further 

demonstrates successful incorporation of S-DCDPS into the copolymers.   

 To determine the water uptake of the disulfonated copolymers, the following formula was 

used:   

Water uptake = Wwet – Wdry  x 100%, 
                     Wdry 

 

where Wwet is the mass of the wet membrane and Wdry is the mass of the dry membrane.  There 

was a distinct difference in the water uptake of the copolymers that were acidified by Method I 

compared to those which were acidified by Method II.  The water uptake values are higher for 

copolymers acidified by Method II for all degrees of disulfonation (Fig. 6.6).  For the lower 

degrees of disulfonation the difference is somewhat small compared to the 50% and 60% 

disulfonated copolymers.  For example, the 6FSH-50 copolymer has a water uptake of 34% 

when acidified by Method I, but that value increases to nearly 200% when Method II 

acidification is employed.  This is thought to be caused by morphological changes brought on by 

the boiling treatment of Method II.234  Treatment at high temperatures under hydrated conditions 

allows the sulfonated domains to aggregate, resulting in co-continuity of the hydrophilic regions 

(Fig. 6.7).  Analogous behavior is expected for the 6FSH-XX copolymers.   

                                                 
289 Wang, Z.; Chen, T.; Xu, J. Synthesis and Properties of Novel Random and Block Copolymers Composed of  
      Phthalimidine- and Perfluoroisopropylidine-polyarylether-sulfones. Polym. Int. 2001, 50, 249.   
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Figure 6.3.  Synthesis of 6FSH-XX disulfonated copolymers. 
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Table 6.1.  Summary of properties 6FSH-XX copolymers, measured degrees of 
disulfonation, yields, and intrinsic viscosities.   

 

 % Disulfonation by 
1H NMR 

Theoretical IEC 
(meq/g) Yield, % IV, (NMP with 0.05 M 

LiBr, 25°C) dL/g 

6FS-00 Control 0 
 96 1.23 

6FS-20 18 0.7 97 0.49 

6FS-30 29 1.0 99 0.53 

6FS-40 37 1.3 96 0.51 

6FS-50 48 1.6 88 0.69 

6FS-60 58 1.9 82 0.54 



 197

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4.  1H NMR spectrum of 6FS-40 with peaks assigned to corresponding protons on 
the structure.   
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 The conductivity values for 6FSH-XX copolymers acidified by Methods I and II were 

also compared (Fig. 6.8).  In general, the conductivity of the disulfonated copolymers is 

favorable, but those acidified by Method II have higher conductivity values than those acidified 

by Method I.   

 TGA and DMA were used to evaluate the copolymers’ thermal stability and thermal 

transitions, respectively.  TGA thermograms of the 6FSH-XX copolymers showed that all of the 

copolymers lost no weight until about 250°C (with the exception of 6FSH-60, which was stable 

only to 200 °C) (Fig. 6.9).  There was also a trend of decreasing degradation temperature as the 

degree of disulfonation increased (Table 6.2).   

 DMA was used to determine the glass transition temperatures of the dry 6FSH-XX 

copolymers.  A representative DMA plot (Fig. 6.10) shows the alpha, beta, and gamma 

transitions of the copolymers.  The glass transition temperatures of the copolymers, which were 

obtained from the alpha transitions, are summarized in Table 6.2.  The trend of increasing Tg 

with increasing degree of disulfonation, due to stronger intermolecular interactions, has also been 

demonstrated in other sulfonated copolymers.290   

                                                 
290 Wilkes, G.L.; Zant, M.R.; Mauritz, K.A., Eds.; Ionomers:  Synthesis, Structure, Properties, and  
     Applications; Blackie Academic and Professional Pub. Co., NY, 1997.   
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Figure 6.5.  FTIR spectra of 6FS copolymers obtained from thin films. 
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Figure 6.6.  Water uptake data for 6FSH-XX copolymers (0 to 60% disulfonation) acidified 

by Method I (left) and Method II (right).  
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Figure 6.7.  AFM phase images of BPSH-35 a) after method 1; b) after method 2; and c) 
after high-temperature exposure at 140 ºC.  Scan size = 500 nm; Z range = 10º.  
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Figure 6.8.  Conductivity values of fully hydrated 6FSH-XX copolymers acidified by 
Methods I and II.  The conductivity of Nafion 1100 is shown as 0.1 S/cm for comparison.  

All conductivity values were measured at 30 °C in liquid water. 
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 To evaluate the thermal stability of the 6FSH copolymers, they were subjected to one-

half hour at each of four temperatures:  140, 180, 220, and 260 °C.  After exposure to each 

temperature, the intrinsic viscosity and infrared spectrum of the copolymers were measured.  The 

intrinsic viscosity measurements showed no appreciable change throughout the aging process.  

The FTIR spectrum of 6FSH-30 showed no change in the sulfonic acid peak at 1030 cm-1 up to 

220 °C (Fig. 6.11).  Loss of tightly bound water may account for the decrease in intensity of this 

peak after exposure at 260 °C or, more likely, it may represent the initial degradation of the 

sulfonic acid moiety.   

 Fluorine content at the surface of the films was distinctly higher for films prepared by 

Method II than those prepared by Method I.  Figure 6.12 shows this difference for the 6FSH-50 

and the 6FSH-60, as well as the amount for the control, which is significantly lower.  This is 

probably due to the fluorine enrichment of the surface in the sulfonated copolymers, also known 

as self-assembly.  It is possible that this higher fluorine content on the surface of the films might 

be useful in protecting against oxidation of the copolymers or promoting adhesion to the 

fluorinated Nafion electrodes, leading to decreased interfacial resistance and longer operational 

lifetimes in fuel cells.   
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Figure 6.9.  TGA of 6FSH-XX copolymers with a heating rate of 10 °C/minute in air.   
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Figure 6.10.  DMA of dry 6FSH-40 acidified by Method II with a heating rate of 10 
°C/minute and frequency of 1 Hz.   
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Table 6.2.  Tg and T5% (temperature at 5% weight loss) for 6FS-00, 6FSH-20, 6FSH-30, and 
6FSH-40 (all acidified by Method II).   

Sample Tg, °C (from DMA) T5%, °C (from TGA) 

6FS-00 192 - 

6FSH-20 - 456 

6FSH-30 239 391 

6FSH-40 261 378 
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Figure 6.11.  IR spectra of 6FSH-30 (acidified by Method II) after ½ hour at 140, 180, 220, 
and 260 °C.   
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Figure 6.12.  XPS analysis of 6FS-00, 6FSH-50 (acidified by both Method I and Method II) 
and 6FSH-60 (acidified by both Method I and Method II).  The theoretical values are 21% 

for the control, 18% for 6FSH-50, and 17.6% for 6FSH-60.  (Values are in atom%). 
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 Since fuel cells typically operate above room temperature, investigation of the proton 

conductivity under a variety of conditions is desirable.  For evaluation of membranes to be used 

in hydrogen/air fuel cells, which typically operate at less than 100% relative humidity, evaluation 

of the conductivity at a variety of humidities is necessary.  The proton conductivity behavior at 

different relative humidities for 6FSH-30 and -40, acidified by method 2, is shown in Figure 

6.13.  As expected, 6FSH-40 had higher conductivity than 6FSH-30 over the entire humidity 

range, but both were lower than Nafion.   

 For evaluation of membranes to be used in direct methanol fuel cells, measurement of 

conductivity in liquid water at elevated temperatures is useful.  The conductivities of 6FSH-20, -

30, and 40 were measured in liquid water from 30 to 80 ºC (Fig. 6.14).  6FSH-40 had the highest 

conductivity, followed by 6FSH-30, then 6FSH-20.  For 6FSH-30 and -40, both method 1 and 

method 2 acidification were investigated.  For both 6FSH-30 and 6FSH-40, method 2 resulted in 

higher proton conductivity than method 1 over the entire temperature range.  For 6FSH-20, only 

method 2 acidification was used for this experiment due to the extremely low conductivity of 

6FSH-20 acidified by method 1.   

 Direct methanol fuel cell performance of the 6FSH-20, -30 and -40 copolymers was 

investigated.  The performance of the 6FSH-30 membranes was better than 6FSH-20 and -40.  

As will be discussed later, the advantage of the 6FSH-30 is probably due to its balance between 

moderately low methanol permeability and modest proton conductivity.  Compared with Nafion 

117, which is a widely used “benchmark” membrane, 6FSH-30 performed similarly or slightly 

better (Fig. 6.15).  However, since the thickness of the membranes has a significant effect on the 

performance, Nafion 1135 would be a better comparison to the 6FSH membranes with thickness 
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of about 3-3.5 mil.  When compared with Nafion of the same thickness, the advantage of the 

6FSH membranes becomes even more evident (Fig. 6.16).   

 The performance of 6FSH-20 looks promising in the open circuit region because of its 

low methanol permeability, but quickly drops off due to ohmic losses.  This is due to the 

inherently low proton conductivity of the 6FSH-20 copolymer.  Although the 6FSH-40 had the 

highest methanol permeability of the 6FSH copolymers investigated, its high conductivity led to 

moderate performance.  The 6FSH-30 showed the best performance due to moderate methanol 

permeability and proton conductivity.  Table 6.3 summarizes the DMFC performance of the 

6FSH copolymers in terms of proton conductivity, methanol permeability, and relative 

selectivity.  Selectivity is the ratio of proton conductivity to methanol permeability, and relative 

selectivity is the selectivity of a membrane in question divided by the selectivity of Nafion.  As 

shown in the table, 6FSH-30 had the highest selectivity, while 6FSH-40 was still higher than 

Nafion, and 6FSH-20 was lower than Nafion.  This agrees well with the DMFC performance 

curves.   

 Since 6FSH-30 showed the best performance of the 6FSH copolymers, this level of 

sulfonation was chosen for further detailed DMFC studies.  First, the performance of 6FSH-30 

was investigated at different methanol concentrations (Fig. 6.17).  The methanol concentration at 

which the 6FSH-30 performed at its highest was 0.5 M.  Lower methanol concentrations like 0.3 

M suffered at high current densities due to mass transport losses.  At higher methanol 

concentrations the membrane could not recover from lower open circuit voltage (OCV) due to 

methanol crossover.  Even though the performance of 6FSH-30 decreased at higher methanol 

concentrations, the performance was still much higher than Nafion 1135 at 2.0 M (Fig. 6.18).   
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 Methanol permeability was examined over the temperature range of 30 to 80 ºC.  At all 

temperatures studied, 6FSH-20 had the lowest methanol crossover of all the membranes (Fig. 

6.19).  The methanol permeability of the 6FSH-XX copolymers increased as the degree of 

disulfonation or IEC was increased.  Methanol permeability, or the transport of methanol through 

the membrane from the anode to the cathode, is undesireable because it results in wasted fuel and 

a backward flow of current due to the oxidation of methanol at the cathode, which decreases the 

overall current.  Therefore, methanol permeability is a major factor in determining DMFC 

performance.   

 Figure 6.20 shows that the OCV of 6FSH-30 decreased as the methanol concentration 

increased.  The current density at 0.5 V is a common property that is used to compare different 

membranes in DMFCs.  Figure 6.20 also illustrates that for 6FSH-30, the current density at 0.5 V 

increased initially because of increased availability of fuel to the anode catalyst sites.  At 

methanol concentrations of 1.0 M and higher, the current density at 0.5 V once again decreased 

due to methanol crossover.   



 212

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13.  Proton conductivity of 6FSH-30, 6FSH-40, and Nafion 117 at 80 ºC and 
various relative humidities.   
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Figure 6.14.  Proton conductivity values of 6FSH-20, -30, and -40 in liquid water from 30 to 

80 ºC. 
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Figure 6.15.  DMFC performance of 6FSH-20, -30 and -40 compared to Nafion 117 with 
methanol concentration of 0.5 M and a cell temperature of 80 ºC.   
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Figure 6.16.  DMFC performance of 6FSH-20, -30 and -40 compared to Nafion 1135 with 
methanol concentration of 0.5 M and a cell temperature of 80 ºC. 
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Figure 6.17.  DMFC performance of 6FSH-30 (thickness = 3.4 mil) at different methanol 
concentrations with a cell temperature of 80 ºC.   
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Figure 6.18.  DMFC performance of 6FSH-20 and -30 compared to Nafion 1135 with 
methanol concentration of 2.0 M and a cell temperature of 80 ºC. 
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Figure 6.19.  Methanol permeability of Nafion 117, 6FSH-20, -30, and -40 as a function of 
temperature, measured with 0.5M methanol.   
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Figure 6.20.  Open circuit voltage decreased as methanol concentration increased, and 
current density at 0.5 V was maximum at methanol concentrations of 0.5-0.7 M, measured 

at 80 ºC.   
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Table 6.3.  Summary of conductivity, methanol permeability, and calculated relative 
selectivity values for 6FSH-XX copolymers at 80 ºC.   

Membrane Conductivity 
(S/cm)* Methanol Permeability (cm2/s) Relative 

Selectivity 

Nafion 1135 0.11 4.3 x 10-6 1.0 

6FSH-20 0.01 5.1 x 10-7 0.8 

6FSH-30 0.07 1.0 x 10-6 2.7 

6FSH-40 0.10 1.7 x 10-6 2.3 

*Conductivity was measured from HFR during fuel cell operation at 80 ºC.  
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 Composite membranes containing zirconium hydrogen phosphate dispersed in a matrix of 

partially fluorinated disulfonated poly(arylene ether sulfone) copolymers were fabricated by in-

situ precipitation of the ZrP.  The amount of inorganic component was controlled by varying the 

concentration of the zirconium precursor, zirconyl chloride (Fig. 6.21).  The degree of 

disulfonation of the copolymer also affected the amount of ZrP that could be incorporated.  

6FSH-35 had greater concentrations of ZrP than 6FSH-30 because of the greater content of ionic 

groups.  This is partially because of the higher water uptake (and higher uptake of ZrOCl2 

solution) and partially because there are more sulfonic acid groups for the Zr4+ to interact with 

during the soaking time in ZrOCl2.  The water uptake of the 6FSH membranes decreased due to 

incorporation of ZrP into the hydrophilic domains of the membrane.  As expected, the water 

uptake continued to decrease as the ZrP content increased (Fig. 6.22). 

 The amount of ZrP in the composite membranes affected the thermal stability of the 

membranes as well (Fig. 6.23).  The char yield, from thermogravimetric analysis, increased with 

increasing levels of ZrP, due to the high thermal stability of the additive.   

The protonic conductivity of the composite membranes decreased as a function of ZrP content 

(Table 6.4).  This could be due to the decrease in water uptake, since hydration is required for 

protonic conductivity.   

 The tensile properties of the 6FSH-30/ZrP membranes were investigated.  As expected, 

addition of the ZrP increased the modulus and tensile strength of the 6FSH-30 membranes, but 

decreased the elongation at break (Fig. 6.24).  This further reinforces the conclusion that small 

amounts of ZrP are beneficial, but large amounts are detrimental to the properties of the 

membrane.  
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Figure 6.21.  Incorporation of ZrP into 6FSH-30 and -35 membranes was dependent upon 
the concentration of the ZrOCl2 solution. 



 223

 

 

 

 

 

 

 

Figure 6.22.  Water uptake of the 6FSH-35 composite membranes decreased as a function 
of ZrP content.  All ZrP composites were made with membranes acidified by Method 2.   
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Figure 6.23.  Thermogravimetric analysis of 6FSH-35/ZrP composites, with increasing char 
yield. 
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Table 6.4.  Protonic conductivity as a function of temperature for 6FSH-35 
compared to a composite membrane with 15% ZrP.  (All ZrP composites were acidified by 

method 2 before incorporation of the inorganic component).   
 

 
 
 

Temperature 6FSH-35 6FSH-35 / 15% ZrP

30 °C 0.07 0.02

50 °C 0.09 0.03

80 °C 0.11 0.08

Conductivity, S/cm
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Figure 6.24.  Tensile testing of 6FSH-30/ZrP composite membranes.  The number after 
each sample name is the amount of water in the sample.  
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6.4.  Conclusions 
 
 Partially fluorinated disulfonated copolymers were successfully synthesized via 

nucleophilic aromatic substitution.  The structure and level of disulfonation were confirmed by 

1H NMR.  Water uptake and fluorine enrichment (by XPS) at the surface of the films were 

considerably higher for the films acidified by Method II.  For films acidified by Method II, TGA 

showed that the films are all stable up to at least 200°C, but the degradation temperature 

decreases as the degree of disulfonation is increased.  Glass transition temperatures (Tg) were 

determined by DMA and were found to increase with increasing degree of disulfonation.  Aging 

studies showed that there is no change in molecular weight (determined by intrinsic viscosity) or 

spectral change up to 260°C.   

 Direct methanol fuel cell testing was performed on the 6FSH-XX membranes, and 

showed that the 6FSH-30 membrane had superior performance to both 6FSH-40 and Nafion 

membranes due to lower methanol permeability, which was illustrated over a wide range of 

temperatures.  The optimal methanol concentration for 6FSH-30 was 0.5-0.7 M, but the 

performance at higher methanol concentrations (such as 2.0 M) was much higher than Nafion of 

similar thickness.   

 Composite membranes of 6FSH-35 and ZrP were fabricated using an in-situ method.  

The amount of ZrP in the composite membranes was dependent upon the concentration of 

ZrOCl2 solution, similar to the trend observed in the BPSH-35/ZrP composite membranes.  The 

water uptake of the composite membranes decreased as the amount of ZrP increased.  Proton 

conductivity increased as a function of temperature, but was lower than the conductivity of the 

pure 6FSH-35.   
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7.  Polybenzimidazole/Disulfonated Poly(Arylene Ether Sulfone) Copolymer Blends for 
Proton Exchange Membranes291 

 

7.1.  Introduction 
 

Poly(benzimidazole)s (PBIs) are well known for their excellent thermal, mechanical, and 

chemical stability.  Commercial PBI was first synthesized in the early 1960s by Vogel and 

Marvel.292  PBIs are also known for their ability to complex with acids, such as phosphoric and 

sulfuric acids.293  These properties make them very interesting candidates for proton-exchange 

membrane fuel cells (PEMFCs).   

The operating temperature of current PEMs is limited by the boiling point of water 

because sulfonated membranes can not conduct under anhydrous condtions.  Because the mobile 

phase in PBI/inorganic acid blend membranes is not water, they can function above 100 °C.  The 

mechanical integrity of PBI materials is another attractive quality for PEMs.  Therefore, 

introduction of sulfonic acid sites onto PBIs has become an area of much study.294, 295, 296  Blends 

of PBIs with other polymers containing acidic groups are of interest because of the hydrogren 

bonding possibilities that may result in miscibility.  Research in the area of PBI/poly(arylene 

ether) blends has shown promising results.297, 298   

                                                 
291 Hill, M.L.; Einsla, B.R.; McGrath, J.E. Polybenzimidazole/Poly(arylene ether sulfone) Blends for Proton  
      Exchange Membranes. Polycondensation 2004, September 26-29, 2004.   
292 Vogel, H.; Marvel, C. S.  Polybenzimidazoles, New Thermally Stable Polymers.  J. Polym. Sci. 1961, L, 511.   
293 Serad. G. A.  Comments on "Polybenzimidazoles, New Thermally Stable Polymers," by Herward Vogel and C.  
      S. Marvel, J. Polym. Sci., L, 511 (1961). J. Polym. Sci., Part A 1996, 34, 1123.   
294 Manea, C.; Mulder, M. New Polymeric Electrolyte Membranes Based on Proton Donor-Proton Acceptor  
      Properties for Direct Methanol Fuel Cells.  Desalination 2002, 147, 179.   
295 Glipa, X.; Haddad, M. E.; Jones, D. J.; Roziere, J. Synthesis and Characterization of Sulfonated  
      Polybenzimidazole:  A Highly Conducting Proton Exchange Polymer.  Solid State Ionics 1997, 97, 323. 
296 Gieselman, M. B.; Reynolds, J. R. Aramid and Imidazole Based Polyelectrolytes:  Physical Properties and  
      Ternary Phase Behavior with Poly(benzobisthiazole) in Methanesulfonic Acid.  Macromolecules 1993, 26, 5633. 
297 Kerres, J.; Zhang, W.; Ullrich, A.; Tang, C.-M.; Hein, M.; Gogel, V.; Frey, T.; Jorrisen, L.  
      Synthesis and Characterization of Polyaryl Blend Membranes Having Different Composition, Different Covalent  
      and/or Ionic Cross-Linking Density, and their Application to DMFC.  Desalination 2002, 147, 173. 
298 Li, Q..; Hjuler, H. A.; Hasiotis, C.; Kallitsis, J. K.; Kontoyannis, C. G.; Bjerrum, N. J. A Quasi-Direct Methanol  
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7.2.  Experimental 

7.2.1.  Materials 

 4,4-Dichlorodiphenylsulfone (DCDPS) was kindly provided by Solvay Advanced 

Polymers and was dried at 60 ºC under vacuum for 24 hours before use.  4,4’-Biphenol was 

generously provided by Eastman Chemical and was dried at 60 ºC under vacuum for 24 hours 

prior to use.  N,N-dimethylacetamide (DMAc, Aldrich) was distilled under reduced pressure 

over calcium hydride.  Potassium carbonate (Aldrich) was dried at 120 ºC under vacuum for 24 

hours prior to use.  Toluene (Fisher Scientific) was dried over molecular sieves (5 Å, Aldrich).  

3,3’-Diaminobenzidine was purchased from Aldrich and vacuum-dried at 30 °C for 24 hours 

before use.  Isophthalic acid was vacuum-dried at 120 °C overnight.  The benzimidazole-

containing bisphenol 5,5’-bis[2-(4-hydroxyphenyl)benzimidazole (HPBI) was synthesized 

according to a previously reported procedure.299, 300   

7.2.2.  Sulfonation of 4,4’-Dichlorodiphenylsulfone (S-DCDPS) 

 The sulfonation of DCDPS was accomplished using fuming sulfuric acid at 110 °C, as 

described previously.301, 302, 303, 304  The product was isolated using sodium chloride, neutralized 

with sodium hydroxide, and purified in a mixture of isopropanol and deionized water.   

                                                                                                                                                             
      Fuel Cell System Based on Blend Polymer Membrane Electrolytes.  Electrochemical and Solid State Letters  
      2002, 5, A125. 
299 Hergenrother, P.M.; Smith, J.G., Jr.; Connell, J.W. Synthesis and Properties of Poly(arylene ether  
      benzimidazole)s. Polymer 1993, 34, 856-865.   
300 Einsla, B.R. PhD Dissertation, Virginia Polytechnic Institute and State University, 2005.   
301 Wang, F.; Hickner, M.; Ji, Q.; Harrison, W.; Mecham, J.; Zawodzinski, T.A.; McGrath, J.E. Synthesis of Highly  
      Sulfonated Poly(arylene ether sulfone) Random (Statistical) Copolymers via Direct Polymerization. Macromol.  
      Symp. 2001, 175, 387. 
302 Harrison, W.L.; Wang, F.; Mecham, J.B.; Bhanu, V.A.; Hill, M.; Kim, Y.S.; McGrath, J.E. Influence of the  
      Bisphenol Structure on the Direct Synthesis of Sulfonated Poly(arylene ether) Copolymers. I., J. Polym. Sci.  
      Part A:  Polym. Chem. 2003, 41, 2264.   
303 Ueda, M.; Toyota, H.; Ochi, T.; Sugiyama, J.; Yonatake, K.; Mazuko, T.; Teremoto, T. Synthesis and  
      Characterization of Aromatic Poly(ether sulfone)s Containing Pendent Sodium Sulfonate Groups, J. Polym. Sci.  
      Part A:  Polym. Chem. 1993, 31, 853.   
304 Sankir, M.; Bhanu, V.S.; Harrison, W.L.; Ghassemi, H.; Wiles, K.B.; Glass, T.E.; Brink, A.E.; Brink, M.H.;  
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7.2.3  Synthesis of Disulfonated Poly(arylene ether sulfone) Copolymers (BPS) 
 
 Disulfonated poly(arylene ether sulfone) copolymers were synthesized according to a 

previously reported procedure.301  A sample copolymerization reaction for a copolymer in which 

35% of the repeat units were disulfonated proceeded as follows:  4,4’-biphenol (1.8621 g, 10 

mmol), DCDPS (1.8666 g, 6.5 mmol), S-DCDPS (1.7194 g, 3.5 mmol), and potassium carbonate 

(1.5894 g, 11.5 mmol) were charged to a three-neck round-bottom flask equipped with a nitrogen 

inlet, mechanical stirrer, Dean-Stark trap, and reflux condenser.  DMAc (28 mL) and toluene (14 

mL) were added, and the reaction mixture was heated in an oil bath at 155 ºC for four hours to 

reflux the toluene, thereby dehydrating the system.  The temperature was then increased to 190 

ºC for 24-48 h until an increase in viscosity was observed.  The viscous solution was precipitated 

into an excess of deionized water.  The resulting copolymer will be referred to as BPS-XX, 

where XX represents the mole % of disulfonated repeat units, or the degree of disulfonation.  

The degree of disulfonation of the copolymers may be varied by changing the ratio of DCDPS to 

S-DCDPS.   

7.2.4.  Synthesis of Polybenzimidazole (PBI) and Poly(benzimidazole ether sulfone) (PBIS) 

The molecular weight of PBI was limited to approximately 20,000 g/mol by offsetting the 

stoichiometry in order to achieve good solubility in the solvent used for blending.  In a 

representative reaction, isophthalic acid (2.887 g, 17.38 mmol) and 3,3’-diaminobenzidine (3.612 

g, 16.86 mmol) were dissolved in polyphosphoric acid (130g, 5% solids) in a three-necked 

round-bottom flask equipped with a mechanical stirrer and nitrogen inlet/outlet.  The reaction 

mixture was heated at 140 °C for four hours and 200 °C for 18 hours.  PBI was precipitated into 

                                                                                                                                                             
      McGrath, J.E. Synthesis and Characterization of 3,3’-disulfonated-4,4’-dichlorodiphenylsulfone (SDCDPS)  
      Monomer for Proton Exchange Membranes (PEM) in Fuel Cell Applications., J. Appl. Polym. Sci. Accepted.   
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deionized water in a blender to obtain reddish brown fibers, which were filtered and purified by 

Sohxlet extraction with deionized water to remove phosphoric acid.  The thoroughly washed 

polymer was dried at 120 °C under vacuum for three days before blending.   

The direct synthesis of a poly(arylene ether sulfone benzimidazole) polymer with a 

benzimidazole ring in each repeat unit (PBIS) was accomplished as follows.  DCDPS (2.9997 g, 

10 mmol) and HPBI (3.6425 g, 10 mmol) were introduced into a 250-mL, three-necked flask 

equipped with a mechanical stirrer, Dean-Stark trap, condenser and a nitrogen inlet/outlet. 

Potassium carbonate (2.77 g) and NMP (33 mL) were added to the reaction flask to afford a 20% 

(w/v) solid concentration. Toluene (17 mL) was added to the flask as an azeotroping agent. The 

Dean-Stark trap was filled with toluene and the reaction mixture was heated to 150 °C to 

dehydrate the system. After 4 h, the Dean-Stark trap was emptied and the oil bath temperature 

was heated to 190 °C for 24 h.  The resulting viscous solution was cooled to room temperature, 

diluted with DMAc and precipitated into an excess of deionized water (3 L). The precipitated 

copolymer was collected by filtration and dried under vacuum at 80 °C for 24 h and 100 °C for 

24 h. 



 

7.2.5.  Formulation of Blend Membranes 

Miscible blend membranes of BPSH-35 and PBI or PBIS were obtained by solution 

blending.  For a membrane with 10% PBI, 0.9 g of BPSH-35 and 0.1 g of PBI were separately 

dissolved in DMAc.  The PBI solution was added dropwise under constant stirring to the BPSH-

35 solution.  The resulting clear, brownish-orange solution was stirred for several minutes and 

cast onto a clean glass plate.  The solvent was evaporated under an IR lamp, and the membranes 

were acidified by boiling for two hours in 0.5 M sulfuric acid followed by washing in boiling 

deionized water for two hours.   

7.2.6.  Characterization of PBI/BPSH-35 Blend Membranes 

FTIR spectra were recorded using a Nicolet Impact 400 FTIR spectrometer.  All spectra 

were measured at a resolution of 2 cm-1 and represent the average of 64 scans.  A TA 

Instruments TGA Q 500 was employed to evaluate the thermal stability of all copolymers up to 

temperatures of 800 ºC in air.  A TA Instruments DMA 2980 Dynamic Mechanical Analyzer was 

used to determine the thermal transitions of the polymers from -120 ºC to 300 ºC.  In-plane 

protonic conductivity was measured by a two-probe method using a Hewlett-Packard 4192A 

Impedance/Gain-Phase Analyzer over the frequency range of 10 Hz to 1 MHz.  The conductivity 

of the membrane was calculated from the measured resistance and the geometry of the cell.   

The water uptake of the membranes was measured after immersion in deionized water at 

room temperature for 24 hours.  The water uptake was determined by the following equation:   

  WU (wt.%) = Wwet – Wdry   x 100, 
         Wdry 

 
where Wwet and Wdry represent the masses of the wet and dry membranes, respectively.   
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 Membrane electrode assemblies (MEAs) for all membranes were prepared with standard 

Nafion-based electrodes using a direct painting method developed at Los Alamos National 

Laboratory.305, 306  Catalyst loadings were approximately 6 mg/cm2 of platinum on the cathode 

and 10 mg/cm2 of platinum/ruthenium on the anode. 

 Direct methanol fuel cell (DMFC) polarization curves were measured using a Fuel Cell 

Technologies, Inc. Fuel Cell Test Station.  Each membrane was exposed to a break-in period 

under hydrogen/air conditions at a cell voltage of 0.5 V overnight, or until the current density 

leveled off.  For DMFC testing, the anode was supplied with methanol (the concentration in 

water was varied) at a flow rate of 1.8 mL/min.  The cathode was supplied with humidified air 

(90 oC) at a flow rate of 500 sccm with no back pressure.  The cell temperature was held at 80 

°C.  Methanol crossover experiments were performed under fuel cell conditions, with aqueous 

methanol (1.8 mL min-1) supplied to the anode and humidified nitrogen (500 sccm) supplied to 

the cathode.  The methanol flux was determined from the limiting current density resulting from 

methanol oxidation at the cathode.258  

7.3.  Results and Discussion 

The synthetic procedures for BPSH-35, PBI, and PBIS are shown in Figures 7.1, 7.2, and 

7.3, respectively.  FTIR spectroscopy was used to verify the incorporation of PBI and PBIS into 

the blend membranes.  The band at 1630 cm-1 is evidence of the C=N stretching from the 

benzimidazole functionality (Fig. 7.4).   

 

                                                 
305 Thomas, S.C.; Ren, X.; Gottesfeld, S.; Zelenay, P. Direct Methanol Fuel Cells:  Progress in Cell Performance and  
      Cathode Research.  Electrochim. Acta 2002, 47, 3741.   
306 Kim, Y.S.; Sumner, M.H.; Harrison, W.L.; Riffle, J.S.; McGrath, J.E.; Pivovar, B.S. Direct Methanol Fuel Cell  
      Performance of Disulfonated Poly(arylene ether benzonitrile) Copolymers.  J. Electrochem. Soc. 2004, 151,  
      A2150.   
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Figure 7.1.  BPSH copolymers were synthesized by nucleophilic aromatic 
substitution and acidified with sulfuric acid.   
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Figure 7.2.  Synthesis of polybenzimidazole in polyphosphoric acid.   
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Figure 7.3.  Synthesis of PBIS in NMP.299, 300 
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Figure 7.4.  FTIR spectra of PBIS and BPSH-35/PBIS blend showing incorporation 

of PBIS C=N stretching.   
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The water uptake of the membranes decreased as more benzimidazole moieties were 

added (Fig. 7.5).  This is expected because the PBI has a much lower water uptake value than the 

disulfonated poly(arylene ether sulfone) copolymer.  Benzimidazole rings are known to interact 

strongly with acids, and the benzimidzole moieties in the blend membranes could be interacting 

strongly with the sulfonic acids, resulting in lower water uptake.  PBIS had a stronger effect on 

the water uptake than PBI.  This could possibly be a result of the greater chemical similarity of 

PBIS than PBI with the poly(arylene ether sulfone).   



 239

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 7.5.  Water uptake decreased as the amount of PBI or PBIS increased.  The 
water uptake of pure PBIS is 13% and PBI is 16%.   
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Protonic conductivity is a very important parameter in fuel cell membranes, and 

membrane performance is strongly dependent upon this property.  Due to the proposed 

potentially strong interactions between benzimidazole groups and sulfonic acids, the proton 

conductivity of the blend membranes was significantly reduced as a function of the 

benzimidazole content (Fig. 7.6).  However, membranes containing small amounts of PBI still 

maintained reasonably high protonic conductivity while exhibiting lower water uptake than pure 

BPSH-35.  This is especially promising for direct methanol fuel cells, where moderate protonic 

conductivity is required, but reduction in methanol permeability, which often correlates with low 

water uptake, is especially imperative.   

Protonic conductivity was also measured at various temperatures between 30 °C and 80 

°C.  Due to faster kinetics, the protonic conductivity increased linearly with temperature (Fig. 

7.7).  It is also clear from Figure 7.7 that the conductivity decreased as a function of PBIS 

content at all temperatures investigated.   
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Figure 7.6.  Conductivity of BPSH-35/PBIS blend membranes at 25 °C.   
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Figure 7.7.  Conductivity of BPSH-35/PBIS blends increased as a function of 
temperature.   
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The thermal stability of the blend membranes was investigated using TGA.  For the 

BPSH-35 blend membranes containing both PBI and PBIS, the thermal stability increased as 

benzimidazole groups were added.  This could be due to strong interactions between the sulfonic 

acid groups and the basic benzimidazole rings.  The thermograms for the BPSH-35/PBI and 

BPSH-35/PBIS blends are shown in Figures 7.8 and 7.9, respectively.  Table 7.1 summarizes the 

temperatures at which 5% weight loss occurred for the membranes.   

The glass transition behavior of the BPSH-35/PBIS blends was evaluated using DMA.  

All of the membranes appeared to have a single, but broad, Tgs.  Table 7.2 shows the Tgs 

measured from storage modulus, loss modulus, and tan delta.  The values from DMA did not 

correspond well with the Tgs predicted by the Fox equation.   
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Figure 7.8.  TGA of BPSH-35 versus a BPSH-35 membrane containing 10% PBI.   
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Figure 7.9.  TGA curves of BPSH-35 containing various amounts of PBIS.   
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Table 7.1.  Thermal analysis summary of BPSH-35/PBI and BPSH-35/PBIS blends.   

 

 

 

 

 

 

 

* Heating rate was 10 ºC/minute in air.  

89400BPSH-35/10% PBI
87374BPSH-35/7% PBIS

93394BPSH-35/20% PBI

84351BPSH-35/3% PBIS
84348BPSH-35/2% PBIS
83346BPSH-35/1% PBIS
81336BPSH-35

Weight % at 500 ºCT5%

89400BPSH-35/10% PBI
87374BPSH-35/7% PBIS

93394BPSH-35/20% PBI

84351BPSH-35/3% PBIS
84348BPSH-35/2% PBIS
83346BPSH-35/1% PBIS
81336BPSH-35

Weight % at 500 ºCT5%
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Table 7.2.  Summary of dry glass transition temperatures for BPSH-35/PBIS miscible 
blends.   
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The direct methanol fuel cell (DMFC) performance of a BPSH-35/PBIS blend containing 

a small amount of PBIS was investigated using 0.5M methanol as fuel at 80 °C (Fig. 7.10).  As 

might be expected from the reduced water uptake of the blend membranes, the blend membrane 

with 1% PBIS had a much higher OCV than pure BPSH-35, which is indicative of lower 

methanol permeability.  Due to this advantage, the blend membrane slightly outperformed the 

pure BPSH-35 membrane at low current densities, although the decreased conductivity of the 

blend membrane resulted in poorer performance at high current densities.   

The lower methanol permeability of the blend membrane presented a greater advantage 

over the pure BPSH-35 membrane at higher methanol concentrations, like 1.0M and especially 

2.0 M methanol (Fig. 7.11).   
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Figure 7.10.  DMFC performance of BPSH-35/PBIS blend with 0.5M methanol as 
fuel.   
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Figure 7.11.  DMFC performance comparison of BPSH-35 and 1% blend membrane with 

different methanol concentrations.   
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7.4.  Conclusions 

Miscible blends of a sulfonated poly(arylene ether sulfone) (BPSH-35) and either a 

polybenzimidazole or a poly(benzimidazole ether sulfone) resulted in transparent, ductile films.  

Addition of the benzimidazole groups resulted in a decrease in both water uptake and protonic 

conductivity, and the amount of the decrease was dependent upon the amount of benzimidazole 

that was added.  The thermal stability of the blends was enhanced upon addition of 

benzimidazole, as measured by TGA.  DMA loss modulus curves showed that the blend films 

exhibited single, broad Tgs, which increased as more benzimidazole was added.  Due to the 

lower methanol permeability, the blend membranes had higher open circuit voltage values than 

pure BPSH-35, and performed better in a DMFC test than pure BPSH-35, especially at high 

methanol concentrations.   
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8.  Overall Conclusions 
 
 The objective of this research was to improve upon the properties of directly 

copolymerized disulfonated poly(arylene ether sulfone) copolymers by systematic addition of a 

second component – either an inorganic additive or a non-sulfonated polybenzimidazole – and to 

characterize them by optical clarity, thermal stability, water sorption, proton conductivity, and 

fuel cell performance.  Directly copolymerized disulfonated poly(arylene ether sulfone) random 

copolymers show improved performance over traditional post-sulfonated materials and Nafion, 

the current benchmark membrane.  However, improvements are still needed to further reduce the 

water uptake and methanol permeability, and enhance conductivity at low relative humidity.   

 Zirconium hydrogen phosphate (ZrP) was incorporated into disulfonated poly(arylene 

ether sulfone) copolymer membranes (BPSH) by an in-situ precipitation technique.  The amount 

of ZrP incorporated in the final nanocomposite membranes was dependent on the concentration 

of the zirconyl chloride reagent solution, the degree of sulfonation (IEC) of the copolymer, and 

the morphology of the copolymer membrane, which was influenced by the acidification method.  

As the amount of ZrP in the composite membranes increased, the water uptake and proton 

conductivity both decreased.  This was expected due to the known properties of pure ZrP.  

However, the mechanical properties of the membrane improved, and high-temperature 

conductivity measurements suggested that the modulus of the membrane was reinforced by the 

ZrP even above the hydrated Tg of the copolymer, which allowed the membrane to maintain its 

proton conductivity at elevated temperatures and high humidities.  Direct methanol fuel cell 

(DMFC) performance of BPSH/ZrP membranes was dependent on the amount of ZrP in the 

membrane as well as the methanol fuel concentration.  At low concentrations of ZrP, the DMFC 

performance of the composite membranes was modestly better than Nafion and pure BPSH.  
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This improvement was largely due to the reduced methanol permeability of the composite 

membranes, a characteristic that was exemplified at high methanol concentrations.   

 Zirconium phenylphosphonate (ZrPP) was also investigated as an additive for BPSH 

membranes.  The effects were similar to the addition of ZrP.  The amount of ZrPP in the 

membrane was controlled by varying the concentration of the zirconyl chloride reagent solution.  

As the amount of ZrPP in the membrane increased, the water uptake and proton conductivity 

both decreased.  The reinforcing inorganic filler increased the tensile strength of the copolymer 

membrane as well.  Despite the low proton conductivity, DMFC performance was promising due 

to a reduction in methanol permeability.  Because the effects of ZrP and ZrPP were very similar, 

ZrP is probably a more desireable additive due to lower cost of the reagents.   

 The main disadvantage of ZrP and ZrPP was decreased proton conductivity, so 

sulfonated additives were also investigated.  Zirconium sulfophenylphosphonates (ZrSPP) with 

different levels of sulfonation were blended with BPSH copolymers by two different methods.  A 

“precursor method” was used, in which the zirconium salt used for the reaction was zirconium 

propionate.  In the precursor method, the reagents used to synthesize ZrSPP were dissolved in an 

organic solvent and the hybrid membrane was formed by solution blending and casting.  This 

method resulted in large particles of about 1-2 μm, as shown by transmission electron 

microscopy.  The zirconium additive formed by this method is believed to be dispersed 

throughout both the hydrophilic and hydrophobic regions of the copolymer.  Due to the large 

particle size, the additive was easily extracted when immersed in liquid water.  BPSH/ZrSPP 

composite membranes were also synthesized by the in-situ precipitation technique, which has not 

been previously used for sulfonated additives.  The sulfonation level of the additive was 33% 

(ZrSPP0.33) or 50% (ZrSPP0.5).  The in-situ technique utilized zirconyl chloride as the starting 
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material.  These membranes had much lower extraction in liquid water and showed very small 

particle size of less than 10 nm by TEM.  The conductivity of the BPSH-35/ZrSPP membranes 

made by the in-situ method was low.  The composite membranes fabricated by both methods 

were reacidified by boiling in 0.5 M sulfuric acid, followed by rinsing in boiling water.  The 

conductivity of the precursor membrane increased dramatically after reacidification, despite very 

high extraction during the boiling process.  However, reacidification did not noticeably improve 

the conductivity of the membrane fabricated by the in-situ method.  Mechanical testing showed 

that the in-situ method resulted in much more ductile membranes than the precursor method, 

which is to be expected from the small particle size observed with the in-situ method.   

 Partially fluorinated disulfonated poly(arylene ether sulfone) copolymers (6FSH) were 

synthesized and acidified by a boiling method.  These membranes had higher water uptake and 

proton conductivity than when acidified at room temperature.  X-ray photoelectron spectroscopy 

(XPS) showed that there was significant fluorine enrichment at the surface of the membranes.  

This was true for both room-temperature and boiling acidification, although the membranes 

acidified by boiling showed greater surface enrichement of fluorine than those acidified at room 

temperature.  DMFC performance of the 6FSH copolymers was promising.  6FSH-40 had similar 

performance to Nafion, but with much lower methanol permeability.  The 6FSH copolymer with 

30 mol% disulfonation exhibited the best DMFC performance due to its lower methanol 

permeability.  ZrP was incorporated in to the 6FSH copolymers by the in-situ precipitation 

method.  As expected, the water uptake and proton conductivity both decreased as ZrP was 

added.   

 In addition to inorganic additives, other polymers can also serve to decrease the water 

uptake and methanol permeability of proton exchange membranes.  Single-Tg blends of BPSH 
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and polybenzimidazole (PBI) were formed by solution blending.  These membranes exhibited 

decreased water uptake and proton conductivity compared to pure BPSH.  The PBI also served to 

increase the thermal stability and Tg of the membranes.  The DMFC performance of the blend 

membranes was excellent at low current densities due to decreased methanol crossover, but 

suffered at higher current densities because of the low proton conductivity.  However, these 

slightly outperformed pure BPSH when high concentrations of methanol were used.   

 This work has contributed to a greater understanding of the properties of 

polymer/inorganic composites and polymer blends for proton exchange membranes.  Significant 

advances were made in the area of direct methanol fuel cells toward decreasing methanol 

permeability and increasing fuel concentration.   
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