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ABSTRACT 
 

This research is focused on the investigation of phase morphology and blend 

stability within ionomeric perfluorocyclobutane (PFCB)/poly(vinylidene difluoride) 

(PVDF) copolymer blend membranes.  The morphologies of these unique materials, 

designed as proton exchange membranes (PEMs) for proton exchange membrane fuel 

cells (PEMFCs), have been examined not only in the as-cast/as-received state, but also as 

a function of exposure to various ex-situ aging environments.  The morphological 

investigations used to probe the response of these ionomer blends have been designed to 

mimic the environment within a PEMFC and will therefore enhance our understanding of 

the implications of morphological changes which may occur during fuel cell operation.   

Thermal annealing of the membranes has been conducted to determine the 

materials’ morphological response to various temperatures in the absence of hydration.  

The results of these thermal annealing studies have facilitated the isolation of 

morphological contributions stemming from thermal exposure.  Immersion of the blend 

membranes in liquid water has allowed for singular identification of the role of hydration 

in the blend membranes’ morphological rearrangement and phase stability.  However, as 

the typical fuel cell environment to which these membranes will be exposed is 

complicated by the presence of both temperature and humidity, our ex-situ investigations 

have also included the exposure of PFCB/PVDF copolymer blend membranes to 

simultaneous thermal annealing and hydration conditions – a treatment we refer to as 



 iii

“hygrothermal aging.”  This unique procedure serves as a simplified method whereby the 

complex fuel cell environment may be simulated, and the resultant morphological 

response researched. 

While the work presented herein has enhanced our understanding of the blend 

stability of the specific membranes investigated, we have also advanced the fundamental 

knowledge of the role of morphology with respect to the fuel cell performance of blend 

materials and the corresponding implications of morphological rearrangements.  Such an 

understanding is essential in the development of morphology-property relationships and 

eventual optimization of membrane materials designed for use in fuel cells.  
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CHAPTER I 
 

MORPHOLOGY OF PROTON EXCHANGE MEMBRANES 

Introduction 

Ionomers have been extensively investigated as functional materials in a wide 

variety of applications.  Their unique chemical and physical characteristics, particularly 

the ability to selectively facilitate proton transport, make ionomers ideal candidates for 

utilization as energy conversion materials.  The particular use of ionomers as proton 

exchange membranes (PEMs) in proton exchange membrane fuel cells (PEMFCs) has 

been a topic of great interest in recent years, and the specific correlation of morphology 

to performance, chemical, and thermomechanical properties has been actively pursued in 

numerous studies.  A broad variety of ionomeric materials have been designed for use as 

PEMs, and each chemical variation subsequently yields unique morphologies and 

performance properties.  The establishment of morphology-property relationships will 

prove essential for developing a consistent field of comparison between the many classes 

of PEM materials.  Furthermore, the correlation of morphology and properties may 

facilitate controlled manipulation of morphology and consequently the optimization of 

PEM design. 

 

Perfluorosulfonate Ionomers (PFSIs) as the Benchmark Materials for Proton 

Exchange Membranes 

 Types of PFSIs.  Perfluorosulfonate Ionomers (PFSIs) are a commercially 

important class of semicrystalline materials which have been extensively considered for 

their applicability as proton exchange membranes (PEMs).  PFSIs are generally 



2 

copolymers composed of a poly(tetrafluoroethylene) (PTFE) backbone with randomly 

distributed perfluorovinyl ether sidechains terminated with sulfonic acid moieties.  The 

semicrystalline nature of PFSIs arises from the ability of their PTFE backbones to 

undergo crystallization, while the randomly placed branches (the perfluorovinyl ether 

sidechains) act as defects along the backbone and thus lend amorphous character.  

Although, by definition, PFSIs generally contain less than 15 to 20 mole percent of 

sidechains, their degree of crystallinity is relatively low and is dictated by the sidechain 

length and flexibility as well as the overall ionic content within the copolymer. 

The standard method of describing polymeric materials typically includes 

reference to the characteristic molecular weight.  However, due to inherent complications 

in the characterization of ion-containing polymers, this convention is generally not 

available for most PFSIs.  Methods commonly used for molecular weight determination 

(e.g. gel permeation chromatography (GPC) and light scattering) are not applicable for 

elucidating molecular weight of the PFSIs as it is necessary that a suitable solution be 

obtained for such methodologies to be conclusive.1  As PFSIs are known to form 

complex, multichain aggregates in solvent dispersions due to their amphiphilic character, 

acceptable true solutions of isolated chains are generally unobtainable.2  Therefore, 

conventional procedures for determining molecular weight are often inconclusive without 

correlation of multiple analytical techniques specifically tailored to probe the undefined 

microstructure of PFSIs.  One notable exception is DuPont’s development of a procedure 

using size exclusion chromatography coupled with static light scattering to determine 

molecular mass.3 
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Ionic content of a PFSI in the acid form is commonly described in terms of 

equivalent weight (EW), which is defined as the grams of polymer per equivalent of 

sulfonate moiety.4  The equivalent weight can be determined using a variety of 

techniques including acid-base titration, Fourier transform infrared spectroscopy (FT-IR), 

and elemental analysis of atomic sulfur.5, 6  Of these techniques, titration and FTIR are 

generally accepted as the most accurate.6  PFSIs are also commonly described by 

reference to their ion exchange capacity (IEC), which is inversely related to the 

equivalent weight as seen in Equation 1-1. 

  1000 /IEC EW=  (1-1) 

 Thermal stability in a PFSI membrane primarily stems from the perfluorinated 

structure, and strongly acidic sidechains are responsible for ionic conductivity.7  

Specifically, moisture in the membrane causes dissociation of the protons from the 

sulfonate anion (SO3
-).  These protons are then mobilized through the continuous 

hydrophilic phase to yield the proton conduction property characteristic of fuel cells.8   

PFSI membranes are known to exhibit good thermal stability; however, since proton 

conduction is directly dependent upon the presence of water in the membrane, 

performance at high temperature and low humidity presents a viable concern.8-10 

The most widely studied types of PFSIs are DuPont’s Nafion®, Solvay Solexis’s 

Hyflon® Ion, and the 3M ionomer.  Additionally, Asahi Glass Company has produced a 

PFSI termed Flemion®, which is analogous to Nafion®.  The following sections outline 

the fundamentals of each PFSI as well as the historical development of each. 

Nafion®.  There are several commercially available PFSIs upon which numerous 

studies have been based; however, the material which has been the most widely 
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investigated, Nafion®, was first developed by Connolly et al. for E. I. du Pont de 

Nemours and Company in the 1960’s (see Figure 1.1).11  Originally developed for use as 

a separator membrane in chlor-alkali cells,12 Nafion® is currently the benchmark material 

used as the proton exchange membrane in fuel cell applications due to its high proton 

conductivity and both thermal and chemical stability.1  The use of Nafion® as a PEM 

originated in the mid to late 1960’s from its application in hydrogen/oxygen fuel cells 

designed for the United States National Aeronautics and Space Administration as a 

complementary source of energy for the emerging space program.13-16 

 CF2 CF2 CF2 CF

O CF2 CF CF3
O CF2 CF2 SO3H

n x

 
Figure 1.1.  Chemical structure of Nafion®. 

The most commonly investigated form of Nafion® membrane reported to date is 

Nafion® 117, where 117 refers to a film of 1100 EW and a thickness of 0.007 inches.  

Other common forms include Nafion® 112 and 115.1  Equation 1-2 can be used to 

calculate the EW of one full repeat unit of Nafion® (x=1), where 100 represents the 

molecular weight of the PTFE backbone repeat unit and 443 is the molecular weight of 

one sulfonated perfluorovinyl ether sidechain unit in the acid form. 

 
 

 100 443EW n= +  (1-2) 

Based on the structure of Nafion® (Figure 1.1) and a simple calculation using Equation 

1-2, an equivalent weight of 1100 g mol-1 contains approximately twelve to fourteen CF2 

backbone units (n = 6.57) per copolymer repeat unit. 

Nafion® is widely recognized to exhibit high ionic conductivity and excellent 

stability in harsh chemical/thermal environments.  Nevertheless, there are characteristics 
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of Nafion® which can limit its overall suitability for some commercial fuel cell 

applications.  These shortcomings include high cost ($800 or more per square meter), 

high-temperature instability in the dry, acid form, insufficient barrier properties toward 

gaseous fuels, and a direct dependence of transport mechanisms upon the level of 

hydration.1, 17-19  

 Nafion® is capable of proton conductivity as high as 0.1 S cm-1 at room 

temperature and high humidity; however, at temperatures above 100 °C, this conductivity 

rapidly decreases due to loss of water.  In addition, such temperatures may promote the 

likelihood of chemical degradation.10  The primary method of chemical degradation is 

believed to occur by means of peroxide radical attack at high temperatures and low 

relative humidity.  It is believed that when crossover oxygen from the cathode combines 

with hydrogen at the anode, H2O2 is produced which can then form ·OOH or ·OH 

radicals.  These radicals are prone to attack residual carboxylic acid endgroups.20  A 

proposed mechanism of degradation by peroxide radical attack is shown in Figure 1.2.21  

This degradation, and ultimately the life expectancy of the PEM, may be monitored by 

quantification of fluoride loss detected in the water byproduct.22 

Rf – CF2COOH + •OH → Rf – CF2• + CO2 + H2O 
Rf – CF2• + •OH → Rf – CF2OH → Rf – COF +HF 

Rf – COF + H2O → Rf – COOH + HF  
Figure 1.2.  Mechanism of degradation by peroxide radical attack. 

It is clear that the tuning of these materials for optimum performance requires a 

detailed knowledge of chemical microstructure and nanoscale morphology.  In particular, 

proton conductivity, water management, relative affinity of methanol and water in direct 

methanol fuel cells, hydration stability at high temperatures, electro-osmotic drag, and 
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mechanical, thermal and oxidative stability are important properties that must be 

controlled in the rational design of these membranes.  This is a challenge for PFSI 

materials in which the possible chemical variations are rather limited.  Additionally, all of 

these objectives must be achieved while maintaining low cost for this perfluorinated 

ionomer in the vast consumer market as well as in military applications.  While a number 

of alternate polymer membranes, including non-fluorinated types, have been developed, 

Nafion® is still considered the benchmark material against which most results are 

compared. 

Hyflon® Ion.  In 1982, Dow Chemical was granted a patent for a perfluorinated 

ionomer similar to Nafion® but with a shorter sidechain (Figure 1.3).23, 24  Dow later 

discontinued production of this PFSI due to high cost of the short sidechain monomer.  

Recently, however, Solvay Solexis has developed a less expensive route for its 

production and added the PFSI material to its product line.  The ionomer, whose 

sidechain contains only two CF2 units and one ether oxygen, is now a product of Solvay 

Solexis, and is termed the Hyflon® Ion.25-27 

 CF2 CF2 CF2 CF

O CF2 CF SO3H
n x

 
Figure 1.3.  Chemical structure of the Solvay Solexis Hyflon® Ion. 

Equation 1-3 can be used to calculate the EW of one full repeat unit of the 

Hyflon® Ion (x=1), where 100 represents the molecular weight of the PTFE backbone 

repeat unit and 277 is the molecular weight of one sulfonated perfluorovinyl ether 

sidechain unit. 

 
 

 100 277EW n= +  (1-3) 
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As the sidechain of the Hyflon® Ion is shorter than that of Nafion®, an EW of 935 for the 

Hyflon Ion is directly comparable to 1100 EW Nafion® (on a per mole of sidechain 

basis).  For the same EW, the shorter sidechain is also responsible for the Hyflon® Ion’s 

higher degree of crystallinity (longer runs of tetrafluoroethylene units between 

sidechains, on average) in comparison to Nafion®. 

3M Ionomer.  The most recently developed PFSI was presented by 3M in 2003 

(Figure 1.4).28, 29  A shorter sidechain, four CF2 units in length, and absence of the 

pendant CF3 groups make this ionomer distinguishable from Nafion® and the Hyflon® 

Ion.  A specially designed synthetic route reduces the number of residual carboxylic acid 

endgroups, thereby decreasing potential degradation due to peroxy radical attack.  

Furthermore, these membranes remain functional over a lifetime of up to 5000 hours.  

High mechanical durability and conductivity make the 3M ionomer a viable material for 

fuel cell applications.30 

 CF2 CF2 CF2 CF

O CF2 CF2 CF2 CF2 SO3H
n x

 
Figure 1.4.  Chemical structure of the 3M ionomer. 

Equation 1-4 can be used to calculate the EW of one full repeat unit of the 3M 

ionomer (x=1), where 100 represents the molecular weight of the PTFE backbone repeat 

unit and 377 is the molecular weight of one sulfonated perfluorovinyl ether sidechain 

unit. 

  100 377EW n= +  (1-4) 

As the sidechain of the 3M ionomer is shorter than that of Nafion®, an EW of 1035 for 

the 3M ionomer is directly comparable to 1100 EW Nafion®.  The shorter sidechain is 
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also responsible for the 3M ionomer’s higher degree of crystallinity in comparison to 

Nafion® at a given EW. 

 

Alternative Membrane Materials 
 

Non-Aliphatic Hydrocarbon Based Alternative Membrane Materials.  In the 

interest of designing thermally stable membranes which also exhibit sufficient proton 

conductivity at elevated temperatures, a broad class of alternative membranes derived 

from non-aliphatic hydrocarbon based polymers has been developed.  Since the early 

1960’s, such materials have increased in popularity because of their many advantageous 

characteristics.  Those with polar groups, for example, exhibit high water uptake 

capabilities needed to promote proton conductivity.  Aromatic polymer-based membranes 

are also much less expensive than conventional PFSIs and can be modified to resist 

degradation under typical fuel cell conditions.7, 10  Some examples of typical aromatic 

hydrocarbon based proton exchange membrane materials are shown in Figure 1.510 and 

include poly(arylene ether sulfone)s (PAEs), poly(benzimidizole)s (PBIs), polyimides 

(PIs), poly(arylene ether ketone)s (PAEKs), and polystyrene (PS) derivates. 
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Figure 1.5.  Examples of aromatic hydrocarbon based proton exchange membrane 
materials. 
 
 These membranes are capable of high water uptake and good proton conductivity 

at low humidity and high temperature conditions. For example, poly(benzimidizole)-

based membranes perform successfully at temperatures as high as 200°C.9, 31-33  

Furthermore, these membranes exhibit rigidity and high glass transition temperatures, 

making them attractive for their mechanical and thermal properties.  However, chemical 
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sensitivity under fuel cell operating conditions often limits their durability to less than 

one thousand hours.  Consequently, it is necessary that the chemical stability and overall 

durability of these membranes be enhanced to ensure adequate performance in the fuel 

cell environment.7, 10 

Poly(arylene ether sulfone)s (PAESs).  A particularly promising class of 

alternative, non-aliphatic hydrocarbon based alternative membrane materials is that of 

poly(arylene ether sulfone)s (PAES).  The wholly aromatic nature of these membranes 

provides chemical and oxidative stability as well as thermal integrity at elevated fuel cell 

operating temperatures.  A number of morphological investigations have been conducted 

to compare the architecture of these PAES copolymers to their observed morphologies.  

Furthermore, the correlation of these characteristic morphologies to membrane properties 

is also of great interest in order to determine the optimal microstructure for enhanced 

proton conductivity.  Architectures which have been investigated include a variety of 

random (and/or statistical), alternating, block, and graft copolymers.  Molecular 

architecture has proven highly influential on the morphological features of the resulting 

materials and simultaneously responsible for drastic differences in properties such as 

water uptake and proton conductivity.  Further investigation of these microstructures and 

their comparison to the microphase separation which occurs in common PFSIs may 

provide insight into the development of non-aliphatic hydrocarbon based materials which 

rival the performance properties of Nafion® and its analogs.   

 The synthetic design of most early alternative membrane materials involved the 

introduction of the sulfonic acid moiety via electrophilic aromatic sulfonation post-

polymerization.10, 34-36  However, this method offers limited control over the distribution 
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of sulfonate groups along the polymeric backbone and often yields undesirable 

degradation, desulfonation, and/or crosslinking reactions.37-42  Consequently, recent work 

has focused on the polymerization of sulfonated monomers and the characterization of 

the resulting morphologies, sulfonic acid distribution, and related membrane properties.39, 

43, 44   

Random bisphenol-based PAES (BPSH) copolymers.  Extensive research has been 

conducted on sulfonated PAES copolymers, particularly by the McGrath research group.  

McGrath’s biphenol based disulfonated PAES (BPSH) copolymers have shown extensive 

promise in the field of proton exchange membranes for fuel cell applications.  The effect 

of sulfonation on BPSH copolymers has been considered, especially the attachment of 

sulfonate groups to the deactivated aromatic rings (on the sulfone monomer) as opposed 

to placement on the electron-rich aromatic rings.39  Direct copolymerization of the BPSH 

copolymers from sulfonated monomers has allowed for the production of a series of 

copolymers of various compositions and molecular weights.39, 41, 45  Among the bisphenol 

monomers which have been copolymerized with the sulfone species are bisphenol A, 4,4’ 

biphenol, hydroquinone, and hexafluoroisopropylidene bisphenol.  The chemical 

structure of commonly formulated BPSH copolymers is shown in Figure 1.6.39, 41, 46  The 

flexibility of polysulfone design affords even greater appeal when considering these 

materials as PEMs.  The vast array of monomer choices allows for tunability of 

membrane properties and morphological control. 
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Figure 1.6.  Chemical structure of possible sulfonated poly(arylene ether sulfone) 
copolymers formulated for use as PEMs. 
 

It has generally been observed that with an increase in operation temperature, the 

proton conductivity of PEMs decreases.  This drop in conductivity is commonly 

attributed to dehydration as a result of elevated temperature.  McGrath and coworkers 

investigated the morphology of BPSH membranes as a function of hydration and 

determined that the observed change in proton conductivity at elevated temperature may 

also be related to morphological changes.  BPSH copolymers exhibited an increase in 

proton conductivity after boiling and showed morphological stability when used below 

the treatment temperature.  When the operation temperature was raised above 120 °C, a 

change in morphology was observed along with a decrease in proton conductivity.  A 

similar drop in proton conductivity was observed for Nafion® at temperatures above 100 

°C.  For the BPSH-40 membrane, the maintained morphological stability and 

corresponding proton conductivity at elevated temperatures surpasses the performance of 

Nafion® at similar temperatures and lends to its promise as a potential PEM for fuel cell 

applications at temperatures above 100 °C.46 
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Unless the copolymer components are chemically different, random copolymers 

generally do not undergo phase separation due to the inability of their relatively short 

segment lengths to rearrange into ordered microstructures.47  In cases where the 

monomers are drastically different, however, their incompatibility gives rise to phase 

separation driven by the enthalpy of demixing.  Promotion of microphase separation has 

proven to increase proton conductivity in PEMs.  The degree of separation has been 

studied using atomic force microscopy (AFM)—a useful technique for probing the 

surface features of membrane materials.  The correlation between microphase separation 

and proton conductivity has been established for PAES materials such as McGrath’s 

BPSH membranes.  AFM phase images of BPSH-40 and Nafion® 117 membranes are 

shown in Figure 1.7.39  The hydrophilic domains (darker regions) and hydrophobic 

domains (lighter regions) are more pronounced in the hydrated BPSH-40 membrane 

rather than the Nafion® material.  The continuous network which is formed by the 

hydrophilic domains in the BPSH-40 membrane promotes proton conduction.  
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Figure 1.7.  AFM images of BPSH-40 and Nafion® 117. 
 

The phase morphology of BPSH copolymers has been shown to be influenced by 

the degree of sulfonation.41, 48-50  Figure 1.8 shows AFM phase images of an 

unsulfonated BPSH membrane (Figure 1.8a) as well as BPSH copolymers with varying 

amounts of sulfonation (where the BPSH nomenclature indicates the molar quantity of 

disulfonated units incorporated in the copolymer) (Figure 1.8b-e), and a Nafion® 117 

membrane (Figure 1.8f).49 
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Figure 1.8.  AFM images of random BPSH copolymers and Nafion®.  a) BPSH-00, b) 
BPSH-20, c) BPSH-40, d) BPSH-50, e) BPSH-60, f) Nafion® 117  (Images a-e are 700 
nm x 700 nm and image f is 350 nm x 350 nm.) 
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The unsulfonated membrane is virtually featureless while the sulfonated membranes 

exhibit easily distinguishable microphase separation of varying degrees.  With 20 mol% 

of the disulfonated monomer, the BPSH-20 membrane exhibits hydrophilic domains of 

approximately 10-15nm in diameter.  An increase in the sulfonation content by 

incorporating 40 mol% disulfonated monomer yields a more pronounced microphase 

separated morphology with ionic domains isolated within a non-ionic matrix.  A 

percolation limit is reached once the content of disulfonated monomer exceeds 50 mol%, 

with the BPSH-60 copolymer showing the first evidence of a continuous network of 

hydrophilic domains.  At this composition, the BPSH-60 membrane also exhibited an 

increase in water uptake, consistent with the formation of the continuous percolation 

pathway observed with AFM.44, 48, 49  Unfortunately, BPSH statistical copolymers with at 

least 60 mol% sulfonation swell dramatically due to increased water uptake and form a 

hydrogel, making these materials unsuitable for use as PEMs.  While random BPSH 

copolymers exhibit increased water uptake and proton conductivity with increasing 

sulfonation, their applicability is limited by their excessive swelling behavior at relatively 

high humidities. 

Multiblock bisphenol-based PAES copolymers.  The enhancement of proton 

conductivity and simultaneous hydrolytic stability against swelling can be achieved by 

careful design of multiblock (MB) PAES copolymer systems.  Unique and advantageous 

morphologies can be obtained by creating block copolymers.  The facilitation of 

microphase separation is a particular morphological advantage of MB copolymers over 

random or statistical copolymers.51  One multiblock PAES copolymer which has been 

investigated as a PEM is that which is formed upon nucleophilic aromatic substitution of 
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a decafluorobiphenyl-terminated poly(arylene ether) with a hydroxyl-terminated PAES.  

The hydrophilic PAES segment provides ionic character which is necessary for proton 

conduction while the hydrophobic poly(arylene ether) segment lends hydrolytic 

stability.51  The wholly aromatic nature of the resulting MB copolymer, and the 

fluorinated nature of the poly(arylene ether) segment, ensures thermal and chemical 

stability.  The creation of MB copolymers with long runs of hydrophilic and hydrophobic 

segments facilitates the formation of microphase separated microstructures which have 

been shown to enhance proton conduction. 

 Ghassemi, McGrath, and Zawodzinski compared the morphologies and proton 

conduction properties of MB PAES copolymers to Nafion® 112 and BPSH-40 

membranes.  It was observed that Nafion® 112 and the random BPSH-40 copolymer 

undergo aggregation of hydrophilic domains into isolated regions, while the MB-150 

copolymer (equal block sizes and IEC = 1.5 mequiv g-1) displayed the presence of 

interconnected hydrophilic domains (see Figure 1.9).51  The connectivity of the 

hydrophilic regions within the hydrophobic matrix is likely responsible for the increased 

proton conductivity relative to the random BPSH-40 copolymer and the Nafion® 112 

membrane.51   
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Figure 1.9.  AFM phase images of Nafion® 112 (upper left), BPSH-40 random 
copolymer (upper right), and multiblock MB-150 copolymer (bottom images). 
 

The performance of chemically equivalent multiblock BPSH copolymers is 

directly related to IEC, hydrophilic block length, and hydrophobic block length.52  

McGrath and coworkers have shown that with an increase in IEC, the proton conductivity 

of multiblock BPSH copolymers increases.  When IEC is held constant, proton 

conductivity increases gradually with an increase in hydrophilic block length until 
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reaching a maximum of 0.13 S cm-1 with a 17 kg mol-1 hydrophobic block and 12 kg mol-

1 hydrophilic block (designated as 17K-12K).  Furthermore, hydrolytic stability is 

achievable for a hydrophilic block length as large as 16 kg mol-1 (25K-16K) when IEC is 

1.3.  Rising proton conductivity with increasing hydrophilic block length can be 

attributed to the corresponding development of a more distinctly phase separated 

morphology.  The correlation between proton conductivity and hydrophobic block length 

was also established, with proton conductivity increasing as hydrophobic block length 

decreased.52, 53  Furthermore, in a similar study, block copolymers were found to exhibit 

greater proton conductivity than their random copolymer analogs when studied in the 

partially hydrated state.53, 54 

Investigation of the morphology of BPSH multiblock copolymers as a function of 

block length was performed using transmission electron microscopy (TEM) and small-

angle X-ray scattering (SAXS).  Membranes studied were cast from N-methyl-2-

pyrrolidone (NMP) and include a random BPSH35 copolymer and multiblock 

copolymers composed of varying block lengths of sulfonated (BPSH100) and 

unsulfonated (BPS0) segments.  The TEM micrograph from the random copolymer 

(BPSH35) shown in Figure 1.10a is essentially featureless, indicating a homogenous 

distribution of comonomer units throughout the polymer matrix and the absence of large-

scale ionic domains.53  However, multiblock copolymers (BPSH100-BPS0) produced 

films which exhibit varying degrees of phase separation (Figure 1.10b-d),53 where the 

unsulfonated regions appear lighter and the sulfonated regions appear darker due to 

contrast in electron density differences induced by cesium neutralization.  In agreement 

with complementary SAXS data, it is observed that an increase in block length from 5 kg 
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mol-1 to 15 kg mol-1 facilitates the development of ionic domains possessing distinct 

phase separated morphologies, increased continuity, and wider inter-domain spacings.  

The enhancement of ionic domain size and continuity corresponds to increased water 

uptake and proton conductivity with increasing block length, suggesting that the 

morphology and molecular architecture are directly related.53 

 
Figure 1.10.  TEM micrographs of BPSH35 random copolymer (a) and multiblock 
copolymers of various sulfonated (BPSH100)-unsulfonated (BPS0) block lengths (b-d).  
(Scale bar = 100 nm) 
    

Fluorinated sulfones (hexafluorobisphenol-based copolymers).  A PAES analog 

which has shown particular promise in PEM fuel cell applications is the copolymer of 
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hexafluoroisopropylidene bisphenol (6F) and 3,3’-disulfonate-4,4’-dichlorodiphenyl 

sulfone.39, 55, 56  In comparison to biphenol based poly(arylene ether sulfone)s (BPSH 

materials), the incorporation of the fluorinated (6F) monomer creates a novel PEM 

system which combines the attributes of both the wholly aromatic polymer membranes 

and the perfluorosulfonic acid materials.  Pivovar and coworkers have compared partially 

fluorinated (6F) copolymers to biphenol based (BPSH) copolymers to determine the 

change in water uptake, proton conductivity, and morphology upon incorporation of 

fluorine content.56  With an increasing degree of fluorination both the water uptake and 

proton conductivity decreased, as may be anticipated due to the hydrophobic character of 

the 6F monomer.  While the increased hydrophobicity gives rise to a decrease in water 

uptake, this is not the only factor which affects the proton transport in the partially 

fluorinated copolymers.  The increased hydrophobic content also facilitates microphase 

separation by increasing the enthalpy of demixing between the copolymer components.56  

Poly(arylene ether ketone)s (PAEKs).  While many sulfonated polyarylenes are 

susceptible to degradation via peroxide radical attack57, sulfonated poly(arylene ether 

ketone) (SPAEK) materials have demonstrated chemical stability for thousands of hours 

under operational fuel cell conditions.58  In light of this demonstrated chemical stability 

as well as thermal stability and high proton conductivity at elevated temperatures, several 

sulfonated PAEKs have been considered as PEMs.   

In a SAXS study conducted by Kreuer, the morphology of sulfonated poly(ether 

ether ketone ketone) (PEEKK) as well as its corresponding water uptake behavior and 

proton conduction were examined and compared to that of Nafion®.58  SAXS revealed the 

commonly observed ionomer peak in Nafion® which is attributed to interparticle 
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interferences between ionic aggregates.  In sulfonated PEEKK, a broader ionomer peak 

was observed at a slightly higher scattering angle, indicating a decrease in characteristic 

inter-aggregate scattering distances.  Furthermore, in the Porod-regime (at high scattering 

angles), the scattering intensity is slightly greater for the sulfonated PEEKK in 

comparison to Nafion®, suggesting the existence of a larger interfacial region between 

hydrophilic and hydrophobic domains within the sulfonated PEEKK membrane.  This 

morphological evidence, along with supplementary information regarding hydrophilic 

channel dimensions,59 was used to develop a morphological depiction of hydrophilic 

channels within the hydrophobic matrix for both Nafion® and sulfonated PEEKK.58 

 

 
Figure 1.11.  Morphological depiction of Nafion® and sulfonated PEEKK based on 
SAXS experimentation.  
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The schematic in Figure 1.11 illustrates the distinct microphase separation which 

is commonly proposed for Nafion® as well as the less pronounced separation between 

hydrophilic and hydrophobic domains in the sulfonated PEEKK material.58, 59  The water-

filled channels in Nafion® are depicted as being well-defined and continuous, while the 

channels in sulfonated PEEKK are shown as narrow and highly branched with a larger 

number of dead-ends.  The schematic depictions correspond to the SAXS data which 

suggests smaller characteristic distances between ionic aggregates and a larger interfacial 

region between hydrophilic and hydrophobic domains within the sulfonated PEEKK 

membrane. 

 The swelling behavior of the PEEKK membrane was also investigated and found 

to be drastically different than that of Nafion® at similar IECs.  At 70% sulfonation 

(approximately 1.4 meq g-1), the sulfonated PEEKK began to exhibit excessive swelling 

50 °C lower than Nafion®.  Furthermore, the sulfonated PEEKK became water soluble at 

80% sulfonation.  The swelling behavior, along with decreased proton conduction and 

membrane brittleness in the dry state, poses potential disadvantages for the application of 

sulfonated PEEKK membranes as PEMs.  In an effort to decrease swelling and increase 

proton conduction at low relative humidities, enhancement of the microphase separation 

between hydrophilic and hydrophobic domains was attempted by blending the sulfonated 

PEEKK with a polyether sulfone.  The hydrolytic stability was increased without 

detrimental effects on the proton diffusion, suggesting that blending may in fact be a 

viable option for maintaining mechanical integrity and acceptable proton conduction at 

given operating conditions.58 
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 Another approach to the improvement of sulfonated polyetherketone materials is 

the promotion of physical crosslinking via incorporation of a basic polymer such as a 

poly(benzimidizole) (PBI).60  Kerres et al. observed that a fraction of the basic amine 

groups in the PBI interact with the acidic ionic groups in the sulfonated polyetherketone 

to form a salt which constitutes a physically crosslinked network created by Coulombic 

forces.  This physically crosslinked network yields higher hydrolytic stability, however 

the acid/base interactions are not strong enough to prevent leeching of the incorporated 

basic polymers out of the ionic matrix in the presence of water.58, 60, 61 

 A variety of SPAEKs have been investigated as potential PEM materials.  Each 

SPAEK touts specific properties and therefore marked differences in fuel cell behavior.  

Na and coworkers have investigated three particular SPAEKs and the effect of chemical 

structure and morphology on proton transport properties.42, 62, 63  The membranes studied 

include SPEEK, SPEEKK, and SPAEK, with chemical variation effectively creating 

copolymers with varying hydrophilic or hydrophobic segment lengths.  In addition to 

chemical structure, the degree of sulfonation for each was varied to determine the effect 

of sulfonation on properties as well.  The degree of sulfonation for each was indicated 

using the naming convention “SPEEK-xx” where xx = mol% sulfonated units. 

The SPAEK membranes exhibited thermal stability up to 280 °C.  With an 

increase in the degree of sulfonation of the SPAEK membranes, the rate of degradation of 

the polymer backbone decreased, with the SPAEK-40 membrane undergoing 

approximately 60% overall degradation after heating to 700 °C at a rate of 10 °C min-1 

under nitrogen.42  To investigate the morphological dependence of the SPEEK, SPEEKK, 

and SPAEK membranes with respect to the degree of sulfonation, TEM was conducted 
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on silver-stained membranes.  The resulting TEM images indicated the presence of ionic 

domains (-SO3Ag) distributed randomly throughout the non-ionic polymer matrix.  As 

the degree of sulfonation increases, the concentration and localized density of silver 

particles increases, suggesting that ionic aggregates may become larger with increased 

ionic content.  Similarly, with an increase in the degree of sulfonation, water uptake 

values increased for the SPAEK membranes.   

When comparing the SPAEK to SPEEK and SPEEKK membranes, all with 60 

mol% sulfonation, the SPEEKK-60 showed the lowest water uptake, followed by the 

SPAEK-60, with the SPEEK-60 having the highest water uptake at all temperatures 

measured between 25 and 80 °C.  This data is in direct accordance with the materials’ 

IEC values, with water uptake increasing as IEC increases (IEC = 1.57, 1.66, and 1.92 

meq g-1 for SPEEKK-60, SPAEK-60, and SPEEK-60, respectively).42  A comparison of 

Nafion® 117 (IEC = 0.92 meq g-1) to SPAEK-40 (IEC = 0.96 meq g-1) revealed a lower 

amount of water uptake for the SPAEK-40 material at 25 °C, despite the similarity in 

ionic content.  Furthermore, in accordance with decreased water uptake, the SPAEK-40 

membrane displayed lower proton conductivity than Nafion®.  The proton conductivities 

of the PAEK materials followed the same trend as was observed for the water uptake 

values at temperatures above 50 °C, with SPAEK membranes exhibiting increased proton 

conductivity with increasing ionic content as well as increasing conductivity with 

changing chemical structure, for the SPEEKK-60, SPAEK-60, and SPEEK-60, 

respecctively.42  The water uptake and proton conduction behavior is attributed not only 

to changes in IEC but also to hydrophobicity of the various polymer backbones.  The 

SPAEK copolymers combine highly hydrophobic segments with highly hydrophilic ionic 
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segments, to promote microphase separation which yields continuous proton conduction 

pathways.  The SPEEK membranes, which exhibited the highest proton conductivity, 

exhibited the most distinct phase separation and interconnected ionic aggregates.  For a 

given percent sulfonation, the distance between sulfonate moieties in the SPEEK 

membranes are shorter than those in the SPEEKK membranes, which may be responsible 

for the observed morphological changes. 

Polystyrene (PS) derivatives.  Polystyrene (PS) and its derivatives were among 

the first membranes to be considered for use as proton exchange membranes.  In the early 

1960’s, GE developed a series of polymer membranes to be used as the polymer 

electrolyte in fuel cells for the National Aeronautics and Space Administration’s Gemini 

Space Program.64-66    These membranes, composed of sulfonated poly(α,β,β-

trifluorostyrene) as well as polystyrene-divinylbenzene sulfonic acid crosslinked with an 

inert fluorocarbon film, were the primary source of power for the Gemini and Apollo 

command and service modules, but exhibited limited lifetimes due to poor oxidative 

stability and mechanical integrity in the fuel cell environment.  As the oxidative 

instability is attributed to the degradation of C-H bonds, highly fluorinated systems such 

as Nafion® rapidly replaced the polystyrene derivatives in the development of proton 

exchange membranes.64-66 

While sulfonated polystyrene (SPS) and its derivatives have been investigated as 

PEMs quite extensively, a relatively new class of PS materials has been developed via 

grafting procedures.  One method of grafting involves the use of supercritical carbon 

dioxide (scCO2) as both a solvent and a swelling agent to promote mass transport during 

impregnation of the graft component into the polymer matrix.  The use of scCO2 allows 
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for the modification of the polymer matrix without inducing thermal stress or imposing 

plasticization effects.67, 68  In an attempt to increase proton conductivity while 

simultaneously decreasing methanol permeability, Kim and coworkers used scCO2 to 

prepare PEMs via grafting of poly(styrenesulfonic acid) (PSSA) onto Nafion® 115.  The 

use of scCO2 significantly alters the morphology of the Nafion® membrane.  The SEM 

micrographs in Figure 1.12 show the morphology of Nafion® before (Figure 1.12a) and 

after treatment with scCO2 (Figure 1.12b) as well as the morphology of the Nafion®-

grafted-polystyrene (N-g-PS) (Figure 1.12c).67  

 

 
Figure 1.12.  SEM micrographs of a) Nafion® 115, b) Nafion® treated with scCO2, and c) 
Nafion®-grafted-polystyrene (N-g-PS). 

 
N-g-PS membranes have been sulfonated in a post-polymerization procedure 

using sulfuric acid under mild conditions, yielding PSSA grafts.  Sulfonation time was 

varied and found to directly affect the IEC of the resulting membranes.  Along with an 

increase in IEC, current density was also increased with increasing sulfonation time.  As 

is commonly observed, the increase in IEC also led to an increase in proton conductivity.  

However, methanol permeability decreased despite the increased IEC.  Grafting 

ultimately yielded an overall enhancement of cell performance by incorporation of PSSA 

via grafting onto Nafion® 115.67 
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 PSSA has been grafted onto several polymers including polyacrylonitrile (PAN) 

and poly(vinylidene difluoride) (PVDF).  Holdcroft and coworkers investigated the 

morphology and methanol permeability of PAN and PVDF grafted with PSSA.69  The 

polymer microstructure was changed by altering the length of the PSSA grafts for a given 

IEC or by altering the IEC of the PSSA grafts while maintaining graft length.  Changes in 

IEC have a significant effect on the proton conductivity and methanol permeability of 

PSSA-grafted PAN.  Proton conductivity increased proportional to IEC, as did the 

methanol permeability.  The enhanced proton conductivity is attributed to reduced 

distance between ionic aggregates with increasing IEC.  While methanol permeability 

increases for PSSA-grafted PAN, the methanol permeability is less than that observed for 

PSSA-grafted PVDF.  Furthermore, methanol permeability for Nafion® 117 is higher 

than both PAN and PVDF graft materials at similar IECs.  Unlike the effect of changes in 

IEC, it was discovered that for both PAN and PVDF grafted systems, changes in graft 

length did not effect proton conduction or methanol permeability.69 

Another advantage to manipulating block copolymer architecture via grafting 

reactions is the facilitation of microphase separation while maintaining hydrolytic 

stability.  When grafting hydrophilic SPS sidechains onto a hydrophobic PVDF-co-

chlorotrifluoroethylene backbone to form P(VDF-co-CTFE)-g-SPS, Holdcroft and 

coworkers discovered that an increased degree of hydrolytic stability was achievable in 

the graft copolymers compared to diblock copolymers of similar chemical composition.70  

The morphology of these materials, which contain different copolymer architectures, was 

investigated by conducting TEM on cross-sectioned membranes (see Figure 1.13).70 
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Figure 1.13.  TEM micrographs of a) P(VDF-co-CTFE)-g-SPS (graft copolymer) and b) 
P(VDF-co-HFP)-b-SPS (diblock copolymer) where dark areas represent ionic domains 
and light areas indicate non-ionic fluorinated domains. 

 
The authors explained that while the morphology of the diblock copolymers exhibited a 

higher degree of long-range ionic order, excessive swelling of low IEC diblock 

membranes may lead to dilution of proton species and therefore limitation of attainable 

IECs.  In addition to enhanced hydrolytic stability, marked by limited swelling at 

relatively high IEC, the graft copolymers contained highly concentrated, isotropically 

connected hydrophilic domains which may be responsible for increased through-plane 

proton conductivity compared to the diblock copolymers.70  In a similar study, Jannasch 

developed a series of graft copolymers based on sulfophenylated polysulfones and 

observed hydrolytic stability at temperatures as high as 140 °C.71 

In another investigation of the effect of molecular architecture on block 

copolymer morphology, Michler and coworkers studied linear and star poly(styrene-b-

isoprene) block copolymers.  Linear copolymer morphologies ranged from cylindrical 

(Figure 1.14a) to lamellar (Figure 1.14b) while star copolymers yielded three phase 

morphologies (Figure 1.14c).72  The overall observation of variations in morphology 
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indicates that block copolymer architecture can be manipulated to yield various 

microstructures. 

 

Figure 1.14.  Scanning AFM micrographs of poly(styrene-b-isoprene) with linear (a and 
b) and star (c) molecular architectures. a) Linear – exhibiting cylindrical morphology, b) 
Linear – exhibiting lamellar morphology, c) Star – exhibiting three phase morphology 
 

Organic/Inorganic Nanocomposite Membranes.  Most of the non-

perfluorinated alternative membranes designed for use as PEMs exhibit lower ionic 

conductivities when compared to their perfluorinated counterparts.  As a potential 

remedy, the ionic content may be increased to improve proton conductivity, however a 

consequential increase in water uptake and corresponding swelling/mechanical durability 

issues develop.  In an attempt to create mechanically stable membranes capable of ionic 

conductivities which rival the PFSI materials, recent research has focused on the design 

of nanocomposite materials (e.g. organic/inorganic nanocomposites, polymer blends, 

interpenetrating networks, etc).73-86 

Clay nanocomposites.  A promising class of composite materials used to provide 

mechanical support is inorganic clay materials.75-77  Clay varieties which are commonly 

incorporated into polymer matrices include synthetic clays such as laponite and 

fluorohectorite and naturally occurring clays such as hectorite or montmorillonite.  
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Generally, clays are silicate materials composed of layered structures with layer 

thicknesses of approximately one nanometer and lengths of 100-1000 nm.75  Layers can 

be rendered negatively charged by cation substitution.  Negative charges are 

counterbalanced by cations located within the clay galleries (van der Waals gaps between 

stacked layers).  Clays of this type generally contain a surface charge, which is referred to 

as the cation exchange capacity (CEC).  The CEC value for a given layered silicate is 

reported as an average quantity to account for inconsistencies in charge across the clay 

nanostructure.77  The proton conductivity of these clays and their proven ability to reduce 

fuel permeability makes these additives ideal components for nanocomposite fuel cell 

membranes. 

 The addition of clay particles into an ionomer matrix generally decreases the 

proton conductivity of the membrane.  An advantage of incorporating clay additives, 

however, is the decreased fuel (e.g. methanol) permeability.  In an attempt to reduce 

methanol permeability while maintaining proton conductivity, Giannelis and coworkers 

have created nanocomposites of Nafion® and clay nanoparticles.75, 76  The 

montmorillonite (MMT) clays used were H+-exchanged to assist with proton conduction.  

Proton conductivity was also facilitated by the ability to use thinner membranes due to 

adequate stiffness and high temperature stability afforded by clay incorporation.  The use 

of thinner membrane allows for decreased membrane resistance, which corresponds to 

increased proton conductivity.  A common disadvantage to using thin films as PEMs is 

the generally observed increase in fuel crossover, however the ability of the clay 

nanoparticles to inhibit fuel permeation makes the use of these thin membranes feasible.75 
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 The dispersion of clay nanoparticles into Nafion® membranes is generally 

dependent upon casting parameters including temperature and solvent selection.  Still, it 

has been shown that clay dispersion can often be insufficient, even when casting from 

high boiling point solvents, due to flocculation of the nanoparticles which leads to gross 

phase separation.  To remedy complications in the clay dispersion process, Giannelis 

developed a procedure for dispersing H+-exchanged MMT particles into Nafion® via 

solvent casting from water at elevated temperatures (180 °C) in a pressurized 

environment to control the solvent evaporation process.  This casting procedure yielded 

nanocomposite membranes with good dispersion of clay nanoparticles within the Nafion® 

matrix.  Nafion® membranes with various contents of clay were prepared to facilitate the 

investigation of clay composition on the nanocomposite properties.75 
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Figure 1.15.  TEM micrographs of H+MMT-Nafion® nanocomposite membranes with a) 
2.5 wt%, b) 5 wt%, and c) 10 wt% clay content. 
 
 Figure 1.15 displays the intercalated/exfoliated structure of the H+MMT-Nafion® 

nanocomposite membranes with various clay contents.75  Further investigation of the 

microstructure of the nanocomposite membranes was conducted using SAXS, which has 

proven to be an indispensible tool with regards to the investigation of the complex 

morphology of Nafion®.87-101  The morphological investigation of pure Nafion® via 

SAXS generally reveals two distinct scattering events.  Characteristic electron density 

differences that exist between the PTFE backbone and the ionic moieties give rise to a 
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scattering maximum at approximately q = 1-2 nm-1 which is termed the “ionomer peak”.  

In the interest of morphological modeling, it is generally acceptable to attribute the 

“ionomer peak” to ionic aggregates which constitute an electrostatic network and are 

randomly distributed throughout the matrix with some degree of spatial heterogeneity.  

These ionic aggregates serve as physical crosslinks and are therefore responsible for 

restricted segmental mobility.  The second observable scattering peak is attributed to 

intercrystalline scattering among the crystallizable runs of PTFE backbone segments.  

This maximum, sometimes distinguishable only as a shoulder, occurs at the very low 

scattering angle of approximately q = 0.5 nm-1.87, 89, 91, 98, 102  In consideration of these 

morphological findings, a schematic illustration of the morphology of pure Nafion® has 

been developed by Diat and coworkers (see Figure 1.16).75, 102   

 

 
Figure 1.16.  Schematic illustration of the morphological arrangement of pure Nafion® as 
developed from SAXS experimentation. 
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This illustration of Nafion® morphology depicts elongated polymeric aggregates 

uniformly distributed through the perfluorinated matrix with characteristic localized order 

and a correlation length on the order of a few hundred nanometers.102  TEM of Cs+-form 

Nafion® in solution (Figure 1.17) was also conducted for verification of the proposed 

illustration shown in Figure 1.16.102  The micrographs display a series of wormlike 

structures (dark fibrils) embedded in a vitreous material.  The variation in fibril length is 

more clearly presented in Figure 1.17b, where the solution is more dilute.  The 

illustration in Figure 1.16 is not the only model which has been proposed—as the true 

morphology of Nafion® is rather complex and has not yet been fully determined.  A fairly 

comprehensive discussion of the proposed morphological models of Nafion® will follow 

in a subsequent section. 

 
Figure 1.17.  Cryo-TEM micrographs of Cs+-form Nafion® 1100 in solution.  a) φp = 1% 
and b) φp ≈ 0.4% (Arrow indicates wormlike structure.)  
 
 The incorporation of clay significantly alters the morphology of Nafion® by the 

promotion of preferential orientation which arises due to the presence of layered silicate 

clay structures.  Anisotropy within fully hydrated H+MMT-Nafion® membranes was 
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examined using SAXS in both the normal and transverse planes.  While pure Nafion® 

does not exhibit significant anisotropy (aside from some machine direction orientation in 

extruded membranes), the orientation induced by the incorporation of clay is obvious, 

with a noted increase in anisotropy with increasing clay content.  A comparison of the 

characteristic 2D SAXS patterns collected in the normal and transverse planes for both 

pure Nafion® and H+MMT-Nafion® with 10 wt% clay as well as the intensity vs q plots 

for the H+MMT-Nafion® with 10 wt% clay can be seen in Figures 1.18 and 1.19, 

respectively.75  

 

 
Figure 1.18.  2D SAXS patterns of pure Nafion® and H+MMT-Nafion® with 10 wt% clay 
collected in both the normal and transverse planes. 
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Figure 1.19.  Intensity vs. q SAXS plots of H+MMT-Nafion® with 10 wt% clay collected 
in both the normal and transverse planes. 
  
 The SAXS data exhibits the development of anisotropy in the 2D scattering 

patterns for the H+MMT-Nafion® with 10 wt% clay collected in the transverse plane.  

This anisotropy, signaled also by the disappearance of the ionomer peak of the intensity 

vs q plot in the meridional direction for the transverse plane, led to the conclusion that the 

ionic aggregates become preferentially oriented along the normal plane. This analysis led 

to the development of an illustration for the morphology within the H+MMT-Nafion® 

nanocomposite membranes, which can be seen in Figure 1.20.75 
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Figure 1.20.  Schematic illustration of the morphological arrangement of H+MMT-
Nafion® nanocomposite membranes as developed from SAXS experimentation. 
 
 The unique morphological rearrangement which results after incorporation of clay 

nanoparticles has been proven to alter the membrane properties—particularly proton 

conduction and methanol permeability.  The initial addition of clay decreased methanol 

permeability compared to that of pure Nafion®, and with increasing clay content, the 

permeability was observed to decrease.  This effect was attributed to increased tortuosity 

of the methanol diffusion pathway as a result of the incorporated clay platelettes.  While 

the presence of clay improves the nanocomposite membranes’ ability to resist methanol 

permeation, it subsequently decreases proton conductivity.  As the content of clay is 

increased, proton conduction decreases, with the effect being particularly pronounced at 

low relative humidity.  Incorporation of clay is also responsible for an increase in the 

stiffness of the Nafion® membranes, which improves mechanical stability at elevated 

temperatures and allows for the use of thinner membranes, thereby reducing membrane 

resistance.  Despite the decrease in proton conductivity caused by the presence of clay, 
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the advantages of decreased methanol permeability and thermal stability render these 

Nafion®/clay nanocomposites attractive as potential PEM systems.75  

Silica nanocomposites prepared via sol-gel reactions.  The preparation of 

Silica/Nafion® nanocomposites via sol-gel reaction has been the focus of several recent 

studies.  This sol-gel process involves the use of the ionomer as a matrix material within 

which the catalyzed development of silicon oxide structures can be performed.  Mauritz 

and coworkers have observed that the hydrophilic sulfonate groups present on the 

perfluorovinyl ether sidechains of Nafion® foster the initiation of silica nanoparticles of 

approximately 5 nm without disrupting the morphology of Nafion®.103 

A particular nanocomposite produced via sol-gel reaction conducted by Mauritz 

et. al. involves the incorporation of organically modified silicate (ORMOSIL) into a 

Nafion® matrix.104  ORMOSIL is created via the in-situ condensation reaction of 

tetraethylorthosilicate (TEOS) and diethoxydimethylsilane (DEDMS).  Upon 

swelling/hydration of the Nafion® membrane, TEOS and DEDMS migrate to the polar 

sulfonic acid groups—the initiation sites of silica nanoparticle growth.104  The 

Nafion®/ORMOSIL nanocomposites were created to investigate the change in 

mechanical strength (particularly Young’s modulus) with nanoparticle incorporation.  It 

was generally observed that the resulting nanocomposites exhibited greater mechanical 

strength than the neat Nafion® membranes.104 

 In a similar study conducted by Qiao, Lu, and coworkers,105 mesoporous (MCM-

41) silica was used as a filler to create a Nafion®/silica nanocomposite which will exhibit 

enhanced water retention in comparison to nanocomposite materials with nonporous 

silica fillers.  The nanospheres were observed to be homogenously distributed throughout 
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the Nafion® matrix at concentrations less than 3 wt%.  In addition to enhanced water 

retention, decreased methanol permeability and increased thermal stability were achieved 

for the nanocomposite membranes.  Unfortunately, the tensile strength of the 

Nafion®/MCM-41 nanocomposites was decreased in comparison to neat Nafion®, likely 

due to the increased water retention.  However, the water retention did not 

simultaneously give rise to increased proton conductivity as may generally be 

anticipated.105  Conversely, an increase in proton conductivity was achieved by 

Tominaga et al. for Nafion® nanocomposites containing sulfonated mesoporous silica 

(Su-MPSi).106  Su-MPSi was created by the surface treatment of neat mesoporous silica 

with 3-(trihydroxysilyl)-1-propane-sulfonic acid.  A TEM micrograph and schematic 

illustration of the Su-MPSi structure is shown in Figure 1.21.106  
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Figure 1.21.  Structure of Su-MPSi as shown by a) TEM micrograph and b) schematic 
illustration. 
 
 Nanocomposite membranes consisting of sulfopropylated polysilsesquioxane 

(SiOPS) particles embedded in a Nafion® matrix have been produced by Xu et al. via sol-

gel reaction of 3-(trihydroxylsilyl)propane-1-sulfonic acid (THSPSA).107  The 

morphology as a function of the SiOPS content of THSPSA incorporated was 

investigated using TEM, as shown in Figure 1.22.107  Light regions correspond to 

hydrophobic regions of Nafion® while darker regions (stained with lead acetate) indicate 

sulfonic acid groups of SiOPS and Nafion®.  With increasing THSPSA incorporation, 

hydrophilic domains increase in size, indicating growth of SiOPS nanoparticles which are 
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uniformly distributed throughout the Nafion® matrix.107  An increase in water uptake is 

also observed with increasing THSPSA concentrations up to 12 wt%.  Above this 

concentration, water uptake stabilizes at approximately 29%.  With the increase in water 

uptake, proton conduction was also observed to increase.107 

 
Figure 1.22.  TEM micrographs of Nafion®/sulfopropylated polysilsesquioxane 
nanocomposites with a) 0, b) 4, c) 8, d) 12, e) 16, and f) 20 wt% THSPSA.  (Scale bar = 
10 nm) 
  

Polymer Blends.  Polymer blending is a technique widely employed for the 

creation of a material that maintains desirable properties or characteristics of each of the 

chosen blend components in a preferably synergistic fashion.108  There are a variety of 

techniques for producing polymer blends.  In general these techniques can be sorted into 

two broad categories: 1) physical blending, 2) reactive blending.  Examples of physical 

blending techniques include extrusion and mixing, while reactive blending generally 

involves reactive copolymerization and/or compatibilization. 109, 110  Polymer blending 



43 

has proven instrumental in the production of materials with tunable properties suitable for 

a variety of applications.108, 109  When miscibility is achieved within a polymer blend, 

marked by intimate mixing on the molecular level, development of a novel material with 

intermediate properties of the component polymers is possible.  In response to the issue 

of dimensional stability, polymer blending has recently been employed for producing 

mechanically reinforced aromatic hydrocarbon ionomers for use as potential PEMs.111-113  

When sufficient phase mixing is achieved, mechanical reinforcement via polymer 

blending may enhance mechanical performance of the PEM with minimal effect on 

desired transport properties.  An additional advantage of polymer blending lies in the 

enhanced morphological control obtained by varying blend composition.  Such control 

facilitates precise optimization of PEM performance through the investigation of 

membrane composition-morphology-property relationships. 

One polymer which is commonly blended with ionomeric materials to provide 

mechanical reinforcement for PEMs is PVDF, a semicrystalline material widely 

recognized for its chemical and thermal stability as well as mechanical durability.80, 81, 114-

119  Furthermore, PVDF is reported to be miscible with various common polar polymers, 

making it an ideal blend component for the enhancement of phase mixing and mechanical 

stability.120-124  Park and coworkers have investigated the degree of dimensional stability 

achieved by adding various amounts of PVDF to sulfonated poly(ether ether ketone) 

(sPEEK).  Upon the addition of only 2.5 wt%, there is a marked decrease in the 

dimensional change of the sPEEK/PVDF membrane, resulting in dimensional stability 

similar to that of Nafion® 117 at 25 ºC.  The improved dimensional stability was 
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attributed to the hydrophobic nature of the PVDF phase which reduces overall swelling 

and therefore minimizes dimensional changes in the blend membrane upon hydration.80   

While the incorporation of PVDF has proven to enhance dimensional stability and 

overall mechanical properties of ionomer membranes, blending of an ionomer with a 

semicrystalline material such as PVDF often yields very complex morphologies.  The 

degree of phase mixing in a blend system is driven by the enthalpy of de-mixing of the 

blend components, and the introduction of a crystalline component can further complicate 

the phase behavior.48  The correlation of blend morphologies and membrane performance 

is therefore essential in determining the suitability of a blend for applications such as 

PEMs. 

Moore and coworkers have investigated the effect of organic counterions on the 

morphological and rheological response of Nafion®.101, 125-127  Based on this work, 

alkylammonium ions were found to be useful in preparing homogeneous Nafion®/PVDF 

blends.81  It was observed that Na+-form Nafion® exhibited a poor degree of phase 

mixing upon incorporation of PVDF, as observed by the presence of phase texture in 

freeze-fractured SEM micrographs (Figure 1.23a).81  This behavior was attributed to 

pinning of the ionomer morphology due to strong electrostatic interactions within ionic 

domains which behave as physical crosslinks and restrict phase mixing between the 

ionomer and the nonionic PVDF component.  Conversely, an increased degree of phase 

mixing is achieved upon incorporation of PVDF into tetrabutylammonium (TBA+)-form 

Nafion® (Figure 1.23b).81  The larger TBA+ counterion effectively reduces the strength 

of electrostatic interactions within the ionic aggregates and allows for increased mobility 

and therefore increased phase mixing between Nafion® and the nonionic PVDF 
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component.81  Such investigations depict a strong correlation between the degree of phase 

mixing and the resulting blend morphologies. 

 

 
Figure 1.23.  Freeze-fractured SEM micrographs of a) 40/60 Na+-form Nafion/PVDF 
blend and b) 40/60 TBA+-form Nafion/PVDF blend.  (Scale bar = 20 µm) 
 
 Recognizing the benefit of alkylammonium ion neutralization in ionomer blends, 

Gibon et al. also investigated the effect of organic counterion neutralization on the 

morphology of blend membranes.128  The blends examined were composed of a 

copolymer (termed PF) of PVDF and hexafluoropropylene (HFP) blended with poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS).  Membranes were studied in 

both the H+- and TBA+-form and were cast from N,N’-dimethylformamide (DMF) at 

temperatures ranging from 50 to 170 °C to simultaneously study the effect of casting 
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temperature on morphology.  TEM micrographs reveal the bulk morphology of each of 

the membranes, with lighter regions indicating PAMPS (hydrophilic) domains and darker 

regions representing the PF (hydrophobic) domains (Figure 1.24).128  Acid form 

membranes (Figure 1.24a-b) exhibited a phase separated morphology with PAMPS 

globules suspended within the PF matrix, while the incorporation of the TBA+ counterion 

appeared to increase the degree of phase mixing as indicated by the decrease in phase 

separation (Figure 1.24b) and the eventual homogeneous morphology observed for the 

membrane neutralized with 100% TBA+ counterions (Figure 1.24c).  Furthermore, the 

diffuse interfaces observed in the 50TBA membrane (neutralized with 50% TBA+) 

(Figure 1.24b) indicate the presence of an interphase region that exists between the 

PAMPS and PF phases, which suggests enhanced phase mixing.128 

 
Figure 1.24.  TEM micrographs of PF/PAMPS blend membranes cast at 170 °C (a-c) and 
70 °C (d-f) in H+-form (a,d) and neutralized with 50% TBA+ (b,e) and 100% TBA+ (c,f). 
 
 Similar to the effect of neutralization with an organic (TBA+) counterion, a 

decrease in casting temperature appears to also increase the degree of phase mixing, as 

visible in the TEM micrographs for the neutralized membranes (Figure 1.24e-f).128  This 
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observation indicates that the blend follows a lower critical solution temperature (LCST) 

behavior.  The effect is particularly evident for the membranes neutralized with 50% 

TBA+ counterions (Figure 1.24e), where the PAMPS phase domains are drastically 

reduced in size, suggesting an increased degree of mixing.  In contrast, however, the 

phase mixing appears to remain unaffected by casting temperature for the H+-form 

membrane (Figure 1.24d).  The decreased phase separation when cast at lower 

temperatures was attributed to the crystalline component of the PVDF copolymer.  

Casting below the melting temperature of the PF component allows for crystallization to 

occur during casting and therefore prevents enhanced phase separation.  Conversely, 

casting above the melting temperature of the PF component prevents crystallization and 

promotes phase separation as the predominant mechanism of molecular rearrangement.  

Supported Composite Membranes.  Many advances have been made in the 

search for alternative materials that may replace PFSIs as proton exchange membranes.  

Among the most promising alternatives are highly aromatic, non-aliphatic hydrocarbon 

copolymers and organic/inorganic nanocomposite materials.  In many cases, these 

systems have been successfully designed to provide adequate proton conductivity while 

maintaining excellent thermal and chemical stability.  However, poor mechanical stability 

is a common disadvantage for both the aromatic and nanocomposite materials.  Poor 

mechanical stability can generally be traced to one (or both) of two complicating factors 

inherent within these systems.  The first complication is the characteristic brittle nature of 

aromatic copolymers in the dehydrated state and for nanocomposite materials composed 

of glassy fillers.  Secondly, attainment of the desired proton conduction is generally 

possible only through the use of high IEC polymers.  Unfortunately, the elevated degree 
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of sulfonation often yields poor mechanical stability due to a tendency toward excessive 

swelling.  Attempts at remedying the poor mechanical properties of these systems by 

methods such as polymer blending have been considered, however these methods have 

been only marginally successful in many cases.  In the interest of improving mechanical 

stability, researchers have developed several approaches at creating unique composite 

membranes comprised of relatively low IEC ionomers supported by higher modulus 

materials.  Among this class of supported composite membranes are Nafion® supported 

by expanded PTFE129-132 and Pintauro’s nanofiber network PEMs created by 

electrospinning.133-136 

Nafion® impregnated PTFE.  Martin and coworkers developed a technique for the 

impregnation of Nafion® into porous PTFE (Gore-Tex®) membranes to create PEMs with 

enhanced mechanical stability.129-131  The composite membranes, composed of a 

mechanically stable component and a proton conductive component, exhibit lower proton 

conduction than pure Nafion®.  The decrease in ionic conductivity is attributed to the 

presence of the nonionic PTFE component.  Still, ionic conductivity is believed to be 

facilitated by the presence of the interconnected series of pores present in the expanded 

PTFE.129-131  Similar results were observed for Nafion®/PTFE composite membranes 

prepared by Lin et al.132  The morphology of the porous PTFE membrane surface is 

shown in Figure 1.25.132  After impregnation of Nafion® into the PTFE support 

membrane, a series of micropores is plainly visible (Figure 1.26).132 
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Figure 1.25.  SEM image of porous PTFE membrane surface.  (Scale bar = 5 µm) 
 

 

 
Figure 1.26.  SEM image of Nafion®/PTFE composite membrane surface.  (Scale bar = 
10 µm) 
 
Proton conductivity is decreased, as was also observed by Martin and coworkers, 129-131 

however the improved mechanical stability allows for the use of lower EW and thinner 

membranes, which leads to decreased membrane resistance and correspondingly 

improved fuel cell performance.  The Nafion®/PTFE membranes exhibited improved 

thermal stability and gas barrier properties as well.132 

Nanofiber network PEMs.  Pintauro and coworkers have prepared several 

nanofiber network PEMs using a novel approach to composite membrane formation 
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which involves the embedding of an electrospun mat of ionomeric nanofibers into a UV-

curable polymer matrix.133-136  The nanofiber network is prepared through a series of four 

steps, namely 1) electrospinning of the ionomeric nanofiber mat, 2) densification of the 

nanofiber mat via compaction, 3) welding of the compacted nanofibers by exposure to 

solvent vapors, and 4) impregnation of a support matrix into the densified and welded 

nanofiber mat.  A schematic diagram of a sulfonated poly(arylene ether sulfone) (sPAES) 

nanofiber network supported by a robust polyurethane matrix is outlined in Figure 

1.27.134 

 

 
Figure 1.27.  Schematic diagram of a sulfonated PAES/polyurethane nanofiber network 
PEM where a) is the polyurethane matrix, b) is the sulfonated PAES electrospun 
nanofiber mat, c) is a schematic depiction of the sulfonated ionomer, and d) is the 
chemical structure of the sulfonated PAES. 
 
The sPAES nanofiber mat of uniform thickness and fiber density was prepared by 

electrospinning from dimethylacetamide (DMAc) onto a rotating drum.  The nanofiber 

mat was densified by compaction (under pressure) to increase the nanofiber volume 

density without affecting the fiber diameter.  The compacted mat was then exposed to 

DMF vapors, thereby welding the nanofibers into a continuous proton conduction 
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pathway.  Optical photographs and SEM micrographs of the nanofiber mat after each step 

of the preparation procedure are presented in Figure 1.28.134 

 

 
Figure 1.28.  sPAES electrospun fibers after each step in the nanofiber mat preparation 
procedure: Initial electrospun nanofibers (a, d, g, j), compacted nanofibers (b, e, h, k), and 
welded nanofibers (c, f, i, l).  (a-c) are optical photographs, (d-f) are SEM images of the 
mat surface at 2000x magnification, (g-i) are SEM images of the mat surface at 30,000x 
magnification, and (j-l) show the distribution of fiber diameters measured from the SEM 
images collected at 30,000x magnification. 
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After welding of the sPAES fibers, the continuous mat was impregnated with a 

UV-curable polyurethane prepolymer and exposed to UV light to create a cured nanofiber 

network PEM.  Figure 1.29 shows the prepared nanofiber composite membrane which is 

clearly composed of sPAES nanofibers embedded within the continuous polyurethane 

support.134 

 

 
Figure 1.29.  Nanofiber network membrane composed of a sPAES nanofiber mat 
embedded within a continuous polyurethane support.  a) Optical photograph, b) freeze-
fractured SEM image at 5000x magnification, and c) freeze-fractured SEM image at 
30,000x magnification. 
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The nanofiber composite membrane yielded in-plane proton conductivity values 

which rivaled that of Nafion® under similar conditions, and the oxygen barrier properties 

were more than 50 times higher than that of Nafion®. The nanofiber composite membrane 

also exhibited a more desirable morphology and improved mechanical properties when 

compared to a sPAES/PU polymer blend of similar composition.  The compared blend 

membrane, cast from DMAc, was highly phase separated (indicating a poor degree of 

phase mixing) and was brittle in the dehydrated state.134  Pintauro and coworkers have 

manipulated the fiber dimensions and chemical composition of the ionomeric nanofiber 

mat through a series of studies and have achieved proton conductivities twice as high as 

Nafion when incorporating sulfonated polyhedral oligomeric silsesquioxane (sPOSS) into 

the nanofiber composition.133, 135, 136  In general, the nanofiber composite membranes are 

potentially attractive as PEMs due to their relatively high proton conductivity and 

mechanical stability. 

 

Evolution of Morphological Models for Nafion® 

Nafion® is the benchmark material for PEM fuel cells and has therefore been the 

most widely investigated material from a morphological perspective.4, 87-100, 102, 137-141  

While a firm understanding of the morphology of Nafion® has yet to be fully established, 

the fundamental knowledge of the morphological features within Nafion® membranes has 

provided a foundation upon which morphological studies of alternative membranes have 

been based.  The complexity of this unique ionomer’s microstructure arises from the 

presence of both ionic and crystalline domains covering a broad distribution of size 

scales.  Driven by Coulombic interactions, the ionic moieties present on the 
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perfluorovinyl ether sidechains undergo aggregation, forming ionic clusters,87 which are 

randomly distributed throughout the non-polar PTFE matrix.  The morphology is further 

complicated by the crystallizability of the PTFE backbone segments which leads to the 

inclusion of crystalline domains within the nanophase-separated system.88, 142  While 

small angle scattering techniques have proven instrumental in the investigation of the 

morphological features of Nafion®, the quantitative morphological information is often 

limited as these techniques generally probe only a very restricted region of reciprocal 

space and the scattering profiles generally consist of broad (and often convoluted) 

scattering peaks.  The investigation of this complex morphology has led to the 

development of numerous morphological models; however a comprehensive and fully-

accepted description of the PFSI morphology has not yet been established.  This section 

outlines the more widely acknowledged morphological models and their experimental 

origins. 

The models explored herein include the cluster-network model proposed by 

Gierke and coworkers (Figure 1.30),4 a modified core-shell model proposed by Fujimura 

et al.,89, 90 a local-order model first proposed by Dreyfus et al.,143 a lamellar model 

proposed by Litt,138 a sandwich-like model proposed by Haubold et al. (Figure 1.31),139 a 

rod-like model proposed by Rubatat et al. (Figure 1.32), 100, 102, 144, 145 a fringed micelle 

model proposed by Kim et al. (Figure 1.33),146 and a parallel water-channel model 

proposed by Schmidt-Rohr et al. (Figure 1.34).147  Despite the differences which exist 

between the various morphological models, each proposes the development of proton 

conductive pathways via the formation of a continuous network of ionic clusters which 

undergo swelling in the presence of polar solvents.  The source of debate among the 
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models stems from the identification of the geometry and spatial distribution of the ionic 

clusters within the non-ionic polymer matrix. 

Cluster-Network Model.  The first model created in an attempt to describe the 

complex morphology of PFSIs was proposed by Gierke et al. in the early 1980’s.4, 87  

This historically significant model, termed the cluster-network model, was created based 

on the exploration of Nafion®’s morphological features via SAXS and wide-angle X-ray 

diffraction (WAXD) analyses.  The studies which led to the development of this model 

considered membranes of a range of equivalent weights, the unhydrolyzed sulfonyl 

fluoride precursor form, the hydrolyzed sulfonic acid form, and the neutralized metal 

sulfonate form.  The hydrolyzed form of Nafion® exhibited a SAXS peak at 

approximately 1.6°, 2θ which corresponds to an interparticle spacing of 3-5 nm 

calculated by using Bragg’s Law.  Such dimensions were considered to be characteristic 

of a system containing ionic clusters within a semicrystalline matrix.  With increased 

hydration for membranes of various equivalent weights, the ionomer peak was shown to 

increase in intensity and shift to lower angles.  These observations led the authors to 

conclude that the water-swollen morphology of Nafion® could be best described by a 

model of ionic clusters that were approximately spherical in shape with an inverted 

micellar structure, as shown in Figure 1.30.4 
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Figure 1.30. Cluster-network model for the morphology of hydrated Nafion®. 
 

In verification of the model’s applicability, cluster dimensions calculated from 

this simplified geometry proved consistent with other experimental observations; 

however, the spatial order of aggregates was not found to be paracrystalline.  The 

permselective transport properties of hydrated Nafion® were attributed to the presence of 

very narrow channels (approximately 1 nm in width) which are lined with ionic groups.  

Furthermore, these narrow channels were proposed to form interconnected pathways 

between the ionic aggregates which constitute the percolation network through which 

proton conduction takes place.  While no direct evidence has confirmed the existence of 

these interconnecting channels within the membrane, the cluster-network model was the 

first to offer an interparticle origin for the SAXS maximum in Nafion®. 

Core-Shell Model.  In the same time frame as the proposal of the cluster-network 

model, Fujimura et al. performed SAXS and WAXD analyses on Nafion® of various 

counterion forms (i.e. H+, Na+, and Cs+) and equivalent weights.  In concurrence with 

previous scattering studies of Nafion®, the scattering maximum at s ≈ 0.07 nm-1, where 

the scattering vector (s) is defined as s = ((2sinθ)/λ), was correlated to the crystalline 

domain, and the scattering maximum at s ≈ 0.3 nm-1 to the ionic domains.89  With 
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increasing equivalent weight, the low angle maximum also increased, in agreement with 

the observations of Gierke and coworkers.87  Thorough analysis of collected WAXD data 

showed that upon an increase in equivalent weight from 1100 to 1500 gave rise to a 

simultaneous increase in the degree of crystallinity for Nafion® from 12 to 22%.  

According to SAXS and WAXD analysis and the scattering behavior of uniaxially 

oriented Nafion®, the low angle scattering maximum was determined to originate from an 

average spacing which exists between crystalline lamellar platelets.89 

 In a subsequent paper by Fujimura et al. the origin of the SAXS ionomer peak 

was considered.90  The characteristic dimensions of the ionic clusters associated with the 

ionomer peak at s ≈ 0.3 nm-1 were evaluated for 1100 EW Nafion® in the H+ and Cs+ 

forms before and after swelling with water.  A shift in the scattering maximum to lower s 

values was observed as a function of increasing water content, suggesting that ionic 

cluster dimensions also increased.  In considering the swelling behavior, the authors 

found swelling on the microscopic scale to be much greater than the macroscopic 

swelling.90  These analyses provided a means by which morphological models could be 

evaluated and further justified or disproved.  Based on their experimentation, the ionomer 

morphology of Nafion® was determined to more closely coincide with an intraparticle 

core-shell model similar to that proposed by McKnight148 and coworkers149 rather than an 

interparticle, two-phase, hard sphere model proposed by Cooper and coworkers.150  The 

core-shell model was portrayed as having an ion-rich core surrounded by an ion-poor 

shell that was comprised of mainly the perfluorocarbon chains.90  The core-shell particles 

were described as being dispersed in a matrix of fluorocarbon chains containing 
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nonclustered ions and multiplets, so the ionomer scattering maximum was attributed to 

the short-range order distance within the core-shell particles. 

 Analysis of SAXS data, complemented by computer simulation, was conducted in 

an attempt to quantitatively distinguish between the two models.90  For both the core-

shell model and the two-phase hard sphere model, quantitative expressions for the 

variations in the scattering profiles with water uptake were derived from standard 

scattering theories and found to be in good agreement with the experimental data.  The 

quantitative deliberation between models was therefore rendered inconclusive. 

 More recently, Gebel and Lambard have discounted the core-shell model for 

Nafion® as a result of their small-angle neutron scattering (SANS) analysis of water-

swollen Nafion®.91  It was determined that this theoretical model did not fit sufficiently 

with the experimental data, and the fits of the dimensional and contrast values extracted 

from the best fit profiles were deemed unrealistic.  Furthermore, the existence of isolated 

ion pairs constituting the matrix in the core-shell model was noted to be highly 

questionable in swollen membranes and confirmed to be improbable by electron-spin 

resonance measurements.151 

Local-Order Model.  Another interparticle scattering model, presented by 

Dreyfus et al., is the local-order model.143  This morphological depiction describes the 

distribution of spherically-shaped ionic clusters in Nafion®.  The local-order model was 

shown by Gebel and Lambard to provide a better fit to SAXS and SANS profiles of 

hydrated Nafion® than that of the depleted-zone core-shell and modified hard sphere 

models over the range of scattering vectors between 0.3 and 2.0 nm-1.91  At larger q 

values, the deviation between the model fit and experimental data was attributed to the 
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fact that the model assumes monodisperse clusters having a homogeneous electron 

density.  While additional terms allowing for polydispersity in dimensions improved the 

model fits, the added adjustable parameters were deemed undesirable.  A Debye-Bueche 

model was used to correlate the small-angle upturn to heterogeneities displaying a 

correlation length on the order of 8 nm.  Although this dimension was noted to be 

surprisingly small for what were termed large-scale heterogeneities, the excellent 

agreement with the size of the correlation-hole in the radial distribution function of the 

local-order model was acknowledged.  An ultra-small angle X-ray scattering (USAXS) 

camera proved useful in extracting further information from the low-angle scattering 

regime by significantly extending the low q-range.152  While this analysis yielded 

correlation lengths for large-scale density fluctuations in excess of 300 nm, no detailed 

description of the morphological origin of these heterogeneities was established, and their 

existence in contrast to the assumed “gas-like” order of the local-order model was not 

reconciled. 

 Aside from the evaluation of Nafion® morphologies, Moore and Martin reported 

the first SAXS and WAXD characterization of a series of shorter sidechain Dow PFSIs 

with equivalent weights ranging from 635 to 1269 g equiv-1.92  As these ionomers were 

found to possess both crystalline and ionic domain structures that varied with equivalent 

weight and water content, it was determined that their morphologies were inherently 

similar to Nafion®.  As an expansion on this initial work, Gebel and Moore98 monitored 

the effects of sidechain length on morphology by applying the local-order model to 

SAXS and SANS evaluations of the Dow PFSIs and comparing the results to that of 

Nafion®.  In agreement with the findings for Nafion®,91, 143 the local-order model 
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satisfactorily reproduced the scattering profiles for the short sidechain materials.  The 

adequacy of the model’s fit was only suitable for membranes of intermediate equivalent 

weights, however.  Significant deviations in the model fits observed for the higher 

equivalent weight materials were attributed to the relatively high crystallinity of the 

somewhat blocky ionomers; long runs of PTFE units in the high equivalent weight 

ionomers yielded an intense crystalline peak at low q-values that influenced the observed 

position of the ionomer peak.  Deviations observed for the low EW ionomer were 

attributed to high degrees of water uptake (ca. 80% by weight) due to the absence of 

crystallinity.92  The highly-swollen morphology of the low EW material (i.e. the 635 EW 

ionomer)  was proposed to be more accurately described as a polymer-in-water system.98  

Based on recent studies of PFSI solutions and the reasonable fit of the scattering profile 

to the form factor of cylinders, the morphology of the swollen 635 EW system was 

proposed to resemble a connected network of rods,153, 154 as opposed to a locally-ordered 

distribution of spherical clusters. 

Lamellar Model.  Several years after the initial morphological models for 

Nafion®, Litt proposed a model based on a reevaluation of existing SAXS data obtained 

during swelling and deswelling experiments.138  Litt’s lamellar model is based on the 

theory that longer crystallizable regions in the ionomer will chain fold to an average 

lamellar thickness.  It is proposed that micelles are formed as a result of the stacking of 

lamellae on top of each other.  The surfaces of these micelles are depicted as being lined 

with ionic groups while the interior is composed of the noncrystalline tie chains.  

Swelling of the amorphous region upon hydration forces the micelles further apart and 

therefore causes the observed shift in the SAXS ionomer peak.  The expansion 
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mechanism is ultimately restricted by the tie molecules, which connect the micelle 

domains.  However, the ability of the tie molecules to uncoil during hydration while 

exerting a retractile force which ensures lowered conformational entropy allows an 

equilibrium swelling to occur.  Despite good agreement between Litt’s lamellar model 

and SAXS data presented by Gierke87, differing shifts in the scattering behaviors of the 

ionic domains and the lamellar long spacing which resulted from changes in water 

content were not adequately described using this model.98 

Sandwich-like Model.  Haubold et al. proposed a variation of the lamellar model 

in which the basic structure was believed to be arranged in a sandwich geometry (see 

Figure 1.31).139  Similar to the configuration of Litt’s micelle structures, the outer layers 

of the sandwich (the shell) are composed of sidechains including the sulfonic acid 

functionalities.  In contrast, the inner portion (the core) was depicted as encapsulating the 

swelling solvent.  To explain the presence of percolation pathways through which proton 

conduction may occur, the structural elements are arranged in a linear fashion such that 

the solvent containing cores form a continuous pathway.  
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Figure 1.31.  Sandwich model proposed by Haubold et al. 
 
By fitting the structure factor for a rectangular parallelepiped to the Sandwich Model, the 

authors extracted dimensions such as core thickness, combined shell thickness and lateral 

dimensions of the parallelepiped.  Examining changes in fit parameters with solvent 

exchange from water to methanol showed that increasing methanol content caused the 

spacing between neighboring shell layers to decrease while shell thickness increased, 

implying a conformational and/or packing change in the sidechains and main chains.  
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However, the authors’ suggestion that increased methanol content does not affect the 

sidechains made geometrical understanding of the changes in layer thickness difficult.139 

Rod-like Model.  In conjunction with Rollet and coworkers,100 Rubatat et al.100, 

102, 144, 145 proposed the morphology of Nafion® to consist predominately of rod-like ionic 

aggregates with organization on length scales ranging from nanometers to microns, as 

shown in Figure 1.32.102  Using both SAXS and USAXS, the authors found two regimes 

of decreasing intensity in the scattering behavior, one present at low angles and the other 

at high angles.  The low angle regime followed a q-1 power law and fits the expected 

scattering from rod-like particles over a q range defined by 2π L-1 to 2π D-1 (where L and 

D are the rod length and diameter, respectively).  It should be noted that this q-1 power 

law behavior observed for extruded Nafion® membranes is not necessarily followed for 

the new dispersion-cast PFSA membranes.146  The high angle regime followed a q-4 

power law which is characteristic of a sharp interface between scattering particles.  The 

intermediate q range provides information related to the size, shape, and spatial 

distribution of the aggregates, while the ultra small q range was attributed to larger 

bundles of aggregates with long-range heterogeneous distributions.100 
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Figure 1.32.  Rod-like model developed by Rubatat et al. 
 
 Scattering data of water swollen Nafion® with various polymer contents (φp = 

0.10-0.90), was collected in order to examine the position of both the ionomer and 

crystalline scattering peaks.100  Rubatat et al. plotted the polymer volume fraction versus 

the characteristic Bragg distance (d) of both the ionomer and crystalline peak maxima.  In 

agreement with Gebel’s findings,140 two microscopic swelling regimes were observed.  

The ionomer peak maximum at low polymer volume fractions (below 0.6) essentially 

followed a φ-1 power law.  At high polymer volume fractions (above 0.6), the ionomer 

peak obeyed a φ-1/2 power law and was believed to arise from the dilution of cylindrical 

particles.  Based on these findings, Rubatat et al. suggested the morphology of Nafion® to 

more closely resemble ribbon-like structures of approximately 8 nm in width and cross-

sectional thickness of approximately 2 nm.100 

 Rubatat et al. also performed a series of WAXD, SAXS, and SANS experiments 

on oriented Nafion® membranes to examine the validity of the elongated polymer 
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aggregate model of Nafion®.144, 145  Orientation of Nafion® between 100 and 272% 

extension yielded increases in the intensities of the crystalline, amorphous, and ionomer 

peaks with increasing azimuthal angle as observed by WAXD/SAXS analyses.  These 

trends suggested that the Nafion® chains in the crystalline phase had undergone 

orientation parallel to the draw direction of the membrane.  Furthermore, despite varying 

degrees of orientation, it was determined that the overall crystallinity of Nafion® 

remained constant thereby signaling that stress-induced crystallization had not taken 

place.  The authors postulated that the persistence of the degree of crystallinity may have 

been evidence of the influence of the ionic aggregates in prohibiting the presence of large 

crystallites.144 

Based on the Herman’s orientation factor of the ionomer and crystalline peaks, 

the drawing effect was further examined on both the mesoscopic (for characterizing the 

ionomer peak) and the molecular (for characterizing the crystalline peak) levels.144  As 

the orientation factors for the ionomer and crystalline peaks differed between the 

mesoscopic and molecular scales, a cutoff size corresponding to the diameter of the 

elongated polymer aggregates was used to characterize two different structural 

orientation effects.  It was suggested that the mechanism of morphological rearrangement 

which occurs during the orientation of Nafion® is two-fold.  At small draw ratios, the 

elongated bundles were believed to rotate to conform to the induced orientation, while at 

large draw ratios alignment was achieved by disentanglement of individual aggregates 

from the bundles. 

Fringed Micelle Model.  Recently, Kim and coworkers have studied the effects 

of relative humidity, membrane thickness, and processing method (i.e. melt extrusion and 
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solution casting) on the morphology of Nafion® via SANS.146  In agreement with Rubatat 

and coworkers, thin extruded samples obeyed a q-1 power law within the range of 0.008 

to 0.1 Å-1, thereby indicating the existence of a local cylindrical structure.  With regards 

to the ionic clusters, it was postulated that they could most accurately be described as 

forming worm-like channels in the hydrated state (see Figure 1.33).146 

  

 

 
Figure 1.33.  Fringed micelle model of Nafion® as presented by Kim et al. 
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The prominent distinguishing factor between the elongated rod-like model and 

Kim’s fringed micelle model (which are both based on a q-1 power law dependence) is 

the difference in the proximity of the ionic domains to the crystalline component.  The 

rod-like model describes the crystallites as being situated within the elongated ionic 

domains, while the fringed micelle model proposes the dispersion of crystallites between 

rod-like ionic domains.  The suggested spatial distribution of the crystalline domains is 

supported by the correlation of the crystalline and ionic regions according to the authors’ 

scattering results. 

Kim et al. discussed the possible structure of the crystalline component in 

Nafion® as being composed of fringed micelle-like crystals as opposed to lamellar 

crystallites.  Although no definitive evidence was provided for such a description, it was 

explained to be probable due to the random (and not blocky) situation of crystallizable 

PTFE segments.  Based on a completely random copolymerization, an EW of 1100 

would yield a PTFE repeating unit of approximately 6.6, or an average of twelve to 

fourteen CF2 units capable of crystallization.  Backbone chains with such a short linear 

chain sequence may crystallize into the proposed fringed micelle structure.  There is 

some question as to the suitability of the fringed micelle model considering its 

applicability to only thin extruded membranes.  Solution cast membranes as well as 

thicker extruded samples did not exhibit the q-1 power law dependence upon which this 

model is based.146  Furthermore, the model considers only the amorphous component of 

Nafion®, so its suitability for classifying the ionic or crystalline domains remains to be 

determined. 
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Parallel Water-Channel Model.  The most recent morphological model, as 

presented by Schmidt-Rohr et al.,147, 155 was formulated based on the simulation of 

Nafion® SAXS data obtained from Rubatat et al.  The algorithm used to simulate these 

SAXS experiments involved using a selected scattering density, ρ(x), to calculate the 

scattering intensity I(q).  This calculation was made possible by using two or three 

dimensional numerical Fourier transformations.155  Assuming a hydration level of 20 

vol% or 11 wt% water, the authors developed an illustration of the parallel water-channel 

model of Nafion® (see Figure 1.34).147 

 
Figure 1.34. Parallel water-channel model of Nafion®. a) Top view and side view of an 
inverted micelle cylinder with water channel in the center, b) hexagonal packing of 
several inverted micelle cylinders, c) cross-section of scattering density distribution of 
inverted-micelle cylinders and Nafion® crystallites (black) 
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Figure 1.34a displays the top and side view of a single inverted micelle with the 

hydrophilic sidechains facilitating the formation of a water channel through the center 

and the hydrophobic backbone of the polymer constructing the cylinder wall.  Based on a 

water content of 20 vol%, the average diameter of the simulated water channels was 

determined to be 2.4 nm.  It was suggested that several cylindrical inverted micelles 

would likely pack into a hexagonal configuration as depicted in Figure 1.34b.  Figure 

1.34c displays a cross-sectional view of scattering density, ρ(x), perpendicular to the 

channel axes.  The white regions in this illustration represent water channels, gray 

regions depict the Nafion® amorphous domains, and black areas are indicative of Nafion® 

crystallites.  The Nafion® crystallites used in the parallel water-channel model simulation 

accounted for 13 vol%, were approximately 2-5 nm in thickness, and had x-y aspect 

ratios ranging from 1 to 1.8.  As evidence of the model’s validity, changes in the 

scattering profiles with various water volumes, percent crystallinity, and variations in the 

thickness of the polymeric cylinder wall were accurately predicted by the simulation of 

SAXS profiles using the parallel water-channel model.147  Furthermore, the model 

allowed for the accurate depiction of the q-1 power law dependence at small q values as 

well as the q-4 power law dependence at large q values was as compared to experimental 

data reported by Rubatat et al.102, 147 

 
Morphology-Property Relationships in Ion-Containing Polymers 
 

The essential properties of successful PEMs include high proton conductivity, low 

gas permeability, mechanical integrity, and chemical stability.  Aside from obvious 

differences in the influence of chemical structure, each of these factors may also directly 

depend upon the microstructure, or morphology, within the selected membrane material.  
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By analyzing the particular effect morphology has on each critical characteristic of the 

PEM, we further understand the role of morphology in dictating the resulting membrane 

performance properties. 

Effect of Morphology on Transport and Diffusion.  Perhaps the most widely 

investigated feature of PEMs is the process by which proton conduction is performed.  

The transport of protons across the PEM is the essential mechanism by which the 

PEMFC converts chemical energy into electricity.  In the absence of proton conduction, 

electrochemical energy conversion within the PEMFC could not be achieved.  Proton 

conductivity can be measured via impedance spectroscopy which operates on the 

principle of applying a potential difference to electrodes in contact with the membrane 

and monitoring both resistance and capacitance over a wide range of frequencies.156-158  

The impedance cell behaves as a circuit organized in parallel with both resistance and 

capacitance components.   

The ability to transport protons stems from the acidic nature of the ionomeric 

membrane.  However, the specific mode by which this transport proceeds is not yet fully 

understood.  There are two proposed mechanisms of proton transport which have been 

accepted as the most probable means of ionic conduction, given the chemical and 

morphological attributes of the PEM.  These predominant mechanisms are the Grotthuss 

mechanism and the vehicle mechanism.159, 160 

 In the Grotthuss Mechanism, proton conduction occurs via two steps.  The first 

step involves transfer of a proton from an oxonium ion to a water molecule and the 

corresponding formation of hydrogen bonds.  The second step is one of rearrangement, 

allowing the water molecules to become correctly oriented for receiving the next 
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proton.160  In the vehicle mechanism, it is proposed that the proton diffuses as part of a 

larger species such as H3O+, bonded to a vehicle (e.g. H2O).  These ionic vehicles travel 

from the anode to the cathode while unladen water molecules travel in an opposite 

pathway until bonded to a proton as well.160 

As water is the essential transport molecule in both the Grotthuss and Vehicle 

mechanisms, it is obvious that a firm understanding of water uptake behavior and the 

nature of water within the PEM is crucial.  Water uptake can be determined from the 

membrane dry weight (md), hydrated weight of the membrane after boiling in water (mh), 

and the equivalent weight (which is related to the degree of sulfonation).  The resulting 

number of water molecules absorbed per sulfonic acid group (λ) termed the hydration 

number, can be calculated using Equation 1-5. 
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Nafion® 117 films prepared by boiling in water exhibited water uptake values (λ) of 

approximately 21 moles of water per mole of sulfonate groups.5, 161  In Nafion® systems, 

as water uptake increases, the proton conductivity generally increases as well.  It has been 

observed that if the water content in a membrane is too low, proton conductivity will 

suffer.  Conversely, if water content is too high, dilution of [H+] and flooding of the 

cathode will occur and thereby jeopardize fuel cell performance.161, 162 

While the dependence of proton conductivity on water uptake for Nafion® may be 

largely intuitive, given the role of water in the proposed mechanisms of proton transport, 

all PEM systems do not display this same dependence.  When comparing Nafion® to 

alternative, non-aliphatic membranes, it follows that higher hydration numbers do not 

necessarily produce greater proton conductivity.  This unconventional response of proton 



72 

conductivity to hydration is attributed to acid strength variations in water domain shapes 

and sizes caused by water’s interactions with local chemical and morphological 

environments across the membrane.73, 163-165 

The diffusional behavior of water molecules within the PEM is also dictated by 

the morphological and chemical features of the membrane material.  Pulsed-Field 

Gradient NMR spectroscopy has been used to reveal the water diffusion behavior across 

various PEMs and to define the corresponding tortuosity within the polymer matrix.5, 166-

168  Diffusion and tortuosity are directly influenced by the state of water within the 

membrane, which is influenced by the morphology surrounding each water domain.169-171 

Madsen and coworkers recently correlated the water diffusion and morphology 

within BPSH multiblock copolymers.171  Their evaluation included membranes of various 

block lengths to monitor changes in water uptake and diffusion anisotropy.  It was 

determined that with increasing block mass, the diffusion anisotropy exhibited a greater 

dependence on water uptake.  Contrastingly, diffusion in Nafion® is virtually independent 

of water uptake.  In the characterization of diffusion anisotropy, the three main factors 

which must be investigated are the distribution of hydrophilic domains, the presence of 

defects, and hydrophilic domain sizes.  Based on both NMR diffusion studies and 2H 

NMR spectroscopy of absorbed D2O molecules, it was determined that the 10k-10k 

BPSH multiblock copolymer is composed of fewer defects than are present in the 15k-

15k copolymer.  The increased number of dead ends present in the 15k-15k membrane 

presents more diffusion barriers and therefore explains the observed decrease in water 

diffusion for 15k-15k membranes in relation to 10k-10k copolymers.  Schematic 
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representations were created to illustrate the proposed morphologies of both the 10k-10k 

and the 15k-15k multiblock copolymers (Figure 1.35).171 

 
Figure 1.35.  Schematic illustrations of morphologies for BPSH multiblock copolymers 
with hydrophilic-hydrophobic block mass of a) 10k-10k and b) 15k-15k as determined by 
NMR diffusion studies and 2H NMR spectroscopy data. 
 

In a similar study of the morphological arrangement of hydrophilic channels in 

Nafion®, Madsen and coworkers used 2H NMR spectroscopy to evaluate the diffusion 

anisotropy differences for extruded and cast membranes.  Based on their results, four 

morphological illustrations were developed to illustrate the proposed hydrophilic channel 

alignment for the respective processing procedure (Figure 1.36).170  Figures 1.36a and b 

represent the channel alignment for extruded Nafion® 112, where orientation is believed 

to be biaxial in nature.  Figure 1.36a indicates orientation of elliptical channels while 

Figure 1.36b depicts orientation of cylindrical channels with some degree of biaxiality in 

the through-plane direction.  Further investigations would be required to distinguish 

between the channel geometries and therefore between these two morphological 

representations.  Figure 1.36c illustrates uniaxial orientation of the cylindrical 

hydrophilic channels in Nafion® 117 along the extrusion direction (with minimal 

orientation in the through-plane direction).  The alignment of channels for dispersion-cast 
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NRE 212 is presented in Figure 1.36d, where uniaxial orientation takes place in the 

through-plane direction, likely due to solvent evaporation.  Pulsed-field-gradient NMR 

was used to verify that water diffusion in the direction of hydrophilic channel alignment 

was not significantly restricted, allowing for increased diffusion.170  These findings 

indicate that diffusion depends directly on the morphological arrangement of hydrophilic 

channels within Nafion® membranes. 

 
Figure 1.36.  Schematic illustrations of the alignment of hydrophilic channels within 
extruded and dispersion-cast Nafion® membranes.  a) Biaxial orientation of ellipsoidal 
channels in extruded Nafion® 112, b) Biaxial orientation of cylindrical channels in 
extruded Nafion® 112, c) Uniaxial orientation of cylindrical channels in extruded 
Nafion® 117, and d) Uniaxial orientation of cylindrical channels in dispersion-cast NRE 
212 (Arrow indicates extrusion direction (a-c) or solvent evaporation direction (d).) 
 

In addition to the presence of defects and the preferential alignment of hydrophilic 

channels, the state of water also directly affects the diffusion behavior of water in 



75 

ionomeric membranes.  Differential Scanning Calorimetry (DSC) has been used to 

classify the three states of water present within a hydrated electrolyte membrane – 

tightly-bound (non-freezable), loosely-bound (freezable, weakly polarized), and free 

water (freezable, liquid-like).69, 172  The three states of water arise from very different 

interactions of water with its immediate surroundings, making the quantity of each, and 

therefore the overall water diffusion behavior, directly dependent upon morphology 

within the membrane.  The general procedure to determine the state of water is followed 

based on the melting of freezable water observed using DSC.69, 173-177  For example, in 

Brijmohan’s study, hydrated films were first equilibrated for 30 minutes at -30 °C.  

Following equilibration, temperature scans from -30°C to 30°C were completed at a rate 

of 3 °C min-1.174  The heats of fusion (ΔHf) of water in the samples are determined by 

using Equation 1-6, where H is the integrated area under the melting endotherm and 

mH2O is the mass of water present.173 
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Tightly-bound water is considered to interact strongly with sulfonic acid groups and thus 

does not freeze, while loosely-bound water interacts weakly with the polymer chain 

yielding relatively small values of ΔHf, and free water behaves similarly to bulk water 

yielding relatively large values of ΔHf.172, 173  These thermal observations can be further 

explained by considering that bound water will not form crystallites and therefore exhibit 

little or no melting endotherm, while free water molecules will form crystallites which 

readily melt upon heating.  By knowing the total water content, the fractions of the 

various forms of water in the membrane may be deconvoluted and quantified. 
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 Kim et al. compared Nafion® and BPSH membranes to determine the effect of the 

state of water on proton conductivity.  Large dimension microstructures which consist of 

more free and loosely-bound water were found to exhibit an increase in proton 

conductivity, while decreased proton conductivity was observed for fine-scale 

microstructures which consist of larger quantities of tightly-bound water.178  These 

findings show irrevocable evidence of the effect of morphology on proton conduction, a 

relationship which exists due to specific interactions of water molecules with local 

environments of varying morphologies. 

The ionomers used in PEM materials are inherently hydrophilic, and an increase 

in water content generally corresponds to an increase in proton conductivity.  

Furthermore, proton transport is related to the nature of water diffusion across the 

membrane, as water molecules are believed to behave as carrier molecules for the free 

proton species.  The degree of water uptake and the water diffusion properties are directly 

influenced by the morphology and chemical environment surrounding the PEM ionic 

moiety.  One factor affecting morphological arrangement within the PEM is the chemical 

structure of the sidechain.  While microphase separation within the ionomeric PEM is 

driven largely by the electronic differences between the ionic moieties and the polymeric 

backbone, the overall degree of microphase separation is dictated by the ability of the 

ionic groups or sidechains to allow ionic aggregation, a characteristic which is dependent 

upon sidechain mobility.  To elucidate the precise morphologies which arise due to 

variations in sidechain structures, Hickner investigated the effect of sidechain length, 

flexibility, and hydrophobicity on the state of water within BPSH and Nafion® 

membranes.167  It is reported that in materials (such as Nafion®) which undergo 
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microphase separation as a result of preferential arrangement of the hydrophilic ionic 

moieties away from the hydrophobic polymer backbone, the isolated ionic aggregates are 

capable of significant water absorption.  The resultant diffusion of water, and therefore 

proton transport, is drastically different than in systems where ionic functionalities are 

unable to aggregate easily due to restricted mobility (e.g. ionic moieties which are 

tethered directly to a rigid, hydrophobic polymer backbone).  The predominant 

morphological difference which exists as a result of the differing degrees of microphase 

separation is the presence of larger interfacial regions between the hydrophobic and 

hydrophilic domains.  The presence of these interfacial regions promotes a decreased 

quantity of free water and larger quantities of tightly-bound water molecules across the 

membrane morphology.163, 167  A proposed schematic detailing these morphological 

features is shown in Figure 1.37.163  Furthermore, good agreement is noted between these 

microstructures and those determined from the morphological investigations conducted 

by Kreuer comparing Nafion® and sulfonated polyether ketones.58, 163 
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Figure 1.37.  Proposed morphological features of Nafion® and BPSH membranes. 
 
In a recent study, Hickner et al. investigated water diffusion behavior in several 

membrane materials and determined that, based strictly on ionic exchange capacity, water 

in Nafion® exhibited greater mobility than two alternative aromatic polymers.163, 167, 168  

This information, along with similar diffusion behavior for membranes of comparable 

chemical structure, suggests that there exists a morphological dependence between water 

diffusion, and proton conductivity. 

 Effect of Morphology on Gas Permeability.  An important factor pertaining to 

fuel cell efficiency is the transport of gaseous fuels and oxygen to the catalyst layers for 

the efficient conversion of the required oxidation and reduction reactions.  It is important 

that gas diffusion to the catalyst particles of the electrode layers occur at an appropriate 

rate in correspondence with the simultaneous production of required proton species.  

However, depending on the gas permeability of the solid electrolyte membrane, gaseous 
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transport across the membrane (termed crossover) may occur, thereby reducing overall 

efficiency.  In an ideal system, gases flow freely to the respective catalyst layers but do 

not permeate through the electrolyte membrane, thereby promoting proton conduction 

and minimizing gaseous crossover.  Among the morphological factors contributing to gas 

permeability, crystallinity induced during membrane casting and/or thermal processing 

plays an important role in influencing gas permeation. 

 

Development and Manipulation of Morphological Features in Proton Exchange 

Membranes 

 With a developing understanding of the morphological features within a proton 

exchange membrane and the establishment of structure-property relationships, 

researchers have considered potential avenues through which morphological features may 

be manipulated to yield tailored material properties.  Among the techniques commonly 

used to manipulate membrane morphology are orientation, adjustment of casting 

procedures, and thermal annealing.  Another essential correlation between microstructure 

and performance lies in the morphological response of a proton exchange membrane to 

various levels of hydration.  Through the controlled manipulation of these stimuli and the 

analytical observation of the resultant morphological evolution, a general understanding 

of the complex behavior of these ionomers is being established. 

The Effect of Hydration on the Development of Morphology in Nafion® 

Membranes.  Small angle scattering methods have been employed to describe the 

development of morphology in a Nafion® membrane as a function of hydration.  A 

particular investigation with regards to specific morphological rearrangements which 
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occur during the transition from the highly swollen state to the dissolved state has been 

conducted by Gebel.140  This investigation was conducted in response to recent studies 

which suggested the development of rod-like structures in PFSI solutions during the 

solution-processing process.153, 154  Water-swollen membranes with water volume 

fractions of φw = 0.3 to 0.93 were prepared by the addition of water under high 

temperature conditions, and aqueous polymer solutions were prepared with polymer 

volume fractions of up to φp = 0.12 to study Nafion® in the swollen and dissolved states.  

With increasing water content in the swollen state, the ionomer peak in the scattering 

profiles shifted to lower q-values indicating increased distance between ionic domains.  

In a double logarithmic plot of the Bragg distance vs. the polymer volume fraction (φp), a 

change in slope at φp = 0.5 was attributed to a phase inversion from a water-in-polymer 

state to a polymer-in-water state with increased water content.  Further investigation of 

the slope behavior, coupled with analysis of the small-angle scattering data,153, 154 led to 

the morphological characterization of Nafion® in various states of hydration (see Figure 

1.38).140   
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Figure 1.38.  Conceptual model for the morphological reorganization and continuity of 
the ionic domains in Nafion® as the dry membrane is swollen with water to the state of 
complete dissolution. 
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The dry membrane is considered to contain spherical ionic clusters of 

approximately 1.5 nm in diameter situated approximately 2.7 nm apart (from center to 

center).  Upon addition of water, the ionic clusters undergo swelling, creating pools of 

water encapsulated by ionic groups.  Increased hydration gives rise to the emergence of a 

percolation pathway formed by the interconnection of water pools between swollen ionic 

domains.  At hydration levels of water volume fraction (φw) greater than 0.5, phase 

inversion occurs and rod-like structures are present.  Upon dissolution, the rod-like 

structures become separated by water to create a dispersion of isolated rods in solution.  

While the thermodynamic justification is not complete, this model offers a possible view 

of morphological reorganization within Nafion® as a function of hydration. 

In a recent investigation by Hiesgen and Roduner, a standard AFM tip equipped 

with a platinum electrode was used to investigate the surface morphology of Nafion® 112 

membranes at low and high relative humidity.179  By coating one side of the Nafion® 

membrane with a catalyst layer to serve as the anode, the fuel cell reaction can be 

mimicked upon completion of the circuit via contact of the AFM tip (acting as the 

cathode catalyst) with proton conductive regions along the surface.  The basic apparatus 

is depicted schematically in Figure 1.39.179 
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Figure 1.39.  Illustration of electrochemical AFM. 
 

Use of this electrochemical AFM technique allows for the visualization of the size 

and distribution of ionic domains (and therefore conductive pathways) across the 

membrane surface.179, 180  For Nafion® 112 membranes studied at high relative humidity 

(80%), Hiesgen and Roduner reported that the presence of highly hydrated, swollen ionic 

domains was evident from AFM current images (Figure 1.40a).179  This observation is in 

accordance with the theory of proton conduction occurring in water-swollen ionic 

channels as proposed by Gierke and coworkers in the cluster-network model.87  At lower 

relative humidity (35%), the ionic regions, which are now less abundant, appear to be 

diminished in size and less interconnected (Figure 1.40b).179  The electrochemical AFM 

technique, in addition to enabling the simultaneous investigation of the morphology and 

distribution of proton conductive regions across the membrane surface, also provides a 

method for monitoring the current as a function of applied voltage.179 
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Figure 1.40.  3-D current images of Nafion® 112 obtained from electrochemical AFM at 
an applied voltage of -1.55 V at a) 80% RH and b) 35% RH.  (Scan size = 500 nm x 500 
nm) 
 
 Moore and coworkers recently conducted such an investigation by using 

electrochemical AFM to monitor water-counterion migration as a function of an applied 

voltage.181  Based on the applied potential AFM (APAFM) results, a schematic (see 

Figure 1.41) was created to describe the migration behavior under three conditions: 1) no 

applied potential, 2) negative potential, and 3) positive potential.181  Figure 1.41a shows 
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the equilibrium state which exists between the protons and sulfonate groups in the 

absence of an applied potential—there is no preferred migration for the water-counterions 

in this scenario, therefore protons are equally distributed across the membrane.  Figure 

1.41b exhibits a strong tendency for water-counterion migration toward the negatively 

charged substrate, yielding high concentrations of protons along the charged substrate 

surface and a gradient of hydration extending away from the substrate such that the 

surface opposite the applied potential is dehydrated.  Figure 1.41c indicates an opposite 

gradient of hydration developed upon introduction of a positive potential and the 

resulting water-counterion migration away from the charged substrate.  In this scenario, 

the positive potential repels proton species and yields dehydration along the surface of 

the charged substrate.181 

 
Figure 1.41.  Schematic representation of water-counterion migration as a function of a) 
no applied potential, b) applied negative potential, and c) applied positive potential as 
studied using applied potential atomic force microscopy (APAFM).  (Reproduced by 
permission of The Royal Society of Chemistry) 
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Manipulation of Morphology by Adjusting Casting Parameters.  In the early 

1980’s, two publications by Grot182 and Martin183 outlined a procedure for dissolving 

Nafion® membranes in water/alcohol.  Martin’s procedure, employing high temperature 

and pressure, was based on previously reported Nafion® solvent swelling studies 

conducted by Yeo.184  It was demonstrated that high temperature and pressure conditions 

facilitated dissolution through melting of the PTFE crystallites and attaining high degrees 

of swelling.183  Initially, it was commonly believed that the morphology and properties of 

membranes cast from Nafion® solutions were identical to the films in the as-received 

state (prior to dissolution).  However, numerous studies performed by Moore and Martin 

revealed the contrary—that the differences between as-received and recast Nafion® are 

quite distinct.88, 185, 186  While the as-received membranes were tough, pliable, and 

insoluble in virtually all solvents at temperatures below 200 °C, the recast membranes 

were characterized as being mud cracked, brittle, and soluble in several polar organic 

solvents at room temperature.  In response to these findings, Moore and Martin 

developed a solution-processing procedure which would restore the advantageous 

mechanical properties of as-received Nafion® to recast membranes.88, 185  The solution-

processing procedure involved addition of a high boiling point solvent (e.g. DMF or 

dimethylsulfoxide (DMSO)) to the water/alcohol system to disrupt the colloidal particles 

and facilitate casting at an elevated temperature (see Figure 1.42).  High temperature 

casting (along with solvent plasticization effects) was effective at increasing chain 

mobility and thereby enabled macromolecular organization and entanglement of Nafion® 

chains to produce mechanically stable recast membranes.  
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Figure 1.42.  Effect of solution-processing temperature and solvent on film formation of 
Nafion® membranes. 

 
Moore and Martin determined the percent solubility of the solution-processed 

membranes by comparing the weight of films before and after sonication in a 50:50 

ethanol/water mixture for one hour.  Mechanical stability was deemed satisfactory for 

membranes with percent solubilities less than 5%.  Using this criterion, it was reported 

that stable films were obtained by solution-processing from DMF at 130 °C, from DMSO 

at 170 °C, or from ethylene glycol (EG) at 185 °C.88  It was therefore concluded that 

solvent evaporation temperature was directly associated with the stability of the resulting 

solution-processed membranes. 

Following Moore and Martin’s publication on solution-processing at elevated 

temperatures,88 Gebel et al. also reported the casting of Nafion® from 

ethanol/water/Nafion® solutions which contained high boiling point solvents.97  In 

contrast to Moore and Martin’s study, solvent evaporation was conducted at room 

temperature.  While this procedure yielded films which appeared to be clear and 
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uncracked, they were soluble in a variety of polar solvents.  However, subsequent thermal 

annealing of the cast membranes at 200 °C under vacuum produced films with properties 

comparable to those solution-processed by Moore and Martin at elevated temperatures.  

Since the initial report of these casting methods, both the solution-processing technique 

of Moore and Martin and the thermal annealing procedure of Gebel et al. have played a 

vital role in numerous investigations of Nafion®.88, 92, 97, 187-196 

 The relationship between casting solvent and morphology was also considered for 

sulfonated polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SSEBS) triblock 

copolymers in a study conducted by Kim et al.197  TEM micrographs were collected for 

membranes stained with RuO4 to enhance contrast between the sulfonated PS regions 

(darker areas) and the unsulfonated, hydrophobic regions (lighter areas) (Figure 1.43).197  

When cast from THF, the SSEBS membranes exhibited a lamellar morphology (Figure 

1.43a-b), with lamellae at the polymer-substrate interface preferentially aligned along the 

substrate surface (Figure 1.43b).  Casting from a binary solvent mixture of 20:80 

MeOH/THF resulted in an overall disordered morphology and evidence of phase 

separation in the bulk as well as along the substrate interface (Figures 1.43c and d, 

respectively).  The morphological rearrangement which resulted from varying casting 

solvent was believed to be dependent upon the corresponding solubility parameters (δ) as 

evidenced by the tendency for the SSEBS to segregate more strongly in the presence of 

THF than in the binary mixture of MeOH/THF.  An increase in proton conductivity was 

also observed for membranes cast from the binary solvent mixture as compared to those 

cast from pure THF.  This modification in performance corresponds to the observed 

morphological rearrangement and was attributed to increased proton transport as a 
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function of decreased lamellar orientation parallel to the plane of the membrane.197  Thus 

we see further evidence that alteration of casting parameters has a profound effect upon 

the morphology of the resulting membranes and consequently their performance 

properties. 

 
Figure 1.43.  TEM micrographs of SSEBS triblock copolymers cast from THF (a-b) and 
20:80 MeOH/THF (c-d).  Morphologies were investigated in the bulk (a,c) as well as at 
the polymer-glass interface (b,d). 
 

Development of Morphology via Thermal Annealing.  In 1981, Gierke et al. 

published one of the first reports on the effects of thermally annealing extruded 

Nafion®.87  Analysis of WAXD data revealed a gradual decrease in the intensity of the 



90 

precursor crystalline reflection at 18°, 2θ in response to a temperature increase from 50 to 

250 °C.  Contrastingly, SAXS analysis showed that upon heating, the intercrystalline 

peak at 0.6°, 2θ increased and finally disappeared above 270 °C.  The crystalline peak 

reemerged upon cooling to verify its correlation to electron density differences between 

amorphous and crystalline domains.  Pairing these data with DSC measurements, the 

melting point of the Nafion® precursor crystallites was reported at approximately 275 °C.  

In comparison to PTFE crystallites, which melt at around 330 °C, it was believed that 

Nafion® crystallites melt over a much broader temperature range.  Hydrolysis and 

conversion into the Ag+ counterion form yielded the appearance of an ionomer peak at 

approximately 2.0°, 2θ in the SAXS profiles.  This ionomer peak was observed to be 

virtually unaffected by thermal annealing at temperatures up to 290 °C.  As this thermal 

treatment was conducted above the crystalline melting temperature, the persistence of the 

peak verified its correlation to the presence of ionic clusters and not to crystalline 

domains.  For more than 25 years since this initial report by Gierke et al., the behavior of 

as-received Nafion® in response to thermal annealing has been further contemplated.89, 93, 

94, 126, 161, 198-204 

As an expansion of Gierke’s study,87 Fujimura et al. evaluated the effects of 

thermal annealing on Nafion® in both the H+ and Cs+-forms using SAXS and WAXD.89  

In agreement with Gierke’s data, the WAXD crystalline reflection for H+-form Nafion® 

disappeared upon heating to 275 °C and reappeared after cooling, offering further proof 

of correlation to the crystalline regions.  Fujimura et al. also point out that the crystalline 

melting point of Nafion® is much lower than for PTFE due to the presence of sidechains 

which inhibit crystallization.  Fujimura et al. enhanced the resolution of the ionomer peak 
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in the SAXS profiles (marked by increased intensity) by neutralization of Nafion® into 

the Cs+-form.89  Thermal annealing caused the ionomer peak to shift to larger q values, 

suggesting a decrease in intercluster spacing with increased temperature.  It was 

postulated that this decrease arose from inherently smaller cluster sizes based on the 

increased thermodynamic work of elastic deformation of coils required for the cluster 

formation. 

Using SANS, Rollet et al. studied the nanostructure of Nafion® in response to 

both counterion form and thermal annealing.198  By exchanging Nafion® into both the 

tetramethylammonium (TMA+) and Na+ counterion forms and annealing at 120 °C, 

Rollet et al. observed a significant decrease in the ionomer cavity radius with annealing 

temperature.  While the reorganization of ionic domains which resulted from counterion 

exchange was found to be reversible, the effects of thermal annealing at 120 °C were 

irreversible and believed to occur on a much larger size scale than the local exchange of 

counterions. 

In another study involving thermal annealing of Nafion® following ion exchange 

with various counterions, Thomas et al. investigated the use of a series of quaternary 

ammonium counterions:  ammonium (NH4
+) and tetramethylammonium (N(CH3)4

+) 

through tetrapentylammonium (N(C5H11)4
+).199  It was observed that annealing of the ion 

exchanged films at 140 °C for 25 minutes generally produced a significant increase in the 

IEC of the resulting membranes.  Likewise, the H+-form Nafion® IEC was also increased 

(from 907 x 10-6 mol g-1 to 1023 x 10-6 mol g-1) following thermal treatment.  This 

behavior was attributed to restructuring of the membrane to form large, ionic domains by 

annealing above the dynamic mechanical α-relaxation transition temperature (110 °C).199 
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Zawodzinski et al. examined the rehydration of H+-form Nafion® membranes in 

the as-received state and following thermal annealing (drying) at 105 °C.161  In the as-

received state, the water uptake of Nafion® was measured to be λ = 21 (where λ is 

expressed as moles of water per mole of sulfonate groups) when subjected to water at 

temperatures ranging from 27 to 94 °C.  Thermal annealing of as-received membranes at 

105 °C for an unspecified length of time, however, brought about a significant change in 

the rehydration properties of the membrane.  Despite repeated exposure to liquid water at 

room temperature, an equilibrium water uptake was reached at λ = 12.  By increasing the 

rehydration temperature to 65 and 80 °C, equilibrium water uptake values also increased 

to λ = 14 and 16, respectively.  Still, Zawodzinski et al. did not observe rehydration 

properties that mimicked those observed for the as-received membranes.  It was therefore 

concluded that thermal history plays a crucial role in determining the morphological 

properties of Nafion® and therefore the rehydration behavior.161 

While creating a fundamental understanding of the molecular motions of Nafion®, 

Page et al. examined the effects of thermal treatments on extruded Na+ and Cs+-form 

Nafion® 117 using DSC, SAXS, and solid-state nuclear magnetic resonance (SS-

NMR).126  After drying the membranes at 120 °C for two hours, the thermal history was 

erased by heating to 330 °C for five minutes and cooled to room temperature inside the 

DSC.  Thermal annealing was then conducted on the Nafion® 117 samples by annealing 

for 0.5, 2, 6, 12, and 24 hours in the DSC.  For both counterion forms of the ionomer, the 

initial heating scan produced a broad endotherm between 200 and 250 °C.  After 

quenching from 330 °C, the broad endotherm was erased but reappeared upon annealing 

at 200 °C for various times.  For Na+-form Nafion®, the broad endotherm, assigned to the 
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melting of PTFE-like crystallites, was determined to have a ΔHf of 5 J g-1.  Quenching 

from the melt and annealing at 200 °C for 24 hours caused the reappearance of the 

endotherm; however, the ΔHf had been reduced to 2.7 J g-1, suggesting a decrease of 

approximately 50% in the amount of crystallinity.  The reemergence of crystallinity was 

also monitored using SAXS, wherein the crystalline peak at q = 0.5 nm-1 developed after 

annealing at 200 °C for 24 hours.  In contrast, Page et al. discovered that thermally 

annealed Cs+-form Nafion® samples recovered nearly the full amount of initial 

crystallinity (ΔHf = 5.3 J g-1) as measured in the initial heating scan.  The drastic change 

in crystallization kinetics which was observed as a result of counterion exchange was 

attributed to manipulation of the dipole-dipole interactions between ionic moieties. 

DeLuca et al. reported that both the proton conductivity and methanol 

permeability of Nafion® reached a maximum when plotted as a function of annealing 

temperature.202  This interesting trend, was observed for extruded Nafion® 117 

membranes which had been annealed at 120 and 150 °C for one hour and also for 

samples annealed at 180, 210, 230, and 250 °C for ten minutes.  As opposed to previous 

data presented by Sone et al.,201 DeLuca observed a proton conductivity maximum for 

extruded Nafion® 117 after annealing for ten minutes at 210 °C.202  A similar trend was 

noted for the methanol permeability for membranes annealed at elevated temperatures.  

Along with the unexpected proton conductivity and methanol permeability data, DeLuca 

et al. reported decreased selectivity (the ratio of proton conductivity to methanol 

permeability) for all extruded Nafion® samples after thermal annealing.  Such behavior 

indicated that when compared to as-received Nafion®, annealed samples exhibited higher 

methanol permeability overall.  Based thermal analysis data of Page et al,126 DeLuca 
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concluded that the trends seen in the transport properties of extruded Nafion® could be 

explained by the occurrence of morphological changes at temperatures both above and 

below 210 °C.  It was proposed that annealing below 210 °C yielded reorientation of the 

percolation pathway in such a way as to enhance transport properties, while annealing 

above 210 °C caused a disadvantageous morphological reorientation ultimately 

responsible for decreased proton conductivity.202 

Hensley et al.205 conducted an in-dept evaluation of extruded Nafion® membranes 

which had undergone thermal annealing.  Upon annealing at 165 °C for three hours, an 

overall increase in proton conductivity was achieved for all membranes, regardless of 

thickness.  In conjunction with the proton conductivity data, both water sorption and 

permeability also increased for membranes treated under these same annealing 

conditions.  However, unlike the trend observed for proton conductivity, the water uptake 

showed a dependence on film thickness.  Thin membranes (1 mil, 25 µm) exhibited a 

plateau in water uptake at λ = 16-18, while thicker membranes (2-7 mil, 50-175 µm) 

showed a higher average water uptake of λ = 21-22.  While the authors suggested that 

rapid evaporation of water from the thinner membranes may be the cause for the water 

uptake behavior, they also concluded that the thinner membranes were able to provide 

comparable proton conductivity values at lower hydration levels.  This data is promising 

for research aimed at the use of thinner membranes for fuel cell applications.  The authors 

also determined that annealing had a mixed effect on the crystallinity of extruded 

membranes of different thicknesses—thinner membranes exhibited an increase in 

crystallinity and thicker membranes decreased in overall crystallinity.  While an 

explanation for this phenomenon was not provided, the decrease in the crystallinity of 
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thicker films coincided well with an increase in the proton conductivity and water uptake 

values as shown by Moore and Martin.92 

In response to demands for membranes of improved quality and more uniform 

thickness than are characteristic for extruded Nafion®, DuPont developed a solution 

casting procedure which led to the production of dispersion-cast Nafion®.  The 

dispersion-cast membranes have undergone several developmental changes since their 

initial commercialization, including changes in equivalent weight and solvent 

compositions.  Now, the state-of-the-art Nafion® benchmark (and the other comparable 

PFSIs) is a dispersion-cast system.65 

In a study by Osborn et al., commercially extruded Nafion® 112 membranes were 

compared to the relatively new dispersion-cast NRE 212CS membranes to determine 

their mechanical stability, particularly in the presence of methanol.206  It was observed, 

that when immersed in boiling methanol, the extruded membrane remained intact for 

several hours despite excessive swelling, while the dispersion-cast membrane 

disintegrated after an exposure time of only 330 seconds.  These results pose serious 

concerns as to the suitability of dispersion-cast Nafion® membranes for use in direct 

methanol fuel cells (DMFCs) based on mechanical stability in the presence of 

methanol.206 

In an attempt to increase the mechanical stability of the dispersion-cast 

membranes, H+-form Nafion® NRE 212CS membranes were subjected to thermal 

annealing treatments for one hour at temperatures from 100 to 200 °C.  The thermally 

annealed membranes were subjected to boiling methanol, and their mechanical stability 

was monitored.  Similar to the results observed for the unannealed membranes, the H+-
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form NRE 212CS membranes which were thermally annealed at 100 °C dissolved in less 

than 5 min.  However, an increase in annealing temperature yielded greater dissolution 

times, with membranes annealed at 175 and 200 °C remaining intact after 4 hours in 

boiling methanol.206  WAXD studies in conjunction with SAXS analysis of the annealed 

membranes revealed a decrease in the degree of crystallinity present in the H+-form NRE 

212CS membranes with increasing annealing temperature.  However, annealing appeared 

to yield the formation of a more uniform distribution of larger crystallites due to melting 

of the smaller, less-ordered crystallites.  In addition, the mechanical stability of the 

membranes was enhanced by morphological changes which occurred during thermal 

annealing above 175 °C.   

Considering previous evidence of an increase in electrostatic interactions upon 

neutralization of Nafion® into the Na+-form, a subsequent investigation  of mechanical 

stability was carried out for Na+-form NRE 212CS membranes before and after 

annealing.126, 127, 206-208  Na+-form membranes exhibited similar mechanical stability 

compared to the H+-form membranes for both unannealed samples as well as films which 

had been thermally annealed for one hour at 100 °C.  Furthermore, membranes dissolved 

in less than 10 minutes when annealed at temperatures below 225 °C.  However, after 

annealing at 250 °C, Na+-form NRE 212CS membranes remained intact for 3 hours and 

annealing above 275 °C yielded membranes which were mechanically stable in boiling 

methanol for 4 hours.206  WAXD and SAXS analyses suggested that Na+-form NRE 

212CS membranes annealed above 275 °C were completely amorphous due to complete 

melting of crystallites.  Therefore, crystallinity was considered to be a minor factor with 

regard to contribution toward the mechanical stability of the dispersion-cast membranes 
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in boiling methanol.  Based on previous Dynamic Mechanical Analysis (DMA) for 

Nafion in the H+- and Na+-forms,126 it is apparent that mechanical stability is achieved 

when thermal annealing is conducted above the membranes’ respective α-relaxation 

temperatures.  This observation suggests that thermal annealing promotes chain mobility 

and entanglement leading to enhanced mechanical integrity in the dispersion-cast 

membranes.206 

Recently, a series of perfluorocyclobutane (PFCB) polyaryl ethers have been 

developed which exhibit high temperature stability and excellent processability.209-215  

These materials are produced by cyclopolymerization of aromatic trifluorovinyl ether 

(TFVE) monomers to create a novel class of fluoropolymers which contain the PFCB 

moiety (see Figure 1.44).209  PFCBs have shown promise as coating materials but have 

also been recently investigated by General Motors in the sulfonated form as an ionomer 

component for polyelectrolyte blends for PEM fuel cells.216-218 

 
Figure 1.44.  Perfluorocyclobutane (PFCB) polymers. 
 
The ionomeric PFCB, blended with PVDF to afford enhanced mechanical stability, has 

been investigated by Osborn et al. to determine the morphological stability of the blend 
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membranes in response to thermal annealing.219  While blends in the as-cast state exhibit 

some degree of phase separation depending upon blend composition, the extent of phase 

separation can be affected by thermal annealing.  A hot stage directly attached to a phase 

contrast optical microscope allowed for the real-time monitoring of phase morphology as 

a function of annealing.  Real-time micrographs of a 40:60 PFCB/PVDF blend membrane 

during a thermal ramp from 40 °C to 200 °C followed by an isothermal hold at 200 °C for 

24 h can be seen in Figure 1.45.219  The absence of phase texture in the phase contrast 

micrograph for the blend membrane in Figure 1.45a indicates blend miscibility at 40 °C.  

The onset of phase separation is observed at approximately 160 °C (Figure 1.45c), and 

domain sizes continue to increase to an average size of 110 µm with elevation of 

annealing temperature and prolonged annealing time.  Therefore, it is obvious that the 

morphology of PFCB/PVDF blend membranes may be irreversibly influenced by thermal 

annealing.219 

 
Figure 1.45.  Evolution of blend morphology as indicated by real-time phase contrast 
micrographs of a 40:60 PFCB/PVDF blend membrane during a thermal ramp from 40 °C 
to 200 °C followed by an isothermal hold at 200 °C for 24 h. 
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Development of Morphology via Orientation.  In the interest of developing 

detailed morphological models to accurately describe the complex morphology of 

Nafion® and other PFSIs, solvent-swelling and mechanical deformation have been 

employed to manipulate morphology in a controlled fashion.  Such manipulations allow 

for the systematic study of morphological organization via implementation of scattering 

and microscopy techniques.  One method of morphological manipulation which has 

offered insight into the complexities of the Nafion® microstructure includes uniaxial 

orientation.  Structural information (i.e. size, shape, and spatial distribution of ionic 

domains and crystallites) from orientation studies has been used to differentiate between 

the various proposed PFSI morphological models. 

 The first report of the effect of orientation on the resulting SAXS profiles was 

presented by Gierke et al.87  This study considered Nafion® in both the unhydrolyzed 

precursor and hydrolyzed ionomer forms.  The nonionic precursor material exhibited a 

low angle scattering maximum in the SAXS profile.  This scattering maximum, which 

was observed solely in the meridional scan (along the draw direction), was attributed to 

the organization of PTFE-like crystallites along the fiber axis.  Conversely, the oriented, 

hydrolyzed ionomer membrane produces a characteristic periodicity arising from ionic 

domain orientation normal to the fiber axis.  This is evidenced by the presence of an 

ionomer peak observed solely in the equatorial scattering direction (perpendicular to the 

draw direction). 

 Fujimura et al.90 conducted a similar study on oriented Cs+-form Nafion®.  The 

draw ratio was designated as λb and is defined as the ratio of the final extended length to 

the initial (undrawn) length.  For draw ratios up to λb = 1.5, the SAXS profiles indicated a 
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shift in ionomer peak to lower angles as well as a decrease in peak intensity in the 

meridional direction.  The opposite trend was observed in the equatorial scattering 

direction, as the ionomer peak shifted to higher angles and increased in intensity with 

increasing draw ratio.  Calculation of the Bragg spacings obtained from the peak maxima 

led to the conclusion that the resultant deformation behavior was consistent with the 

expected deformation of a core-shell particle. 

 An investigation by Moore and coworkers considered the effect of neutralization 

with organic counterions on scattering behavior post-orientation.220-222  In the 

tetraalkylammonium neutralized form, Nafion® membranes were oriented above their 

respective α-relaxation temperatures.  Under these conditions, extended elongation (up to 

λb = 5.4) was achievable, and the obtained SAXS and WAXD scattering patterns 

exhibited high degrees of anisotropy.  In the equatorial scanning direction, scattering 

patterns increased in intensity while a profound decrease in peak intensity was noted in 

the meridional scanning direction as a function of increasing elongation.220  At relatively 

high orientations (greater than ca. λb = 2.0), only equatorial spots at q = 1.8 nm-1 were 

observed (Figure 1.46).1  Interestingly, the peak position observed in the equatorial 

direction for the oriented TBA+-form Nafion® membranes remained constant, contrary to 

that observed for membranes neutralized with inorganic counterions.87, 90  Circular 

integration over all azimuthal angles of the scattering patterns was performed to calculate 

the relative invariant, Q, for samples having a range of elongations.  A significant 

increase in Q with elongation was attributed to an increase in the extent of ionic 

aggregation with elongation to yield a matrix with fewer lone ion-pairs in the highly 

oriented membranes.220 
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(b) 
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Direction 

(a) 

q = 1.8 nm-1

Stretching 
Direction 

Figure 1.46.  2D SAXS scattering patterns of a) as-received Nafion®, showing a slight 
morphological anisotropy in the ionic domains from the membrane calendaring process 
and b) uniaxially oriented Nafion® (λb = 5.4). 
 
 More recently, Moore and coworkers conducted time resolved synchrotron 

SAXS analyses to determine thermal relaxation behavior for oriented Nafion® 

membranes neutralized with tetramethyl- (TMA+), tetraethyl- (TEA+), tetrapropyl- 

(TPA+), and tetrabutyl- (TBA+) ammonium ions.126, 223  It was shown that upon heating to 

300 °C, anisotropy in the scattering patterns was eliminated, yielding isotropic scattering 

(see Figure 1.47).101  The temperature at which the morphological relaxation occurred 

decreased in a manner indirectly proportional to the size of the alkylammonium 

counterion, following the order TMA+>TEA+>TPA+>TBA+.  The corresponding thermal 

relaxation behaviors were in direct agreement with the α-relaxation temperatures 

observed for the neutralized membranes, indicating that the relaxation may be attributed 

to the onset of ion-hopping.  Such behavior is believed to occur in the interest of relieving 

local stresses on the chain segments.  It was concluded that the larger TBA+ counterion 
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weakened the electrostatic network and thereby allowed for the onset of ion hopping at a 

lower temperature. 

 
Figure 1.47.  Azimuthally integrated SAXS profiles as a function of temperature for a) 
TMA+, b) TEA+, c) TPA+, and d) TBA+ forms of uniaxially oriented Nafion®. 
 
 Uniaxial orientation as well as biaxial orientation were studied by Elliott et al. in 

the interest of monitoring morphological reorganization.95, 224  Extruded membranes 

received from DuPont yielded a limited degree of arching in the equatorial scattering 

plane; however, uniaxial extension enhanced the arching.  This behavior was consistent 

with previous observations and was rationalized to be in accordance with behavior 
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predicted by an interparticle scattering model as opposed to an intraparticle scattering 

model.95  This conclusion was justified by explaining that the enhanced arching arose 

from increased coherence of the intercluster spacings perpendicular to the draw direction 

and a simultaneous reduction in coherence in the parallel direction.  If the behavior were 

in accordance with an intraparticle scattering model, elliptical deformation marked by an 

electron density difference between the short and long axes of the cluster would have 

been observed.  From the scattering data, a 2-dimensional electron density map was 

created using the maximum entropy (MaxEnt) simulation method.  This reconstruction 

revealed random distributions of intercluster spacings in the meridional direction, while 

spacings in the equatorial direction displayed distinct periodicities.223  In contrast with the 

as-received membrane, the clusters were proven to be somewhat agglomerated in the 

drawn sample.  It was therefore concluded that scattering between oriented cluster 

agglomerates with periodic dimensions larger than the intercluster spacings were 

responsible for the anisotropic nature of the small-angle upturn.  Following uniaxial 

orientation, elongation perpendicular to the machine direction (constituting overall 

biaxial orientation) gave rise to a much less oriented anisotropic morphology than that 

observed in the uniaxially drawn samples.  Relatively isotropic morphologies were 

obtained only when the membranes were processed with a simultaneous biaxial draw. 

 Elliott et al. then discovered that relaxation of uniaxially oriented membranes 

back to a fairly isotropic state was achievable only upon swelling with binary solvent 

mixtures of ethanol and water—not in water alone.224  It was therefore postulated that the 

relaxation behavior originated from effective plasticization of the fluorocarbon matrix of 

Nafion® by the introduction of ethanol; however, direct evidence for the plasticization 
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effect was not reported.  An alternative explanation based on thermal relaxation studies 

conducted by Moore and coworkers223 proposed that ethanol may be more effective than 

water in mobilizing the sidechains and thereby weakening the physical crosslinks created 

by electrostatic interactions within ionic aggregates.  Despite the proposed theories, a 

clear explanation of the molecular-level reorganizations which yield such relaxation 

behavior has yet to be confirmed and therefore requires further investigation. 

 A synchrotron SAXS study of Nafion® membranes conducted by Londono et 

al.152 has addressed the existence of elongated domains resembling a microfibrillar 

morphology following orientation.  The presence of elongated domains was suggested by 

disappearance of the ionomer peak in the meridional scattering direction coupled with 

simultaneous narrowing of the intensity profile azimuthally about the equator.  Using a 

finely collimated x-ray beam (100 μm) and stacked films, edge-on scattering patterns 

were obtained for orientations parallel and perpendicular to the stretching direction.  The 

observation of an isotropic scattering pattern from the orientation parallel to the 

stretching direction confirmed the fibrillar morphology of oriented Nafion®.  From these 

analyses, it was suggested that the morphology of uniaxially oriented Nafion® does not 

contain spherical clusters but is likely composed of oriented cylindrical or lamellar 

domains.  As the initial scattering data was not definitive enough to confirm the presence 

of cylindrical or lamellar domains, in-situ SAXS and WAXD measurements were 

collected during the orientation of the membranes.  The (100) crystalline reflection of the 

PTFE-like crystallites was observed to narrow about the equator at a rate of almost 

double that of the orientation of the ionic domains.  While the authors acknowledge the 

bilayer lamellar model proposed by Starkweather,142 the SAXS/WAXD results are stated 
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to indicate that lamellar ionic domains may also be present in the amorphous phase.  

However, if the Starkweather model were strictly considered, such that the crystalline 

bilayers were intimately linked to the lamellar ionic domains, then the orientation of the 

ionic and crystalline domains should have tracked together with a one-to-one correlation. 

 Van der Heijden et al. have analyzed the morphological response of Nafion® 

membranes to uniaxial orientation using WAXD and SAXS.144  In this study, both the 

ionic and crystalline domains were considered by quantitative comparison of absolute 

values of the Herman’s orientation factor.  The ratio of crystalline to ionomer domain 

orientation factors, α, was determined for structural anisotropy of the order of 0.2 to 4 nm 

length scales.  It was reported that elongation below 200% yielded α values less than 1.0, 

suggesting that orientation of the ionic domains occurred more readily than the crystalline 

domains.  Therefore, as the ionic clusters are unlikely to deform to a larger degree than 

the surrounding matrix, a model depicting deformation of spherical ionic domains into 

structures of ellipsoidal shape was rejected.  At elongations greater than 200%, α values 

approaching 1.0 suggested that orientation of both the ionic and crystalline domains are 

directly correlated to elongation.  The concept of Nafion® morphology consisting of 

bundled, elongated polymeric aggregates which contain extended chain crystals is in 

good agreement with the observed behavior at elongations greater than 200%.  It was 

suggested that at small draw ratios the elongated bundles rotate to conform to the induced 

orientation, while at large draw ratios alignment is achieved by disentanglement of 

individual aggregates from the bundles.  It is believed that these two orientation 

mechanisms occur simultaneously and that the degree of crystallinity persists regardless 

of draw ratio. 
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 A recent investigation was conducted by Pintauro and coworkers in which TEM 

was used to study the morphological features of oriented Nafion®.225  TEM allows for 

characterization of morphologies inherent within the bulk of membranes rather than 

along the surface, as is possible when using techniques such as AFM.  Such a technique 

affords great insight into morphological features which may not have been altered by 

potential surface effects.  Lead acetate was used to enhance electron density contrast of 

the ionic domains in the micrographs of the membrane cross-sections (Figure 1.48).225  

As the membrane draw ratio was increased to 7, hydrophilic domains (dark regions) 

decreased in size from 8 nm in the un-stretched state to approximately 2 nm at a draw 

ratio of 7.  Despite the narrowing of the ionic domains, the quantity of hydrophilic 

regions was observed to increase with elongation.  This reorganization allowed for 

maintained water uptake regardless of draw ratio.  While the water uptake behavior is not 

altered by physical orientation, NMR data suggests that the network of hydrophilic 

channels is less tortuous in the oriented films.225 
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Figure 1.48.  TEM micrographs of Nafion® membranes in the un-stretched and oriented 
states (draw ratio = 2, 4, and 7). 
 
 

Computational Modeling/Simulation of Proton Exchange Membrane Morphology 

 While computational modeling is a relatively new approach at investigating the 

morphology within Nafion® membranes, simulation techniques have proven useful for 

obtaining a general idea of the morphological features within these complex systems.  As 
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identification of microstructures within ionomer systems by standard scattering 

techniques is somewhat elusive due to hydration effects and other intricate interactions, it 

is particularly useful to implement such simulation tools to predict morphological 

response to parameters such as orientation and hydration.  The molecular modeling of 

complex ionomeric systems such as Nafion® has revealed much information regarding 

morphological features and the implications of various morphological arrangements on 

water diffusion and proton transport.  A consistent observation made via molecular 

modeling is the tendency of PFSIs such as Nafion® to undergo the formation of ionic 

aggregates and the distribution of those aggregates throughout the nonpolar, fluorinated 

polymer matrix such that microphase separation is achieved.  Furthermore, it has been 

reported that the degree of phase separation and size of ionic aggregates is dramatically 

influenced by the chemical structure of the ionomeric copolymer.  Additional factors 

which dictate the morphology include sidechain flexibility, backbone conformation, and 

the swelling behavior of ionic aggregates in response to varying levels of hydration.8 

Computational Modeling of Hydrated Nafion®.  Molecular dynamics 

simulations of a hydrated Nafion® membrane conducted by Urata et al. revealed several 

key understandings of the complex morphology.226  It was observed that with increasing 

water content (5, 10, 20, and 40 wt%), the distance between sulfonic acid groups 

increased (4.6, 5.6, 6.6, and 7.7 Ǻ, respectively).  Still, it was determined that acid sites 

remained fairly closely situated for all hydration states despite electrostatic repulsions 

which exist between sulfonic acid groups.  It was also determined that under relatively 

low hydration conditions, strong electrostatic interactions between water molecules and 

the sulfonic acid groups restrict the mobility of water whereas for highly hydrated films, 
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water mobility is markedly increased, even for water molecules located very near the 

sulfonic acid groups.  The full molecular dynamics simulations for each studied water 

content are shown in Figure 1.49.226 

 
Figure 1.49.  Molecular dynamics simulation results for a perfluorinated ionomer with a) 
5 wt%, b) 10 wt%, c) 20 wt%, and d) 40 wt% water content.  Red = oxygen atoms, 
Yellow = sulfur atoms, White = hydrogen atoms, and Gray = CFx groups (x = 1-3) 
 

Paddison and coworkers employed dissipative particle dynamics (DPD) 

simulations to evaluate the morphology of hydrated PFSIs as a function of both EW and 

hydration.  This work is the first to involve the effects of sidechain length/flexibility 
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through considerations of the Nafion®, Hyflon® Ion, and the 3M Ionomer structures.  

Simulations were created by separating each ionomer into molecular components 

described as beads consisting of backbone units, terminal sidechains, and water 

molecules.  Furthermore, the water content in each system was varied from λ = 5 to 16.  

Morphological simulations for each PFSI with a water content of λ = 9 are displayed in 

Figure 1.50 while simulations for a water content of λ = 16 are shown in Figure 1.51.227 

 
Figure 1.50.  Simulated morphologies of PFSIs at a water content of λ = 9.  a) Hyflon® 
Ion (EW = 678), b) 3M Ionomer (EW = 678), c) Nafion® (EW = 1244) (Red = backbone 
units, Green = terminal sidechain units, and Blue = water units)  (Reproduced by 
permission of The Royal Society of Chemistry) 
 

 
Figure 1.51.  Simulated morphologies of PFSIs at a water content of λ = 16.  a) Hyflon® 
Ion (EW = 678), b) 3M Ionomer (EW = 678), c) Nafion® (EW = 1244) (Red = backbone 
units, Green = terminal sidechain units, and Blue = water units)  (Reproduced by 
permission of The Royal Society of Chemistry) 
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 From Figure 1.50, it appears that the shorter sidechain PFSIs—Hyflon® Ion and 

the 3M Ionomer—organize to contain larger water domains in comparison to the Nafion® 

membrane.  Furthermore, the distribution of water throughout the Hyflon® Ion membrane 

appears to be more uniform (Figure 1.50a) than that observed for the 3M Ionomer 

(Figure 1.50b).227  This effect appears even more pronounced with increased water 

contents, as evident in Figure 1.51, where the Hyflon® Ion exhibits a more uniform 

distribution of water (Figure 1.51a) than does the 3M Ionomer (Figure 1.51b).  As seen 

at lower hydration levels, the Nafion® membrane (Figure 1.51c) appears to contain less 

water than the shorter sidechain PFSIs.  Overall, it appears that an increase in water 

content yields a greater degree of phase separation with larger, interconnected water-

swollen ionic domains.227  Another observation made as a result of these simulations is 

that the shape of the water domains are not spherical as depicted in the cluster-network 

model.4, 87  Instead, they are rather irregular in shape, as is commonly seen in molecular 

simulation studies. 

In a similar attempt to model the morphology of Nafion® in the hydrated state, 

Khalatur and coworkers employed the cellular-automaton-based simulation technique for 

a comb-like copolymer with functionalized sidechains in the presence of solvents such as 

water.228  This approach simulates the morphological arrangement of Nafion® in water, 

and allows for comparison of the simulated morphology to the proposed morphological 

models for Nafion®.  Microphase separation was observed due to the differences which 

exist between the ionic domains and the perfluorinated polymeric backbone.  It was 

determined that the ionic sidechains aggregate into relatively large multiplets.  An 

increase in hydration yielded an increase in aggregate size and eventual formation of a 
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percolation pathway.  Increased hydration also led to swelling of both the polymer 

backbone and the sidechains, however this complex swelling behavior does not exhibit a 

general power law or exponential dependence.228  Furthermore, the observed structure of 

the swollen sidechains does not agree with the proposed stretched conformation of 

sidechains outlined in the Lamellar model.138 

Connolly surfaces, topological depictions of the water-polymer interface, were 

created to further elucidate the structure of ionic aggregates and to predict the effect of 

hydration on these regions.  The generated Connolly surfaces suggest the presence of 

structural irregularities on the aggregate surfaces as well as a dependence of surface area 

on water content (Figure 1.52).228  In the Connolly surfaces, light regions are indicative 

of regions in the immediate vicinity of sulfonate groups and dark regions correspond to 

water-like particles while medium shaded regions depict the carbon atoms in close 

proximity to sulfonate groups.  

 

 
Figure 1.52.  Connolly surfaces of ionic aggregates at various hydration levels.  a) nH2O = 
1, b) nH2O = 1.5, c) nH2O = 2  (Regions in the immediate vicinity of sulfonate groups are 
indicated with light shading, water-like particles with dark shading, and carbon atoms in 
close proximity to sulfonate groups with medium shading.) 
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An instantaneous view of the internal structure of the ionic aggregates with 

respect to hydration has also been predicted and is shown in Figure 1.53.228  These 

schematics depict the sulfonate groups (light spheres) encompassing water molecules 

(dark spheres).  The hydrated sulfonate groups are largely encapsulated by the formation 

of a hydrophobic shell composed of the carbon-sulfur bonds (light gray rods).  An overall 

separation is observed between the hydrophilic (central) and hydrophobic (exterior) 

regions.  With increased hydration, we also witness an increase in the number of water 

molecules associated within the aggregates (particularly evident in the cutaway view 

shown in Figure 1.53 – lower panel).228  
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Figure 1.53.  Predicted equilibrium structures of ionic aggregates at various hydration 
levels, a) nH2O = 0, b) nH2O = 1, and c) nH2O = 2.  Schematics represent sulfonate groups 
(light spheres), solvent molecules (dark spheres), and C-S bonds (light gray rods).  
(Lower panel provides a cutaway view of the aggregate structures.) 
 
While the predicted interior structure of the ionic aggregates appears indicative of a core-

shell morphology, the simulation does not exactly agree with the proposed Core-Shell 

morphological model proposed by Fujimura et. al., 89, 90 which suggests the existence of 

isolated ion pairs constituting the exterior matrix.228 



115 

 In considering the topology of water channels within hydrated Nafion®, three-

dimension views of predicted Connolly structures were presented (Figure 1.54).228  In the 

dry state (nH2O = 0), isolated sulfonate clusters were observed (Figure 1.54a).  However, 

increasing the hydration level (nH2O = 4) leads to the formation of a percolation pathway 

by the interconnection of swollen ionic aggregates (Figure 1.54b).  

 

 
Figure 1.54.  Three-dimensional Connolly structures for Nafion® conductivity channels 
using a spherical probe radius of R0 = 2σ at a hydration level of a) nH2O = 0 and b) nH2O = 
4. 
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Figure 1.55 offers an alternative perspective of the interconnected percolation pathway 

by predicting the Connolly surfaces generated at a hydration level of nH2O = 4 using a 

spherical probe radius of R0 = 2σ (Figure 1.55a) and R0 = 4σ (Figure 1.55b).228  The 

predicted increase in cluster size with increased hydration is inconsistent with the Local-

Order model proposed by Dreyfus et al.,143 which suggests clusters are of fixed size 

despite the level of hydration.228 

 
Figure 1.55.  Three-dimensional Connolly structures for Nafion® conductivity channels 
at a hydration level of nH2O = 4 using a spherical probe radius of a) R0 = 2σ and b) R0 = 
4σ.  (Dark spheres represent water particles.) 
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Investigation of Nafion® Morphology Using the Maximum Entropy (MaxEnt) 

Method.  Based on the swelling behavior of Nafion® observed by scattering techniques, 

Elliott et al. developed a novel, model-independent maximum entropy (MaxEnt) method 

to simulate the most probable PFSI morphologies by transforming SAXS data into real 

space maps of electron density distributions.95  Spatial filtering was employed to 

accentuate features composed of ionic clusters.  The created MaxEnt reconstructions 

revealed the distinct probability of morphological organization into ionic clusters.95  

Figure 1.56 shows the MaxEnt reconstruction for Nafion® under ambient humidity as 

well as at 100% RH where lighter regions correspond to ionic clusters.95  The clusters 

appear to form agglomerates (clusters of clusters) which are more pronounced at 100% 

RH than at ambient humidity.  Increased hydration was found to stimulate increased 

cluster separation as well as decreased cluster density. 

 

(a) (b)(a) (b)
 

Figure 1.56.  MaxEnt reconstruction of SAXS data from as-received Nafion® 
equilibrated under a) ambient humidity and b) 100% RH.  (Scale bar = 50 nm) 
 

Application of a low pass filter, which highlights long-range structure, correlated 

the agglomeration of ionic clusters to the small-angle upturn commonly observed in the 
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SAXS profiles of Nafion®.  The small-angle upturn was believed to originate from the 

scattering of large cluster agglomerates.  This assignment was verified by analysis of 

MaxEnt reconstructions created for oriented Nafion®.  From the MaxEnt analyses, the 

characteristic scattering profile exhibits features from different size scales; the ionomer 

peak originates from the ionic clusters, while the small-angle upturn corresponds to 

larger-scale scattering characteristic of cluster agglomerates.  

 Computational Modeling of Oriented Nafion®.  Barbi et al. recently combined 

the capabilities of advanced computational modeling and novel scattering physics to 

investigate the morphology of Nafion® as a function of mechanical load.229  This 

simulation approach employed the established techniques used in the evaluation of 

oriented Nafion® to conduct a novel method of multi-dimensional chord-distribution 

function (CDF) analysis.   The CDF of neat Nafion® exhibits a central peak region which 

corresponds to the autocorrelation of the fundamental ionomer domain (see Figure 

1.57).229  The modulated intensity of this central ring eliminates the possibility of 

spherical conformation of ionomer domains. 
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Figure 1.57.  Multidimensional CDF of the MAXS structure of extruded Nafion 117®.  
(Machine direction is indicated by arrow.) 
 

Having established a CDF analysis of neat Nafion®, Barbi then investigated the 

behavior of Nafion® in the dry state upon deformation in the range of 0 to 125% 

extension.  Using the classic Cluster-Network Model proposed by Gierke which suggests 

the presence of ionic clusters as inverted micelles interconnected by channels,87 it was 

determined that the channels open and widen in the direction of orientation.  Eventual 

merging of the broadened channels led to the formation of slab-shaped domains aligned 

along the orientation direction (Figure 1.58).229 
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Figure 1.58.  Nafion 117® elongated at 125% viewed a) perpendicular and b) parallel to 
the orientation direction. (Orientation direction is indicated by arrow.) 
 
Contour maps created from the CDF analyses facilitated the determination of the 

morphological feature dimensions including the average domain thickness (Dt) measured 

perpendicular to the orientation direction and the maximum domain height (Dh) measured 

along the orientation direction.  Extension from 50% to 125% caused a decrease in the 

domain thickness (from 1.9 nm to 1.5 nm) and an increase in domain height (from 3 nm 



121 

to 6 nm).  This analysis, along with the absence of meridional autocorrelation peaks, 

provided evidence to support the claim that the ionic domains are not cylindrical.  

Conversely, the crystalline domains formed within the polymer matrix were observed to 

be cylindrical.  Similar deformation of the crystalline domains yielded parallelization as 

well as plastic deformation upon extension, giving rise to a broad distribution of 

crystallite dimensions at high levels of orientation. 

The field of computational modeling has proven useful in the potential 

identification of morphological features within proton exchange membrane materials.  As 

techniques are developed, a detailed view of morphological evolution may become less 

elusive and more widely understood.  Furthermore, computational modeling may provide 

a secure platform upon which essential correlations may be established that will further 

explain structure-property relationships for PEMs.  

 

Conclusions 

A review of perfluorosulfonate ionomers and select alternative ionomers has been 

presented with an emphasis on morphological characterization, manipulation, and 

computational modeling/simulation of morphology.  As research has expanded in this 

popular area, a broader understanding of these materials and their performance properties 

has followed.  The emergence of advanced scattering techniques has provided invaluable 

insight and has become a power tool to morphological characterization when coupled 

with microscopy techniques.  Furthermore, the rapid development of molecular modeling 

capabilities has fostered a new approach to understanding morphological organization, 

allowing for simulation of complex ionomeric interactions with solvent and surrounding 
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chemical species.  These advances have complemented historical investigations of 

membrane morphologies and have created a means by which proposed morphological 

models may be validated and/or improved upon. 

While the approaches to morphological investigation have been quite varied, the 

organization of ionic domains into aggregate structures distributed throughout a polymer 

matrix has been universally accepted.  Such molecular organization is believed to yield 

the formation of conduction pathways which allow for selective transport of protons from 

the anode to the cathode, while the matrix material prevents large-scale crossover of fuel.  

This behavior constitutes an ideal situation by which energy conversion may be achieved 

in a fuel cell environment.  The unique properties of ionomers satisfy the demands 

required of proton exchange membranes, and have therefore rendered them indispensible 

as PEM materials. 

 The role of water in the ionic domains has been thoroughly investigated as well, 

with focus placed not only on diffusion but also on the state of water within the 

membrane.  It has been shown that the morphological arrangement of the ionic domains 

within the polymer matrix and the immediate chemical interactions between the ionic 

functionalities and water molecules directly affects the diffusion of water through the 

membrane.  One factor responsible for morphological development is the chemical 

architecture of the ionomer itself.  Many copolymer systems have been studied to 

determine the effects of architecture (i.e. random, multiblock, graft, and star 

architectures) on membrane morphology.  Furthermore, such investigations have also 

been expanded to consider the importance of such architectural aspects as equivalent 

weight, relative copolymer segment lengths, and placement of sidechains along the 
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polymeric backbone.  In many of these carefully designed systems, morphological 

response to molecular architecture is highly tunable, indicating that morphological 

manipulation may be achievable to some extent simply by modification of the polymeric 

backbone and/or targeted placement of the ionic moieties.  In addition to precise tailoring 

of chemical architecture, research has confirmed that morphological manipulation may 

also be achieved by neutralization with organic counterions, thermal annealing, 

adjustment of solvent casting procedures, and orientation by uniaxial or biaxial extension.  

Thus, it is evident that a broad range of PEM characteristics may be adjusted to afford 

optimal performance.  Still, it remains clear that the membrane morphology plays an 

essential role in dictating the efficiency and mode of water transport. 

While precisely organized morphologies of ionic domains within PEMs are 

responsible for effective proton transport, mechanical integrity must also be maintained 

to ensure adequate performance over extended lifetimes.  While the inherent hydrophilic 

nature of ionomers allows for solvent swelling which is essential for proton conduction, 

the molecular-level reorganizations associated with cycles of swelling and deswelling 

introduce mechanical stresses which may impair membrane integrity.  These stresses, 

over prolonged lifetimes, may be responsible for mechanical failure, depending on 

factors such as material modulus and hygrothermal stability.  Achieving the optimal 

balance between morphology and mechanical properties has therefore been the focus of 

numerous investigations in recent years.  Methods for the improvement of mechanical 

stability have included reinforcement via polymer blending, creation of nanocomposite 

membranes by incorporation of organic or inorganic particles, and fabrication of 
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supported composite membranes.  While these approaches are of individual merit, their 

overall ability to produce suitable PEMs has not been fully evaluated. 

  Despite the quantity and breadth of morphological investigations which have 

been conducted for PEM materials such as Nafion®, a fundamental understanding of the 

complex ionomeric morphologies of these systems has been rather elusive.  

Technological advancements have proven instrumental in our emerging understanding of 

morphological response within the multifaceted environment of the PEMFC, however the 

universal acceptance of a comprehensive morphological model has been unattainable thus 

far.  A much deeper understanding is therefore required before a complete understanding 

of the link between morphology and performance optimization can be achieved. 
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CHAPTER II 
 

MATERIALS, METHODS, AND MOTIVATION 
 

Materials 
 

Recently, a series of perfluorocyclobutane (PFCB) polyaryl ethers have been 

developed which exhibit high temperature stability and excellent processability.1-7  These 

materials are produced by cyclopolymerization of aromatic trifluorovinyl ether (TFVE) 

monomers to create a novel class of fluoropolymers which contain the PFCB moiety (see 

Figure 2.1).1  PFCBs have shown promise as coating materials but have also been 

recently investigated by General Motors in the sulfonated form as an ionomer component 

for polyelectrolyte blends for PEM fuel cells.8-10 

 
Figure 2.1.  Perfluorocyclobutane (PFCB) polymers. 
 

Two specific PFCB ionomers are of particular interest in our research.  The 

distinguishing feature between the two materials is the placement of the sulfonic acid 

moiety along the PFCB polymer backbone.  Main chain sulfonated (MCS) multi-block 

PFCB ionomers were developed via direct sulfonation of the biphenyl vinyl ether 

(BPVE) linkage (Figure 2.1, Ar = 2) using either chlorosulfonic acid or oleum (30% 



135 

fuming sulfuric acid).  The resulting MCS PFCB ionomer (IEC = 2.0 meq/g) contains 

sulfonic acid groups substituted directly onto the aromatic backbone, as depicted in 

Figure 2.2.   
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Figure 2.2.  Main chain sulfonated (MCS) PFCB ionomer. 

Alternatively, a sidechain sulfonated (SCS) PFCB ionomer is prepared via attachment of 

perfluorosulfonic acid groups onto the BPVE aromatic functionality.  A method for the 

production of such materials has been described in a patent by Yoshimura, Yashiro, and 

Nodono.11  The resulting SCS PFCB ionomer (IEC = 1.1 meq/g) contains sulfonic acid 

groups located on pendant PFSA sidechains (see Figure 2.3).  
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Figure 2.3.  Sidechain sulfonated (SCS) PFCB ionomer. 

In order to enhance mechanical properties, the MCS and SCS PFCB ionomers 

(from Tetramer Technologies, LLC) have been blended with a PVDF copolymer (Kynar 

Flex® from Arkema) (see Figure 2.4) in various quantities (10-90% PVDF copolymer).  

The blend compositions investigated within this research include 10-90 wt% PVDF 

copolymer (MCS) and 10-80 wt% PVDF copolymer (SCS). 
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Figure 2.4.  Poly(vinylidene difluoride) (PVDF) copolymer.  
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 

Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 

  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast. 

 
 
Methods 
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Phase Contrast Microscopy (PCM).  To investigate the degree of mixing and 

characteristic morphology of the PFCB/PVDF copolymer blends, we will use phase 

contrast microscopy, which translates variations in refractive index into differences in 

visual contrast, allowing for imaging of what may otherwise be a transparent membrane 

using standard bright field microscopy.12, 13  With a coherent source, all light waves 

impingent upon the sample are in phase.  However, as the light travels through a 

heterogeneous sample, the waves encounter regions of varying refractive indices.  

Consequently, waves traveling through a region of greater refractive index exhibit a 

phase shift, resulting from waves traveling at different velocities through the sample.  

This phase shift is exploited in phase contrast microscopy to yield differences in light 

amplitude (brightness) between the particle and the surrounding medium, thereby 

creating contrast in the resulting image (see Figure 2.5). 
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Figure 2.5.  Depiction of phase shifting experience upon impingement of light waves on 
a heterogeneous sample with regions of varying refractive index (η). 
 

Small-Angle Laser Light Scattering (SALLS).  To study the more global 

morphology in the MCS and SCS blend membranes, we will use small-angle laser light 

scattering.  SALLS involves the passing of laser light through a polarizer, the specimen, 

then a second polarizer, and finally capturing the scattered light on the image plane 

ηp > ηm  
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digitally using a CCD camera.  By completing a radial integration of the resulting image, 

we can obtain a plot of the scattering vector versus intensity.  The angle of the maximum 

scattering intensity can then be used to calculate the morphological domain sizes.  Since 

there is an inverse relationship between the scattering vector and the domain size (see 

Equation 2-1), the smaller the domain size, the larger the radius of the scattering halo. 

 4 2sin dq π π
λ θ= =  (2-1) 

SALLS is a very powerful technique and will be extremely important in developing a 

fundamental understanding of the morphology of the MCS and SCS blend membranes. 

 
Figure 2.6.  SALLS apparatus, example scattering profile, and scattering vector vs 
scattering intensity plot from radial integration of the scattering profile. 
 

Scanning Electron Microscopy (SEM).  Scanning Electron Microscopy (SEM) 

employs irradiation of a finely focused electron beam over the surface of a specimen to 

obtain a three-dimensional, topographic image with resolution in the range of nanometers 

(nm) to micrometers (μm).14  This technique is highly effective for determining surface 

morphology but typically gives little insight into bulk morphology.  However, there are a 
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few sample manipulations that may be performed to prepare a sample for bulk 

morphological investigation.  Such preparations include freeze-fracturing, chemical 

etching, solvent etching, and ion beam etching.12  Freeze-fracturing is achieved when the 

sample is annealed in liquid nitrogen prior to breaking to expose the bulk material.  

Freeze-fracturing is useful for minimizing plastic deformation in samples whose 

morphology might otherwise be altered through conventional fracturing.  Chemical 

etching occurs when a chemical reaction is used to degrade and remove one portion of 

multi-component samples, thereby exposing the remaining morphology for observation.  

Solvent etching of blended materials is useful when one or more component(s) can be 

selectively dissolved in a good solvent(s).  Ion beam etching can be used to selectively 

degrade and remove low molecular weight portions of a sample.12  SEM will be useful in 

this work for verification of morphological features on the surface of the ionomeric 

PFCB/PVDF copolymer blend membranes. 

Energy-Dispersive X-ray Spectroscopy (EDX).  Integrated into the SEM, 

Energy-Dispersive X-ray Spectroscopy (EDX) allows for the identification of chemical 

elements in a specific area of the imaged sample surface.15  During the bombardment of 

the sample surface with electrons in SEM analysis, X-rays are emitted and their energy 

measured by the EDX detector.  As each element emits X-rays with characteristic 

energies, the EDX measurement allows for elemental analysis of the sample.  The EDX 

analysis can be viewed as a spectrum of labeled peaks arranged on axes of intensity (in 

counts) vs. X-ray energy (in keV) or as a contrast map which displays the presence or 

absence of a particular element along a region of the sample surface.15 
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 Differential Scanning Calorimetry (DSC).  A calorimeter is a device which 

measures the temperature change in a sample in response to an external application or 

abstraction of heat.  By detecting heat exchange, the calorimeter can be a useful tool in 

evaluating the thermal transitions within materials (e.g., crystallization temperature (Tc), 

crystalline melting temperature (Tm), glass transition temperature (Tg)).  In addition to 

polymer characterization and measurement of heat capacity, DSC is a technique whereby 

kinetic experiments, chemical identifications, and even sample purity measurements can 

be conducted.16   

Thermal analysis via DSC experimentation facilitates the evaluation of the 

miscibility of polymer blends and the determination of the effect of blend composition 

upon crystallization kinetics.  It is well established that evaluation of blend miscibility is 

generally possible by monitoring the behavior of the glass transition temperature (Tg) of 

the blend system.  A miscible blend comprised of one semicrystalline and one amorphous 

component will exhibit a Tg at temperature which is intermediate between those of the 

individual blend components, while immiscibility in a polymer blend is indicated by the 

presence of multiple Tg’s characteristic of the pure blend materials.17, 18   

Depending upon the degree of phase mixing, the blending of a semicrystalline 

material with an amorphous polymer also yields changes in the crystalline melting point 

of the semicrystalline component, the degree of crystallinity, and the crystallization 

kinetics relative to that of the pure semicrystalline blend component.18-23  In the instance 

of immiscibility, often signaled by the presence of phase separation, the blend will 

exhibit crystalline behavior comparable to the pure semicrystalline component.  

However, for a miscible blend, a decrease in the crystalline melting temperature (Tm) and 
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a decrease in the degree of crystallinity are commonly noted.  The melting point 

depression can be predicted using the relationship described by Equation 2-2, as proven 

by Nishi and Wang where o
mbT  is the equilibrium melting temperature of the blend; o

mT  is 

the equilibrium melting temperature of the crystalline polymer component; R is the gas 

constant, o
fHΔ is the heat of fusion for the 100% crystalline polymer; 1ν and 2ν  are the 

molar volumes of the crystalline and amorphous polymers, respectively; and 2φ  

represents the volume fraction of the crystalline polymer.18, 20 

 2

1

21 1
12 2(1 )o o o

mmb f
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T T H

ν
ν
χ φ−

Δ
− = −  (2-2) 

 
From Equation 2-2, the polymer-polymer interaction parameter ( 12χ ) can be 

quantitatively determined, given that the equilibrium melting temperatures have been 

accurately measured.  These values can be obtained by plotting the observed non-

equilibrium melting temperature (Tm) as a function of isothermal crystallization 

temperature (Tc).  The o
mT  is identified as the point of intersection between the best fit 

line through the Tm data with a line representing Tm=Tc.  The value of the calculated 

interaction parameter dictates the melting behavior of the blend containing a crystalline 

and amorphous component.  If the interaction parameter is negative, a melting point 

depression will be observed, and the ability of the blend to form a thermodynamically 

stable and compatible mixture at temperatures greater than the melting point is 

confirmed.18, 20  Furthermore, the crystallization kinetics for polymer blend systems have 

been investigated and found to be inversely dependent upon both the cooling rate as well 

as the blend composition.  For blends composed of a semicrystalline component and an 

amorphous component, the crystallization temperature decreases with increasing cooling 
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rate as well as the amorphous content.  These factors effectively limit the ability of the 

crystallizable polymer chains to migrate and form crystallites behaviors and therefore 

cause the observed melting point depression.18, 21-23  In this work, we investigate the 

degree of miscibility as well as the dependence of the crystallization kinetics on 

composition for a series of ionomeric PFCB/PVDF copolymer blend membranes. 

 

Motivation 

Polymer Blending.  Polymer blending is a technique widely employed for the 

creation of a material that has properties or characteristics of each of the chosen blend 

components.20  There are a variety of techniques for producing polymer blends.  In 

general these techniques can be sorted into two broad categories: 1) physical blending, 2) 

reactive blending.  Examples of physical blending techniques include extrusion and 

mixing, while reactive blending generally involves reactive copolymerization and/or 

compatibilization. 12, 24 

Polymer blending has proven instrumental in the production of materials with 

tunable properties suitable for a variety of applications.12, 20  When miscibility is achieved 

within a polymer blend, marked by intimate mixing on the molecular level, development 

of a novel material with intermediate properties of the component polymers is possible.  

In response to the issue of dimensional stability, polymer blending has recently been 

employed for producing mechanically reinforced aromatic hydrocarbon ionomers for use 

as potential PEMs.25-27  When sufficient phase mixing is achieved, mechanical 

reinforcement via polymer blending may enhance mechanical performance of the PEM 

with minimal effect on desired transport properties.  An additional advantage of polymer 
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blending lies in the enhanced morphological control obtained by varying blend 

composition.  Such control facilitates precise optimization of PEM performance through 

the investigation of membrane morphology-property relationships. 

Polymer blend stability is vital to maintaining the target properties of the designed 

blend system.  If blends become unstable, due to any combination of kinetic or 

thermodynamic contributing factors, blend properties will be altered and may no longer 

suit the desired function.  The degree of phase mixing in a blend system is driven by the 

enthalpy of de-mixing of the blend components, and the introduction of a crystalline 

component can further complicate the phase behavior.28  The correlation of blend 

morphologies and membrane performance is therefore essential in determining the 

suitability of a blend for applications such as PEMs. 

Thermodynamics of Polymer Blends.  The properties of a polymer blend can be 

greatly influenced by phase behavior.  A polymer blend can exhibit miscibility, 

immiscibility (phase separation), or a number of mixing behaviors between these two 

extremes.  Miscibility is achieved when a blend of two polymeric materials exhibits the 

properties anticipated for a single-component material.  Adequate mixing, signaled by 

overall homogeneity, is generally observed on a relatively small scale (on the order of 

several nanometers), however ideal mixing at the segmental scale cannot generally be 

expected.  A blend is typically considered immiscible (or phase separated) when it is 

comprised of distinct domains which display properties of the individual blend 

components.  If phase separation is prevalent but each phase domain contains each of the 

blend materials, the blend can be referred to as partially miscible.  Partial miscibility in 

polymer blends usually affords some degree of property manipulation (e.g., glass 
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transition temperature) measurable across the blend.  If blend properties are found to vary 

across the blend material, it can be classified as microheterogeneous.  Careful design of a 

blend system can afford the correct amount of miscibility to proffer the desired material 

properties.  The overall degree of blend miscibility is dictated by the thermodynamics of 

mixing of the blend components.20, 29 

The most important thermodynamic relationship in blend miscibility involves 

Gibbs free energy of mixing (ΔGm), enthalpy of mixing (ΔHm), and entropy of mixing 

(ΔSm).  For a given temperature (T), this relationship exists in the form of: 

 m m mG H T SΔ = Δ − Δ  (2-3) 

It is necessary that the Gibbs free energy of mixing be negative to ensure adequate 

miscibility. 

 0mGΔ <  (2-4) 

The entropy of mixing, mSΔ , plays an important role in dictating the miscibility of a 

blend and is defined by Equation 2-5. 

 lnmS kΔ = Ω  (2-5) 

Where Ω corresponds to the summation of possible arrangements of N1 and N2 molecules 

into a regular lattice composed on N cells. 

 
1 2

!
! !
N

N N
Ω =   where 1 2N N N= +  (2-6) 

As mSΔ  increases, the mT SΔ  term also increases, making the Gibbs free energy of 

mixing more negative and thereby promoting miscibility.  For high molecular weight 

materials, the mSΔ  term may be negligible. 
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Enthalpy (heat) of mixing, mHΔ , is another factor responsible for observed phase 

behaviors.  Enthalpy of mixing is related to the energy of contacts (ε) between the blend 

components (i and j) by Equation 2-7. 

 12
1 2

m

r

H zw
V

φφ
ν

Δ
=  (2-7) 

V is the total volume, υr is molecular or molar segment volumes, z is the coordination 

number, and w is the exchange energy of interacting segments, defined by: 

 1
12 11 22 122 ( )w ε ε ε= + −  (2-8) 

Blend miscibility is favored when the mHΔ  term is decreased, causing the Gibbs free 

energy of mixing to decrease. 

The need for the Gibbs free energy of mixing to be negative is not the only 

thermodynamic requirement for miscibility; it is also necessary that the chemical 

potential of a component must increase with an increase in that component’s density20, 30, 

31: 
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Where φ  is the volume fraction of the given blend component.  If this second 

thermodynamic requirement is not met, the blend is considered unstable with respect to 

continuous composition changes, and partial miscibility may be observed. 

 When exposed to temperatures above or below a certain critical solution 

temperature, miscible polymer blends may undergo phase separation.  If heating gives 

rise to immiscibility, the blend is considered to display a lower critical solution 

temperature (LCST) behavior.  Above the LCST, the blend will undergo phase 
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separation, whereas below this temperature a single phase is created by an enhancement 

in the degree of mixing.  If cooling of a blend induces phase separation, the blend is 

described as displaying an upper critical solution temperature (UCST) behavior.  The 

UCST is the lowest temperature at which the two component blend will be miscible 

across the entire compositional range.  The phase behavior of a polymer blend as a 

function of composition and temperature can be graphically depicted in the form of a 

phase diagram.  Common components of phase diagrams for polymer blends are shown 

in the general phase diagram in Figure 2.7.  The spinodal curve defines the boundary 

between the unstable and metastable regions (“the limit of metastability”) where 

Equation 2-10 is satisfied.20, 30, 31 
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The binodal curve corresponds to the boundary between the single phase and phase 

separated regions.  For a binary blend, at the binodal curve, each component will exhibit 

an equal chemical potential (µ) toward either miscibility or phase separation.  Therefore, 

at the binodal curve, Equation 2-11 is satisfied, with 1 and 2 corresponding to each of 

the binary blend’s components and a and b represent the two phase domains. 

 1 1
a bμ μΔ = Δ   and  2 2

a bμ μΔ = Δ  (2-11) 

The point where the spinodal and binodal lines intersect can be identified by Equation 2-

12 and is referred to as the critical temperature. 
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Figure 2.7. Phase diagram displaying upper critical solution temperature (UCST) and 
lower critical solution temperature (LCST) behaviors of polymer blends. 
 

The phase diagram is generally not symmetrical (depending upon the similarity of 

the component molecular weights) and may vary drastically depending upon miscibility.  

In highly immiscible blends, the binodal curves commonly overlap, creating a phase 

diagram that is comprised mostly of the unstable region.  For highly miscible blends, any 

UCST or LCST behavior may be undefinable and no phase separation behavior may be 

observed.  Miscible blends often exhibit miscibility at all compositions and temperatures, 

while it is most common that a blend will be immiscible over most compositions and 
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temperatures.  It is also common to observe either a LCST or UCST behavior, while the 

observation of both in a single blend is extremely rare.  In the event that both LCST and 

UCST behaviors are observed, there may be an overlap in the temperature ranges of each, 

thereby causing an hourglass shape in the phase diagram.  Within the spinodal region, the 

polymer blend is completely immiscible and will undergo phase separation 

spontaneously.  The metastable region, between the spinodal and binodal, represents the 

range in which the blend will phase separate through an activation method.  These two 

modes of liquid-liquid separation are referred to as spinodal and binodal decompositions.   

Binodal decomposition, a nucleation and growth mechanism, occurs within the 

metastable region and requires an initial expenditure of energy to form small nuclei 

which consist exclusively of one of the blend components.  This energy expenditure is 

referred to as the activation energy of nucleation.  The initial formation of the nuclei sites 

is initiated by local fluctuations in density within the polymer blend.  After creation of the 

nucleation sites, diffusion of polymer chains to the growing nucleated front may continue 

to develop and create larger phase domains which undergo coalescence.  While the size 

and size distribution of the phase domains change over time, the composition within the 

phase separated domains remains constant. 

Unlike with the nucleation and growth mechanism, both the size and composition 

of the phase separated domains are time-dependent.  At early stages of spinodal 

decomposition, a regularly spaced interpenetrating structure is formed spontaneously 

with no initial activation energy of nucleation required.  As time progresses, the 

composition of the phase domains become more heavily concentrated with one blend 

component, but they do not yet contain one component exclusively as with binodal 
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decomposition.  A morphology characterized by interconnected, wormlike structures is 

commonly observed during spinodal decomposition, and as the concentration of a blend 

component increases within a given domain, the domains increase in size.  In the later 

stages of spinodal decomposition, the blend is completely phase separated and domains 

contain one exclusive blend component. 

Importance of Morphology and Morphological Control in the Design and 

Optimization of PEMs.  The particular use of ionomers as proton exchange membranes 

(PEMs) in proton exchange membrane fuel cells (PEMFCs) has been a topic of great 

interest in recent years, and the specific correlation of morphology to performance, 

chemical, and thermomechanical properties has been actively pursued in numerous 

studies.  A broad variety of ionomeric materials have been designed for use as PEMs, and 

each chemical variation subsequently yields unique morphologies and performance 

properties.  With a developing understanding of the morphological features within a 

proton exchange membrane and the establishment of structure-property relationships, 

researchers have considered potential avenues through which morphological features may 

be manipulated to yield tailored material properties.  Among the techniques commonly 

used to manipulate membrane morphology are orientation, adjustment of casting 

procedures, and thermal annealing.  Another essential correlation between microstructure 

and performance lies in the morphological response of a proton exchange membrane to 

various levels of hydration.  Through the controlled manipulation of these stimuli and the 

analytical observation of the resultant morphological evolution, a general understanding 

of the complex behavior of these ionomers is being established.   
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This work probes the morphological features in a series of blend membranes 

composed of a perfluorocyclobutane (PFCB) ionomer and a semicrystalline 

poly(vinylidene difluoride) (PVDF) copolymer (Kynar Flex®).  Furthermore, the degree 

of phase mixing is monitored in response to various ex-situ aging treatments such as 

thermal annealing, immersion in liquid water, and the combined exposure to temperature 

and hydration (termed “hygrothermal aging”).  Through systematic studies of 

morphological response in the blend membranes, we will improve the fundamental 

understanding of the manipulation of blend compatibility and the implications of phase 

behaviors on the suitability of these blends for PEMFC applications. 
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CHAPTER III 
 

INVESTIGATION OF PHASE MORPHOLOGY AND BLEND STABILITY IN 

IONOMERIC PERFLUOROCYLCOBUTANE (PFCB)/POLY(VINYLIDENE 

DIFLUORIDE) (PVDF) COPOLYMER BLEND MEMBRANES: A Study of 

Membranes in the As-Received State 

Introduction 
 

Perfluorosulfonate ionomers (PFSIs) have gained high acclaim for their 

performance as proton exchange membranes (PEMs) for PEMFCs.  The current 

benchmark membrane material for PEMs is the PFSI, Nafion®—a random copolymer 

composed of a poly(tetrafluoroethylene) backbone with perfluorovinyl ether side chains 

which contain sulfonic acid end groups.  Due to its perfluorinated structure and flexible 

sidechains, Nafion® is known for its excellent proton conductivity at relatively low 

temperatures as well as its high chemical stability and mechanical durability.  However, 

its high production cost and low proton conductivity at elevated temperatures have driven 

the search for alternative fuel cell membrane materials.  Aromatic hydrocarbons are a 

particularly interesting class of alternative materials due to their chemical stability and 

relatively low production costs.  Perfluorocyclobutane (PFCB) ionomers are a relatively 

new class of non-aliphatic hydrocarbon based materials which have recently been 

investigated for the potential use as PEMs.1-4  High aromatic content and the absence of 

labile, abstractable hydrogens, classify PFCB ionomers as promising alternative fuel cell 

membrane materials.  However, despite the advantages of aromatic hydrocarbons such as 

PFCB ionomers, these types of materials often exhibit poor dimensional stability which 

has been attributed to decreased mechanical performance when employed as PEMs.   
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Polymer blending has proven instrumental in the production of materials with 

tunable properties suitable for a variety of applications.5, 6  When miscibility is achieved 

within a polymer blend, marked by intimate mixing on the molecular level, development 

of a novel material with intermediate properties of the component polymers is possible.  

In response to the issue of dimensional stability, polymer blending has recently been 

employed for producing mechanically reinforced aromatic hydrocarbon ionomers for use 

as potential PEMs.7-9  When sufficient phase mixing is achieved, mechanical 

reinforcement via polymer blending may enhance mechanical performance of the PEM 

with minimal effect on desired transport properties.  An additional advantage of polymer 

blending lies in the enhanced morphological control obtained by varying blend 

composition.  Such control facilitates precise optimization of PEM performance through 

the investigation of membrane morphology-property relationships. 

One polymer which is commonly blended with ionomeric materials to provide 

mechanical reinforcement for PEMs is poly(vinylidene difluoride) (PVDF).10-18  PVDF is 

a semicrystalline material widely recognized for its chemical and thermal stability as well 

as mechanical durability.  Furthermore, PVDF is reported to be miscible with various 

common polar polymers, making it an ideal blend component for the enhancement of 

phase mixing and mechanical stability.19-23  Park and coworkers have investigated the 

degree of dimensional stability achieved by adding various amounts of PVDF to 

sulfonated poly(ether ether ketone) (SPEEK).  Upon the addition of only 2.5 wt%, there 

is a marked decrease in the dimensional change of the SPEEK/PVDF membrane, 

resulting in dimensional stability similar to that of Nafion® 117 at 25 ºC.  The improved 

dimensional stability was attributed to the hydrophobic nature of the PVDF phase which 
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reduces overall swelling and therefore minimizes dimensional changes in the blend 

membrane upon hydration.13   

While the incorporation of semicrystalline materials has proven to enhance 

dimensional stability and overall mechanical properties of ionomer membranes, blending 

of an ionomer with a semicrystalline material such as PVDF often yields very complex 

morphologies.  The strong electrostatic interactions present in ionomeric materials 

behave as physical crosslinks and give rise to complex morphological behaviors, 

particularly when blended with nonionic semicrystalline materials.  The morphology of 

blends with ionic and semicrystalline components is complicated by the presence of both 

the ionic aggregates and the crystalline domains distributed in an amorphous polymer 

matrix.  The strong electrostatic interactions and the rigid crystalline domains lock in a 

particular morphology which has been created during blend processing, and unpinning of 

the morphology may only be achieved by an activation procedure such as promotion of 

chain mobility, weakening of the ionic interactions, or melting of crystalline domains. 

Thermal analysis via DSC experimentation facilitates the evaluation of the 

miscibility of polymer blends and the determination of the effect of blend composition 

upon crystallization kinetics.  It is well established that evaluation of blend miscibility is 

generally possible by monitoring the behavior of the glass transition temperature (Tg) of 

the blend system.  A miscible blend comprised of one semicrystalline and one amorphous 

component will exhibit a Tg at temperature which is intermediate between those of the 

individual blend components, while immiscibility in a polymer blend is indicated by the 

presence of multiple Tg’s characteristic of the pure blend materials.22, 24   
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Depending upon the degree of phase mixing, the blending of a semicrystalline 

material with an amorphous polymer also yields changes in the crystalline melting point 

of the semicrystalline component, the degree of crystallinity, and the crystallization 

kinetics relative to that of the pure semicrystalline blend component.5, 22, 25-28  In the 

instance of immiscibility, often signaled by the presence of phase separation, the blend 

will exhibit crystalline behavior comparable to the pure semicrystalline component.  

However, for a miscible blend, a decrease in the crystalline melting temperature (Tm) and 

a decrease in the degree of crystallinity are commonly noted.22, 25   

Polymer blend stability is vital to maintaining the target properties of the designed 

blend system.  If blends become unstable, due to any combination of kinetic or 

thermodynamic contributing factors, blend properties will be altered and may no longer 

suit the desired function.  The degree of phase mixing in a blend system is driven by the 

enthalpy of de-mixing of the blend components, and the introduction of a crystalline 

component can further complicate the phase behavior.29  The correlation of blend 

morphologies and membrane performance is therefore essential in determining the 

suitability of a blend for applications such as PEMs.  This study probes the 

morphological features in a series of blend membranes composed of a 

perfluorocyclobutane (PFCB) ionomer and a semicrystalline poly(vinylidene difluoride) 

(PVDF) copolymer (Kynar Flex®). 

 

Experimental 

 Materials.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) 

membranes composed of PFCB Ionomers (from Tetramer Technologies, LLC) and a 
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PVDF copolymer (Kynar Flex® from Arkema) were received from General Motors Fuel 

Cell Research Laboratory and used without further manipulation (see Figure 3.1).  IEC 

values are 2.0 meq/g and 1.1 meq/g for the MCS and SCS PFCB ionomers, respectively.  

Blend compositions investigated include 10-90 wt% PVDF copolymer (MCS) and 10-80 

wt% PVDF copolymer (SCS). 
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Figure 3.1.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) blend 
membrane components: perfluorocyclobutane ionomer (PFCB) and poly(vinylidene 
difluoride) (PVDF) copolymer. 
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All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 

Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 

  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast.  All samples within this 

study were analyzed in the as-received state. 

Phase Contrast Microscopy (PCM) and Polarized Optical Microscopy 

(POM).  Membrane morphology was investigated under ambient conditions using a 
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Nikon LV100 optical microscope equipped with a Nikon DXM1200 digital camera.  All 

micrographs were collected using Nikon NIS-Elements software. 

Small-Angle Laser Light Scattering (SALLS).  Morphological features were 

verified using SALLS equipment consisting of an Oriel He-Ne laser (633 nm 

wavelength) and a Photometrics SenSys 1401E CCD detector.  SALLS profiles were 

collected using RS Image software and processed using WinView32 and MDI Polar 

software. 

Scanning Electron Microscopy (SEM).  Membranes were sputter coated with 

silver prior to analysis.  SEM characterization was conducted on an ISI SX-40 

microscope in the Virginia Tech Department of Chemistry Surface Analysis Laboratory. 

Differential Scanning Calorimetry (DSC).  Thermal analysis was performed on 

a TA Instruments Q2000 differential scanning calorimeter.  Samples of approximately 1 

mg weight were sealed in standard aluminum pans, and nitrogen was purged through the 

calorimeter at a rate of 50 mL/min.  All data was analyzed using TA Instruments 

Universal Analysis 2000 software. 

Investigation of Crystallinity in MCS Blend Membranes.  To investigate the 

presence of crystallinity in the as-received membranes, samples were heated to 250 °C at 

a rate of 20 °C/min. 

Thermal Analysis of MCS and SCS Blend Membranes.  To investigate the 

thermal behavior of the membranes, samples were heated to 250 °C at a rate of 20 °C/min 

and held isothermally for 1 min to erase all thermal history.  Samples were then cooled to 

-90 °C at a rate of 10 °C/min and held isothermally for one minute.  The second heating 
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scan was conducted from -90 °C to 300 °C at a heating rate of 20 °C/min.  All crystalline 

melting temperatures were determined from analysis of the second heating scan. 

Thermogravimetric Analysis (TGA).  Thermal degradation of the blend 

membranes was conducted using a TA Instruments Q5000 TGA.  Samples were heated 

from room temperature to 700 ºC at a rate of 10 ºC/min under a nitrogen atmosphere.  

Resulting degradation temperatures were investigated as a function of both weight 

percent (%) and weight derivative (%/°C). 

Hot Pressing of “Newly Cast” SCS Blend Membranes.  Hot pressing was 

conducted on a Carver 3856 four-point heated press.  “Newly Cast” SCS blend 

membranes (1” x 1” samples) were hot pressed between Kapton® at 113 ºC for 2 min 

under 0 psi then at 113 ºC for 2 min under approximately 333 psi. 

 

Results and Discussion 

MCS BLEND MEMBRANES 

Blend Miscibility in As-Received MCS Membranes.  As-received MCS blend 

membranes were imaged using PCM to investigate blend miscibility in the as-received 

state.  The degree of immiscibility was verified for each blend membrane using Small-

Angle Laser Light Scattering (SALLS).  Figure 3.2 presents the phase contrast 

micrographs and SALLS profiles for each of the MCS blend compositions in the as-

received state.  The presence of phase texture in the MCS 10-40% PVDF micrographs 

(Figures 3.2A-D, respectively) is indicative of some degree of immiscibility for these 

compositions in the as-received state.  This observation is verified by the presence of a 

scattering halo in the corresponding SALLS profiles.  Consistent with scattering theory, 
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as the phase domain sizes in the blend membranes decrease, there is a consequential 

increase in the radius of the SALLS scattering halo. 
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Figure 3.2.  Phase contrast micrographs and SALLS profiles (VV mode) for as-received 
MCS blend membranes.  A) 10% PVDF copolymer, B) 20% PVDF copolymer, C) 30% 
PVDF copolymer, D) 40% PVDF copolymer, E) 50% PVDF copolymer, F) 60% PVDF 
copolymer, G) 70% PVDF copolymer, H) 80% PVDF copolymer, I) 90% PVDF 
copolymer  (Mag. Region = 3x digital zoom) 
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As the PVDF copolymer content increases in the as-received blend membranes, the 

presence of phase texture diminishes until it is no longer visible in the MCS 50% and 

60% PVDF copolymer membranes (Figures 3.2E and F, respectively).  This absence of 

phase texture, along with the absence of a scattering halo in the corresponding SALLS 

profiles, suggests that the degree of phase mixing has been increased by increasing the 

PVDF copolymer content.  Furthermore, we conclude that there is overall blend 

miscibility and morphological homogeneity in these membranes.  Once the PVDF 

copolymer content increases to 80% and 90%, texture begins to develop once more in the 

micrographs (Figures 3.2H and I, respectively); however, as no scattering halo is 

observed in the SALLS profiles, we are unable to attribute the texture to phase separation 

or blend immiscibility. 

To determine the origin of the texture observed in the MCS 80 and 90% PVDF 

copolymer blend membranes, we imaged the surface morphology of both the pure PFCB 

ionomer and the pure PVDF copolymer using SEM.  The pure ionomer membrane has a 

smooth surface with no evidence of morphological heterogeneities (Figure 3.3A).  

Conversely, the pure PVDF copolymer membrane has a rough surface topography 

(Figure 3.3B) similar to the phase texture present in the phase contrast micrographs of 

the 80 and 90% PVDF copolymer blend membranes (Figures 3.2H and I) and is 

indicative of a fairly heterogeneous surface morphology.  Therefore, it appears that the 

texture observed in the MCS 80 and 90% PVDF copolymer blend phase contrast 

micrographs may originate from the PVDF copolymer component of the blend rather 

than the PFCB ionomer. 
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Figure 3.3.  SEM micrographs of the as-received pure PFCB (MCS) ionomer (A) and the 
as-received pure PVDF copolymer (B). 
 

Investigation of Crystallinity in MCS Blend Membranes.  As PVDF is a 

semicrystalline material, we employed polarized optical microscopy (POM) to observe 

the crystalline nature of the PVDF copolymer material in greater detail.  The 

birefringence shown in Figure 3.4B shows the tendency of the PVDF copolymer 

membrane to form crystalline superstructures by a spherulitic growth mechanism.  It is 

likely that spherulites may be responsible for the surface texture observed in both the 

phase contrast micrographs (Figures 3.2H and I) and the SEM images (Figure 3.3B) of 

the pure PVDF copolymer. 

  
Figure 3.4.  Phase contrast micrograph (A) and polarized optical micrograph (B) of the 
as-received pure PVDF copolymer membrane. 
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A complementary method by which the presence of spherulites can be detected is 

HV mode SALLS.  The pattern for the pure PVDF copolymer reveals a distinctive 

“clover-leaf” pattern (Figure 3.5C) which is characteristic of spherulitic morphology 

present in crystalline or semicrystalline materials.  Although the presence of spherulites is 

thereby confirmed in the pure PVDF copolymer membrane, there is no clover-leaf pattern 

observed for the MCS 80 and 90% PVDF copolymer blend membranes using HV mode 

SALLS; therefore, the presence of spherulites cannot be confirmed for these blend 

compositions by implementing this characterization method. 

Figure 3.5.  Phase contrast micrographs and HV mode SALLS profiles for A) MCS 80% 
PVDF copolymer blend membrane, B) MCS 90% PVDF copolymer blend membrane, 
and C) pure PVDF copolymer.  (Mag. Region = 3x digital zoom) 

 
 Since spherulitic superstructures were not visible from the HV mode SALLS 

profiles for the MCS 80 and 90% PVDF blends, DSC was used to determine whether any 

smaller-scale crystallites may be present and responsible for the corresponding phase 

texture. 
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Figure 3.6.  DSC curves for as-received MCS 80 and 90% PVDF copolymer blend 
membranes and pure PVDF copolymer. 
 
The pure PVDF copolymer exhibits two crystalline melting endotherms – one at 

approximately 114 °C and one at approximately 134 °C.  The bimodal nature of the 

melting endotherm suggests the likelihood of lamellar thickening or multiple polymorphs 

in the pure copolymer membrane material.  The presence of crystallinity in the MCS 80 

and 90% PVDF copolymer blend membranes is verified by the existence of crystalline 

melting endotherms occurring at approximately 132 and 130 °C, respectively, in the 

corresponding DSC thermograms (Figure 3.6).  This DSC data, in conjunction with the 

HV mode SALLS results (Figures 3.5A and B), suggests that while these materials are 

proven to be semicrystalline, they may not undergo organization into spherulitic 

superstructures.  Considering the relatively high content of the semicrystalline PVDF 

copolymer component in these blend compositions, we therefore attribute the texture 
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observed in the MCS 80 and 90% PVDF copolymer blend membrane micrographs 

(Figures 3.2H and I, respectively) to the presence of crystallinity. 

Thermal Analysis of MCS Blend Membranes.  MCS membranes have been 

characterized using TGA and DSC to investigate their inherent thermal properties and to 

further analyze the degree of phase mixing.  TGA curves for the as-received MCS blend 

membranes are shown in Figure 3.7.  

 
Figure 3.7.  TGA of as-received MCS blend membranes and pure PVDF copolymer. 
(Weight % vs. Temperature) 
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Figure 3.8.  TGA of as-received MCS blend membranes and pure PVDF copolymer. 
(Weight Derivative vs. Temperature) 
 

Figure 3.7 shows the TGA data plotted as weight percent vs. temperature, while 

Figure 3.8 shows the weight derivative as a function of temperature.  This TGA data 

suggests that four major degradation events occur in the blend membranes:  at 

approximately 180 ºC (“Peak 1”), 320 ºC (“Peak 2”), 470 ºC (“Peak 3”), and 520 ºC 

(“Peak 4”).  The pure ionomer exhibits three degradation events which occur in the same 

temperature regime of the blend membranes’ four degradation events (182.98 ºC, 321.71 

ºC, and 519.66 ºC), while the pure PVDF copolymer membrane exhibits only two 

comparable degradation events (471.32 ºC and 523.18 ºC).  Each peak was analyzed 

according to the change in peak maximum and peak area as a function of PVDF 

copolymer content.  The data is presented in Figure 3.9 and in Table 1. 
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Figure 3.9.  TGA peak evolution as a function of PVDF copolymer content for as-
received MCS blend membranes. 
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PEAK 1 PEAK 2 PEAK 3 PEAK 4 PVDF 
Copolymer 

Content  
(wt %) 

Peak  
Max 
(ºC) 

Peak  
Area 

(%/ºC) 

Peak  
Max 
(ºC) 

Peak 
Area 

(%/ºC) 

Peak 
Max 
(ºC) 

Peak 
Area 

(%/ºC) 

Peak 
Max 
(ºC) 

Peak 
Area 

(%/ºC) 
0 182.98 0.4701 321.71 1.134 - - 519.66 5.846 
10 180.39 0.2115 320.41 1.029 433.5 0.003671 522.21 4.213 
20 162.29 0.2605 318.9 0.8922 447.55 0.2098 530.24 3.827 
30 150.54 0.2818 315.09 0.8112 450.42 0.6046 527.56 3.452 
40 134.3 0.2474 312.63 0.6567 448.99 0.8054 528.42 2.957 
50 132.64 0.141 313.43 0.6901 448.67 1.163 526.94 2.628 
60 126.32 0.1767 308.26 0.5187 455.1 2.062 524.1 1.924 

100 - - - - 471.11 6.719 523.18 0.07907
Table 3.1.  TGA peak evolution as a function of PVDF copolymer content for as-
received MCS blend membranes. 
 

From Figure 3.9 and Table 3.1, we observe a decrease in both the peak 

maximum and peak area for Peaks 1 and 2 with a decrease in ionomer content (increase 

in PVDF copolymer content).  Considering this observation and the general 

understanding of sulfonate degradation, we could potentially attribute one (or both) of 

these degradation events to a loss of sulfonate molecules; however, further analysis 

would be required to confirm this assignment.  Peak 3 increases in both peak maximum 

and peak area with an increase in PVDF copolymer content.  It is interesting to note that 

there exists a “Peak 4” for both the pure ionomer and the pure PVDF copolymer 

materials.  It is likely that these peaks originate from similar chemical components 

present in both materials.  The peak maximum of Peak 4 does not follow a linear trend, 

but rather appears to increase for low compositions of the PVDF copolymer and 

subsequently decrease with the increase in PVDF copolymer content to more than 20%. 

DSC was conducted on the as-received MCS membranes to identify thermal 

transitions.  Figure 3.10 shows the second heating scan of the DSC thermograms for the 

as-received MCS blend membranes. 
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Figure 3.10.  DSC thermograms for as-received MCS blend membranes (2nd heating 
scan). 
 

Evaluation of blend miscibility is generally possible by monitoring the behavior 

of the glass transition temperature (Tg) of the blend system.  A miscible blend will exhibit 

a Tg at a temperature which is intermediate between those of the individual blend 
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components, while immiscibility in a polymer blend is indicated by the presence of 

multiple Tg’s characteristic of the pure blend materials.24  As the Tg is not observable in 

the ionomeric PFCB/PVDF copolymer blends, we investigated the behavior of the 

crystalline melting temperature as a function of blend composition as a means of 

evaluating the blend miscibility of these systems.  For a miscible binary blend comprised 

of one semicrystalline and one amorphous component, it is also generally observed that 

the melting point of the semicrystalline component will decrease with an increase in the 

amorphous content.5, 22, 25  It is also generally acknowledged that with an increase in ionic 

character in a given polymer system, the crystalline melting temperature and the 

fractional degree of crystallinity decrease.22  Figure 3.10 verifies that the as-received 

MCS membranes follow this trend, as they show a decrease in the crystalline melting 

point with an increase in the amorphous (ionic) component (decrease in semicrystalline 

PVDF copolymer content).  This behavior can be theoretically explained by considering 

the disruptive nature of the ionic material with regards to the crystallizability of the 

PVDF copolymer component.  The strong electrostatic interactions which exist within the 

ionomeric component serve as physical crosslinks which restrict chain mobility.  When 

adequately mixed, these ionic interactions limit the ability of the semicrystalline 

component to organize into crystalline domains, thereby decreasing the resultant degree 

of crystallinity.  Furthermore, the limitation of crystalline growth may yield populations 

of smaller crystallites which melt at lower temperatures.  While we observe a general 

decrease in the crystalline melting temperature which suggests some degree of phase 

mixing for all blend compositions, the observation of fine phase texture indicates that 
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blend membranes with 10-40% of the PVDF copolymer may still exhibit nanoscale phase 

separation. 

 

SCS BLEND MEMBRANES 

 Blend Miscibility in As-Received SCS Membranes.  Phase contrast 

micrographs of the as-received “Original Cast” SCS blend membranes are presented in 

Figure 3.11 along with SALLS profiles collected in Vv mode.  The phase texture present 

in the “Original Cast” SCS blend membrane micrographs is indicative of some degree of 

immiscibility in the as-received state; however, the SALLS profiles for all “Original 

Cast” SCS blend compositions show no evidence of phase separation.  It is important to 

note, that the fine phase texture observed in the micrographs may cause scattering which 

is undetectable at the sample-to-detector distances attainable with the current SALLS 

setup. 
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Figure 3.11.  Phase contrast micrographs and SALLS profiles (VV mode) for as-received 
“Original Cast” SCS blend membranes.  A) 10% PVDF, B) 20% PVDF, C) 30% PVDF, 
D) 40% PVDF, E) 50% PVDF, F) 60% PVDF, G) 70% PVDF, H) 80% PVDF (Mag. 
Region = 3x digital zoom) 
 

In addition to phase texture, the micrographs in Figures 3.11A-C also show the 

presence of large heterogeneities within the SCS 10, 20, and 30% PVDF blend 

membranes.  It was concluded that the large heterogeneities observed in the SCS 10-30% 

PVDF copolymer compositions (Figures 3.11A-C) were likely due to the casting 

procedure used during membrane preparation.   
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Figure 3.12.  Phase contrast micrographs and SALLS profiles (VV mode) for as-received 
“Newly Cast” SCS blend membranes.  A) 10% PVDF, B) 20% PVDF, C) 30% PVDF, D) 
40% PVDF (Mag. Region = 3x digital zoom) 
 

To eliminate these heterogeneities, General Motors altered the casting procedure 

and provided a new supply of the SCS 10-40% membranes for future analysis (“Newly 

Cast” SCS blend membranes).  The new casting procedure involves vacuum drying and 

elimination of the hot pressing step and is effective at removing wrinkles from the 

membranes.  PCM and SALLS data for the “Newly Cast” SCS membranes can be seen in 

Figure 3.12.  The “Newly Cast” blend membranes (Figure 3.12) no longer exhibit the 

large-scale morphological heterogeneities seen in the “Original Cast” membranes (see 

Figures 3.11A-C).  We also observe an overall decrease in phase texture in the “Newly 

Cast” SCS membranes when compared to the “Original Cast” SCS blend membranes 

(Figures 3.12 and 3.6, respectively).  The absence of phase texture is verified by VV 

mode SALLS profiles collected for all “Newly Cast” SCS blend membranes. 

Isolating the Role of Hot Pressing on SCS Blend Morphology.  Having 

compared the membranes produced using the two casting methods, we attempted to 

isolate the role of hot pressing (used in the original casting method) on the observed 

100 μm 1 μm -1 

As-Received “Newly Cast” SCS Blend Membranes 

40% PVDF D 
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morphologies.  To do this, we hot pressed the as-received “Newly Cast” SCS membranes 

to mimic the hot pressing step conducted in the original casting method and compared the 

phase morphology of the resulting hot pressed “Newly Cast” SCS membranes to the as-

received “Original Cast” SCS membranes.  Comparisons between the as-received 

“Original Cast” SCS membranes and the hot pressed “Newly Cast” SCS membranes are 

presented in Figure 3.13.  
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Figure 3.13.  Phase contrast micrographs of as-received “Original Cast” SCS blend 
membranes (A, C, E, G) and hot pressed “Newly Cast” SCS blend membranes (B, D, F, 
H).  (Mag. Region = 3x digital zoom) 
 

The hot pressed “Newly Cast” SCS 10% and 20% PVDF copolymer membranes 

(Figures 3.13B and D, respectively) do not show the presence of phase texture, while 

there exist large regions indicative of flow in the hot pressed “Newly Cast” SCS 30% and 

40% membranes (Figures 3.13F and H, respectively).  For all of these compositions (10-

40%), hot-pressing does not yield the same morphology present in the as-received 

“Original Cast” SCS membranes.  In particular, we do not observe the presence of large 
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heterogeneities or phase texture in the hot pressed membranes (Figures 3.13B, D, F, and 

H).  Therefore, the existence of large heterogeneities cannot conclusively be correlated to 

the hot pressing step performed in the original casting method. 

 Thermal Analysis of SCS Blend Membranes.  DSC was conducted on the as-

received SCS membranes to identify thermal transitions.  The second heating scan of the 

DSC thermograms for the as-received “Original Cast” SCS blend membranes are 

presented in Figure 3.14.   

 
Figure 3.14.  DSC thermograms for as-received “Original Cast” SCS blend membranes 
(2nd heating scan). 
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As discussed previously, for a miscible binary blend comprised of one semicrystalline 

and one amorphous component, it is generally observed that the melting point of the 

semicrystalline component will decrease with an increase in the amorphous content.22, 25  

Figure 3.14 verifies that the as-received “Original Cast” SCS membranes follow this 

trend, as they show an overall decrease in crystalline melting temperature with an 

increase in the amorphous component (decrease in PVDF copolymer content).  A similar 

behavior is observed for the as-received “Newly Cast” SCS blend membranes (see 

Figure 3.15), although the 20% PVDF copolymer blend membrane did not exhibit a 

sufficient crystalline melting endotherm to allow for quantification of the crystalline 

melting temperature. 
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Figure 3.15.  DSC thermograms for as-received “Newly Cast” SCS blend membranes 
(2nd heating scan). 
 
 

Conclusions 

We have investigated blend miscibility of MCS as-received membranes using 

SALLS in conjunction with phase contrast microscopy.  We observed coarse texture in 

the phase contrast micrographs for the 10-40% PVDF copolymer blend membranes, 

suggesting that the degree of phase mixing is insufficient to achieve blend miscibility.  

The micrographs for the 50 and 60% PVDF copolymer membranes do not exhibit coarse 
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phase texture, indicating that with a PVDF copolymer composition greater than 40%, 

phase mixing is improved.  This is verified by the presence of a scattering halo in the 

SALLS profiles for the as-received MCS 10-40% PVDF copolymer membranes but not 

for blends with PVDF copolymer content greater than 40%.  Furthermore, the radii of 

observed scattering halos in the SALLS profiles change with the fluctuation in domain 

size among these membranes, as expected. 

Phase texture in the 80 and 90% PVDF copolymer blend membranes has been 

attributed to the presence of crystallinity arising from the semicrystalline PVDF 

copolymer component.  SEM analysis showed that the surface morphology of the pure 

PVDF copolymer resembles that of the 80 and 90% PVDF copolymer blend membranes.  

As PVDF is a semicrystalline material, POM and HV mode SALLS were used to confirm 

the presence of spherulites in the pure PVDF copolymer membrane.  However, no proof 

of spherulitic growth was observed for the MCS 80 and 90% PVDF copolymer blend 

membranes.  DSC was then used to verify the tendency for these blend compositions to 

undergo crystallization—suggesting that while crystallinity is present, large-scale 

organization into spherulitic superstructures may not occur within the 80 and 90% PVDF 

blend membranes.  DSC analysis also revealed a depression in the crystalline melting 

temperature with increasing amorphous component content, an observation which is 

indicative of blend miscibility.  Therefore, while some evidence of fine phase texture is 

observed for the MCS 10-40% PVDF copolymer blend membranes, some degree of 

phase mixing has been achieved for all MCS blend compositions. 

Large-scale heterogeneities present in the “Original Cast” SCS membranes were 

thought to be artifacts of the casting procedure and were eliminated upon implementation 
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of a new casting procedure involving hot pressing.  While preliminary studies have 

discounted the role of hot pressing in the formation of these large heterogeneities, the 

actual source of these features has not yet been established.  The “Newly Cast” 

membranes also appear to have undergone an increase in the degree of phase mixing 

during the amended casting procedure, as the fine phase texture has also been removed.  

Overall, despite the large-scale heterogeneities and phase texture in the “Original Cast” 

SCS membranes, all of the SCS blends demonstrate blend miscibility on a global scale 

given the absence of SALLS scattering halos.  DSC analysis also revealed a depression in 

the crystalline melting temperature with increasing amorphous component content, an 

observation which is indicative of blend miscibility. 
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CHAPTER IV 

INVESTIGATION OF PHASE MORPHOLOGY AND BLEND STABILITY IN 

IONOMERIC PERFLUOROCYCLOBUTANE (PFCB)/POLY(VINYLIDENE 

DIFLUORIDE) (PVDF) COPOLYMER BLEND MEMBRANES: A Study of the 

Effects of Thermal Annealing 

Introduction 

Perfluorosulfonate ionomers (PFSIs) have gained high acclaim for their 

performance as proton exchange membranes (PEMs) for PEMFCs.  The current 

benchmark membrane material for PEMs is the PFSI, Nafion®—a random copolymer 

composed of a poly(tetrafluoroethylene) backbone with perfluorovinyl ether side chains 

which contain sulfonic acid end groups.  Due to its perfluorinated structure and flexible 

sidechains, Nafion® is known for its excellent proton conductivity at relatively low 

temperatures as well as its high chemical stability and mechanical durability.  However, 

its high production cost and low proton conductivity at elevated temperatures have driven 

the search for alternative fuel cell membrane materials.  Aromatic hydrocarbons are a 

particularly interesting class of alternative materials due to their chemical stability and 

relatively low production costs.  Perfluorocyclobutane (PFCB) ionomers are a relatively 

new class of non-aliphatic hydrocarbon based materials which have recently been 

investigated for the potential use as PEMs.1-4  High aromatic content and the absence of 

labile, abstractable hydrogens, classify PFCB ionomers as promising alternative fuel cell 

membrane materials.  However, despite the advantages of aromatic hydrocarbons such as 

PFCB ionomers, these types of materials often exhibit poor dimensional stability which 

has been attributed to decreased mechanical performance when employed as PEMs.   
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Polymer blending has proven instrumental in the production of materials with 

tunable properties suitable for a variety of applications.5, 6  When miscibility is achieved 

within a polymer blend, marked by intimate mixing on the molecular level, development 

of a novel material with intermediate properties of the component polymers is possible.  

In response to the issue of dimensional stability, polymer blending has recently been 

employed for producing mechanically reinforced aromatic hydrocarbon ionomers for use 

as potential PEMs.7-9  When sufficient phase mixing is achieved, mechanical 

reinforcement via polymer blending may enhance mechanical performance of the PEM 

with minimal effect on desired transport properties.  An additional advantage of polymer 

blending lies in the enhanced morphological control obtained by varying blend 

composition.  Such control facilitates precise optimization of PEM performance through 

the investigation of membrane morphology-property relationships. 

One polymer which is commonly blended with ionomeric materials to provide 

mechanical reinforcement for PEMs is poly(vinylidene difluoride) (PVDF).10-18  PVDF is 

a semicrystalline material widely recognized for its chemical and thermal stability as well 

as mechanical durability.  Furthermore, PVDF is reported to be miscible with various 

common polar polymers, making it an ideal blend component for the enhancement of 

phase mixing and mechanical stability.19-23  Park and coworkers have investigated the 

degree of dimensional stability achieved by adding various amounts of PVDF to 

sulfonated poly(ether ether ketone) (SPEEK).  Upon the addition of only 2.5 wt%, there 

is a marked decrease in the dimensional change of the SPEEK/PVDF membrane, 

resulting in dimensional stability similar to that of Nafion® 117 at 25 ºC.  The improved 

dimensional stability was attributed to the hydrophobic nature of the PVDF phase which 
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reduces overall swelling and therefore minimizes dimensional changes in the blend 

membrane upon hydration.13   

While the incorporation of semicrystalline materials has proven to enhance 

dimensional stability and overall mechanical properties of ionomer membranes, blending 

of an ionomer with a semicrystalline material such as PVDF often yields very complex 

morphologies.  The strong electrostatic interactions present in ionomeric materials 

behave as physical crosslinks and give rise to complex morphological behaviors, 

particularly when blended with nonionic semicrystalline materials.  The morphology of 

blends with ionic and semicrystalline components is complicated by the presence of both 

the ionic aggregates and the crystalline domains distributed in an amorphous polymer 

matrix.  The strong electrostatic interactions and the rigid crystalline domains lock in a 

particular morphology which has been created during blend processing, and unpinning of 

the morphology may only be achieved by an activation procedure such as promotion of 

chain mobility, weakening of the ionic interactions, or melting of crystalline domains. 

Polymer blend stability is vital to maintaining the target properties of the designed 

blend system.  If blends become unstable, due to any combination of kinetic or 

thermodynamic contributing factors, blend properties will be altered and may no longer 

suit the desired function.  The degree of phase mixing in a blend system is driven by the 

enthalpy of de-mixing of the blend components, and the introduction of a crystalline 

component can further complicate the phase behavior.24  The correlation of blend 

morphologies and membrane performance is therefore essential in determining the 

suitability of a blend for applications such as PEMs. 
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This study probes the morphological features in a series of blend membranes 

composed of a perfluorocyclobutane (PFCB) ionomer and a semicrystalline 

poly(vinylidene difluoride) (PVDF) copolymer (Kynar Flex®).  The motivation for this 

research stems from pressure to burst tests conducted by General Motors.  Figure 4.1 

shows an increase in the pressure to burst during blister testing for MCS 40% PVDF 

blend membranes preconditioned at 90 ºC for 24 hours and for membranes tested at 90 ºC 

at low pressure rates.  As the modulus of semicrystalline polymers tends to increase with 

an increasing degree of crystallinity, it was suspected that during the thermal annealing 

treatment at 90 °C, the membranes may undergo some degree of secondary 

crystallization. 
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Figure 4.1.  Pressure to burst for MCS 40% PVDF copolymer blend membranes at 
various pressure rates. (Data obtained from General Motors) 
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In an attempt to investigate potential secondary crystallization behavior and 

further understand the observed increase in pressure to burst, we have thermally annealed 

samples under conditions similar to those used for the pressure to burst test.  

Furthermore, by coupling the characterization capabilities of PCM and SALLS with a 

series of thermal annealing techniques, we have monitored the morphological response of 

the blend membranes to the thermal stimuli and therefore gained a more detailed 

understanding of the role of morphology in membrane properties.  In addition, thermal 

annealing has allowed for the investigation of morphology in response to temperatures 

similar to those experienced within a fuel cell.  Ex-situ testing facilitates the monitoring 

of membrane morphology and properties by eliminating complicating factors such as fuel 

cell stack orientation while simulating the fuel cell environment. 

 

Experimental 

 Materials.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) 

membranes composed of PFCB Ionomers (from Tetramer Technologies, LLC) and a 

PVDF copolymer (Kynar Flex® from Arkema) were received from General Motors Fuel 

Cell Research Laboratory (see Figure 4.2).  IEC values are 2.0 meq/g and 1.1 meq/g for 

the MCS and SCS PFCB ionomers, respectively.  Blend compositions investigated 

include 10-90 wt% PVDF copolymer (MCS) and 10-80 wt% PVDF copolymer (SCS). 
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Figure 4.2.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) blend 
membrane components: perfluorocyclobutane ionomer (PFCB) and poly(vinylidene 
difluoride) (PVDF) copolymer. 
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 

Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 
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  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast. 

Thermal Annealing in Oven.  Samples measuring approximately 1 in x 2 in 

were placed in glass scintillation vials and thermally annealed in an oven at the given 

temperature and for the allotted period of time.  After annealing, samples were removed 

from the oven and allowed to equilibrate to ambient conditions prior to characterization. 

Thermal Annealing (‘Preconditioning’) of MCS 40% PVDF Copolymer Blend 

Membranes at 90 °C for 18-48 h.  As-Received MCS 40% PVDF copolymer blend 

membranes were placed in an oven at 90 ºC for 18, 21, 24, 27, 30, and 48 h. 
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Thermal Annealing of MCS and SCS Blend Membranes at Relevant Fuel Cell 

Operating Temperature.  All blend membranes were thermally annealed in an oven at 90 

ºC for 24 and 168 h. 

Thermal Annealing on Hot Stage.  Thermal annealing was conducted on a 

Linkam THMS600 hot stage paired with a Linkam TMS 94 system controller connected 

to a Nikon LV100 optical microscope equipped with a Nikon DXM1200 digital camera.  

All micrographs were collected using Nikon NIS-Elements software. 

Thermal Annealing of an MCS 40% PVDF Copolymer Blend Membrane from 50 

to 200 °C.  An MCS 40% PVDF blend membrane was heated from 50 to 200 °C at a 

heating rate of 20 °C/min then held isothermally at 200 °C for 17 min. 

Thermal Annealing of an MCS 40% PVDF Copolymer Blend Membrane from 

160 to 200 °C.  An MCS 40% PVDF blend membrane was heated from 160 to 200 °C at 

a heating rate of 10 °C/min. 

Thermal Annealing of a Pure PVDF Copolymer Membrane from 50 to 200 °C.  

The pure PVDF copolymer membrane was heated from 50 to 200 °C at a heating rate of 

20 °C/min then held isothermally at 200 °C for 10 min. 

Thermal Annealing for Elemental Analysis of an MCS 40% PVDF Copolymer 

Phase Separated Blend Membrane.  Thermal annealing was used to induce phase 

separation in an MCS 40% PVDF blend membrane.  The sample was heated from 50 to 

200 °C at a heating rate of 20 °C/min then held isothermally at 200 °C for 20 h. 

Morphological Response of MCS 40% PVDF Copolymer Blend Membranes to 

Isothermal Annealing (as a Function of Time).  MCS 40% PVDF sample membranes 
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were isothermally annealed at 175 °C for 24 h, at 90 °C for 48 h, at 120 °C for 48 h, and 

at 135 °C for 24 h. 

Thermal Annealing of MCS Blend Membranes at Elevated Temperature (200 °C) 

as a Function of Blend Composition.  The full series of MCS blend membranes were 

heated from 50 to 200 °C at a rate of 20 °C/min and held isothermally at 200 °C for 10 

min.  Real-time phase contrast micrographs were collected every 1 min during the 

annealing ramp and isothermal hold. 

Thermal Annealing of SCS Blend Membranes at Elevated Termperature (200 °C) 

as a Function of Blend Composition.  The full series of SCS blend membranes were 

heated from 40 to 200 °C at a rate of 20 °C/min and held isothermally at 200 °C for 24 h.  

Real-time phase contrast micrographs were collected every 1 min during the annealing 

ramp and every 15 min during the isothermal hold. 

Differential Scanning Calorimetry (DSC).  Thermal analysis was performed on 

a TA Instruments Q2000 differential scanning calorimeter.  Samples of approximately 1 

mg weight were sealed in standard aluminum pans, and nitrogen was purged through the 

calorimeter at a rate of 50 mL/min.  All data was analyzed using TA Instruments 

Universal Analysis 2000 software.  Thermally annealed (‘Preconditioned’) MCS 40% 

PVDF copolymer blend membranes were heated to 90 °C and held isothermally for 1 min 

to remove water, cooled to 50 °C at a rate of 20 °C/min, and finally heated to 200 °C at a 

heating rate of 20 °C/min.  Second heating curves were used to determine the crystalline 

melting point and integrated peak area. 

Phase Contrast Microscopy (PCM).  Membrane morphology was investigated 

in phase contrast mode under ambient conditions using a Nikon LV100 optical 
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microscope equipped with a Nikon DXM1200 digital camera.  All micrographs were 

collected using Nikon NIS-Elements software. 

Scanning Electron Microscopy (SEM).  The phase separated MCS 40% PVDF 

blend membrane was sputter coated with silver prior to analysis.  SEM characterization 

was conducted on an ISI SX-40 microscope in the Virginia Tech Department of 

Chemistry Surface Analysis Laboratory. 

Energy-Dispersive X-ray Spectroscopy (EDX).  EDX was conducted on an 

IXRF 2004 spectrometer at 2700x and 20 kV in the Virginia Tech Department of 

Chemistry Surface Analysis Laboratory. 

Small-Angle Laser Light Scattering (SALLS).  Morphological features were 

verified using SALLS equipment consisting of an Oriel He-Ne laser (633 nm 

wavelength) and a Photometrics SenSys 1401E CCD detector.  SALLS profiles were 

collected using RS Image software and processed using WinView32 and MDI Polar 

software. 

 

Results and Discussion 

MCS BLEND MEMBRANES 

Thermal Annealing (‘Preconditioning’) of MCS 40% PVDF Copolymer 

Blend Membranes at 90 °C for 18-48 h.  In an attempt to duplicate membrane 

preconditioning used in the pressure to burst test performed by General Motors (Figure 

4.1), MCS 40% PVDF copolymer blend membranes were placed in an oven at 90 ºC for 

18-48 h.  Upon removal from the oven, the thermal properties of the membranes were 

characterized using DSC.  Figure 4.3 shows the second heating curves for the MCS 40% 
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PVDF copolymer blends in the as-received and ‘preconditioned’ states.  From this data, 

we observe a systematic shift in the crystalline melting peak from approximately 121 ºC 

(as-received) to 151 ºC (preconditioned at 90 °C for 48 h), indicating a change in the 

crystalline structure within the membrane.   

 
Figure 4.3.  DSC thermograms for MCS 40% PVDF copolymer blends in the as-received 
state and after preconditioning in the oven at 90 ºC for 18-48 hours. 
 
As the melting endotherm peak area has not shown an overall tendency to increase with 

increased thermal annealing time, we cannot conclude that secondary crystallization 

contributes to the observed increase in pressure to burst.  It is more likely that formation 

of larger crystallites during the preconditioning treatment (as evidenced by the shift in the 

crystalline melting point to higher temperatures) is responsible for the increased 

membrane stiffness detected by General Motors. 
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To study the morphological response of the blend membranes to the 

preconditioning treatments, and to further determine whether morphology affects the 

blend membranes’ pressure to burst behavior, the preconditioned MCS 40% PVDF 

copolymer blend membranes were imaged using PCM and compared to the as-received 

material (see Figure 4.4).   
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Figure 4.4.  Phase Contrast Micrographs of MCS 40% PVDF copolymer blend 
membranes. A) as-received, B) 90 ºC for 18 h, C) 90 ºC for 21 h, D) 90ºC for 24 h, E) 90 
°C for 30 h, F) 90 °C for 48 h.  (Mag. Region = 3x digital zoom) 

100 μm 100 μm 

100 μm 100 μm 

100 μm 100 μm 

         Preconditioned at 90 ºC for 18 h 

MCS 40% PVDF Copolymer Blend (As-Received and Preconditioned) 

As-Received A B

         Preconditioned at 90 ºC for 21 h C          Preconditioned at 90 ºC for 24 h D 

         Preconditioned at 90 ºC for 30 h E          Preconditioned at 90 ºC for 48 h F 
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As thermal annealing time increases upwards of 24 h, we see the evolution of two distinct 

phase domains indicating phase separation of the blend components.  We note that a 

temperature gradient has been observed in the oven when set at 90 ºC.  Due to this 

gradient, the actual preconditioning temperature was found to be between 85 and 120 ºC.  

Consequently, for these membranes, it is difficult to quantitatively determine the precise 

preconditioning temperature which induced the observed phase separation.  Still, the 

morphological rearrangement which results from the preconditioning treatments indicates 

demixing of the PVDF copolymer crystalline domains from the amorphous PFCB 

ionomer regions.  This enhanced phase separation may therefore contribute to the 

increased pressure to burst observed by General Motors; however, further correlation of 

morphology to mechanical properties will be required to conclusively determine the 

accuracy of this hypothesis. 

Thermal Annealing of an MCS 40% PVDF Copolymer Blend Membrane 

from 50 to 200 °C.  To elucidate the specific temperature at which phase separation 

occurs for these blend materials, an as-received MCS 40% PVDF copolymer membrane 

was thermally annealed on a Linkam® hot stage mounted directly on a phase contrast 

microscope.  Real-time phase contrast micrographs were recorded at regular intervals to 

capture the evolution of phase separation behavior during the thermal annealing 

procedure (see Figure 4.5).  From Figures 4.5A and B, it appears that the onset of phase 

separation occurs between 175 and 195 ºC when heated at a rate of 20 ºC/min.  

Additionally, we observe an overall increase in the size of the phase separated domains as 

the membrane was held isothermally at 200 ºC for up to 17 min (Figures 4.5C-F). 
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Figure 4.5.  Real-time phase contrast micrographs of MCS 40% PVDF copolymer blend 
membrane during thermal ramp from 50 to 200 ºC at a heating rate of 20 ºC/min.  A) T = 
175 ºC; B) T = 195 ºC; C) T = 200ºC, t = 1 min; D) T = 200 ºC, t = 5 min; E) T = 200 ºC, 
t = 10 min; F) T = 200 ºC, t = 17 min (Mag. Region = 3x digital zoom) 
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T = 175 °C A T = 195 °C B
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Thermal Annealing of an MCS 40% PVDF Copolymer Blend Membrane 

from 160 to 200 °C.  To further probe the temperature range at which phase separation is 

first observed, the thermal annealing process was repeated on an as-received MCS 40% 

PVDF membranes over the temperature range between 160 and 200 ºC at a heating rate 

of 10 ºC/min.  The real-time phase contrast micrographs are presented in Figure 4.6.  

Figure 4.6D suggests that the onset of phase separation occurs at approximately 175 ºC.  

Furthermore, similar to the observation of growing phase domain sizes during the 

isothermal annealing at 200 °C for up to 17 min, we note coarsening of the phase texture 

during thermal annealing from 176 to 200 °C (Figures 4.6D-F). 
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Figure 4.6.  Real-time phase contrast micrographs of MCS 40% PVDF copolymer blend 
membrane during thermal ramp from 160 to 200 ºC at a heating rate of 10 ºC/min.  A) T 
= 170 ºC, B) T = 172 ºC, C) T = 174 ºC, D) T = 176 ºC, E) T = 190 ºC, F) T = 200 ºC 
(Mag. Region = 3x digital zoom) 
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Annealed MCS 40% PVDF Blend Membrane (160 to 200 °C @ 10 °C/min) 
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Thermal Annealing of a Pure PVDF Copolymer Membrane from 50 to 200 

°C.  To determine the origin of the phase separation observed in the MCS 40% blend 

membranes, the phase morphology of an as-received pure PVDF membrane was analyzed 

during a heating ramp from 50 to 200 ºC at a heating rate of 20 ºC/min.  Following the 

temperature ramp, the membrane was held isothermally at 200 ºC for 10 min.  The real-

time phase contrast micrographs are presented in Figure 4.7 and show that the onset of 

flow occurs between 150 and 170 ºC when heated at a rate of 20 ºC/min (see Figures 

4.7A and B).  DSC analysis of the PVDF copolymer material has revealed that the 

crystalline domains have melted after heating to approximately 155 °C at the same 

heating rate (20 °C/min) (see Figure 3.6 in Chapter 3).  The flow behavior is therefore 

attributed to melting of the crystalline domains within the semicrystalline PVDF 

copolymer material. 
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Figure 4.7.  Real-time phase contrast micrographs of a pure PVDF copolymer membrane 
during a thermal ramp from 50 to 200 ºC at a heating rate of 20 ºC/min.  A) T = 150ºC; 
B) T = 170ºC; C) T = 190 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 2 min; F) T = 
200 ºC, t = 10 min (Mag. Region = 3x digital zoom) 
 

Annealed Pure PVDF Copolymer Membrane (50 to 200 °C @ 20 °C/min) 

100 μm 100 μm 

T = 150 °C A T = 170 °C B

100 μm 100 μm 

T = 190 °C C T = 200 °C, t = 1 min D 

100 μm 100 μm 

T = 200 °C, t = 2 min E T = 200 °C, t = 10 min F 
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This data suggests that the phase separation which is observed during thermal annealing 

of the MCS 40% PVDF blend membranes may be attributed to melting of the PVDF 

crystalline component.  Furthermore, melting of PVDF crystallites may explain the 

liquid-like appearance of the phase domains which are formed upon phase separation 

induced by thermal annealing. 

 Elemental Analysis of an MCS 40% PVDF Copolymer Phase Separated 

Blend Membrane.  To identify the elemental composition of each phase domain which 

is created during phase separation in the blend membranes, and to therefore further 

understand the origin of phase separation, EDX analysis was conducted.  An as-received 

MCS 40% PVDF copolymer blend membrane was subjected to a thermal ramp from 50 

to 200 ºC at a heating rate of 20 ºC/min then held isothermally at 200 ºC for 20 hours to 

promote enhanced phase separation (see Figure 4.8).   
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Figure 4.8.  Real-time phase contrast micrographs of an as-received MCS 40% PVDF 
copolymer blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 
20 ºC/min then isothermally annealed at 200 ºC for 20 h.  A) T = 170 ºC; B) T = 190 ºC; 
C) T = 200 ºC, t = 10 min; D) T = 200 ºC, t = 3 h; E) T = 200 ºC, t = 12 h; F) T = 200 ºC, 
t = 20 h (Mag. Region = 3x digital zoom) 
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Annealed MCS 40% PVDF Copolymer Blend (50 to 200 °C @ 20 °C/min) 
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T = 200 °C, t = 10 min C T = 200 °C, t = 3 h D 

T = 200 °C, t = 12 h E T = 200 °C, t = 20 h F 
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The thermally annealed sample was allowed to cool to room temperature then sputter-

coated with silver, imaged with SEM, and analyzed using EDX spectroscopy to reveal 

the elemental composition of the sample at various regions across the membrane.  Figure 

4.9 shows the SEM and EDX data for the phase separated MCS 40% PVDF blend 

membrane. 

Figure 4.9.  SEM and EDX analysis of an MCS 40% PVDF copolymer blend membrane 
after phase separation was induced by annealing at 200 °C for 20 hours.  A) SEM image 
at 2700x and 20 kV, B) EDX spectrum of ‘bubbled’ domain, C) EDX spectrum of 
‘continuous’ phase 
 
Figure 4.9 shows the two regions of interest analyzed with EDX where one region lies 

within the ‘bubbled’ domain of phase separation and the other region lies within the 

‘continuous phase’.  The EDX spectrum in Figure 4.9B reveals a relative deficiency of 

sulfur in the ‘bubbled’ region, suggesting that the domain consists mainly of the PVDF 

copolymer material.  From the EDX analysis of the ‘continuous phase’ shown in Figure 
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4.9, we learn that the region is relatively sulfur-rich and therefore likely comprised of 

mostly PFCB ionomer material.  This elemental analysis indicates that the phase 

separation induced by thermal annealing may be the result of demixing of the PVDF and 

PFCB phases, thereby causing independent phase domains which are PVDF or PFCB 

rich.  Furthermore, the analysis offers further validation that the liquid-like appearance of 

the ‘bubbled’ domains may be attributed to melting of the PVDF copolymer crystallites.  

(It should be noted that EDX is very sensitive to sulfur, so we cannot quantitatively 

compare the intensity of the sulfur peak to that of carbon, fluorine, etc…) 

For a more visual interpretation of the elemental analysis, EDX was also used to 

create a contrast map of the phase separated membrane surface.  In Figure 4.10, we see 

the analyzed SEM image and the mapped regions of carbon, oxygen, fluorine, and sulfur.  

In the mapped images, pixel brightness corresponds to elemental concentration, such that 

bright pixels contain the highest concentration of the specified element. 
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Figure 4.10.  EDX contrast maps of the elemental composition in an MCS 40% PVDF 
copolymer blend membrane after phase separation was induced by annealing at 200 °C 
for 20 hours. 
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It appears that carbon and fluorine are highly concentrated in the ‘bubbled’ 

domains (and sulfur is relatively deficient), while the ‘continuous phase’ contains a high 

concentration of sulfur and oxygen.  These contrast maps agree with the EDX spectra 

shown in Figure 4.9 and support our previous conclusion that the ‘bubbled’ domains 

consist mostly of the PVDF copolymer component while the ‘continuous phase’ is PFCB 

ionomer-rich. 

Morphological Response of MCS 40% PVDF Copolymer Blend Membranes 

to Isothermal Annealing (as a Function of Time).  According to our thermal annealing 

studies, it appears that phase separation of the as-received MCS 40% PVDF copolymer 

blend membranes occurs at approximately 175 ºC (likely due to melting of the PVDF 

crystallites).  To monitor the morphological response (i.e. phase separation) as a function 

of time, an as-received MCS 40% PVDF blend membrane was isothermally annealed at 

175 ºC for 24 h and imaged at regular intervals.  The real-time phase contrast 

micrographs presented in Figure 4.11 show that phase separation occurs rather quickly 

(within 5 minutes, see Figure 4.11B) and becomes increasingly pronounced as 

isothermal annealing at 175 ºC continues over the 24 h period. 
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Figure 4.11.  Real-time phase contrast micrographs of an as-received MCS 40% PVDF 
copolymer blend membrane during isothermal annealing at 175 ºC for 24 hours.  A) T = 
175 ºC, t = 0 min; B) T = 175 ºC, t = 5 min; C) T = 175 ºC, t = 30 min; D) T = 175 ºC, t = 
1 h; E) T = 175 ºC, t = 3 h; F) T = 175 ºC, t = 24 h (Mag. Region = 3x digital zoom) 
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To determine whether phase separation may occur at lower temperatures if held 

isothermally for extended periods of time, as-received MCS 40% PVDF copolymer blend 

membranes were held isothermally at 90 ºC, 120 ºC, and 135 ºC for 24 to 48 h.  The real-

time phase contrast micrographs are shown in Figures 4.12-4.14, respectively.  When 

isothermally annealed at 90 °C, no phase separation is observed, even after 48 h (see 

Figure 4.12B).  It is likely that phase separation does not occur because the thermal 

annealing temperature (90 °C) is below the crystalline melting temperature of the 

semicrystalline PVDF copolymer component in the as-received MCS 40% blend 

membrane (see Figure 4.3). 

 
Figure 4.12.  Real-time phase contrast micrographs of an as-received MCS 40% PVDF 
copolymer blend membrane during isothermal annealing at 90 ºC for 48 h.  A) T = 90 ºC, 
t = 0 h; B) T = 90 ºC, t = 48 h (Mag. Region = 3x digital zoom) 
 
A similar observation is made for the MCS 40% blend membrane when isothermally 

annealed at 120 °C for 48 h (see Figure 4.13B), as there is no phase separation observed.  

Again, it is likely that phase separation does not occur because the thermal annealing 

temperature (120 °C) is below the crystalline melting temperature of the semicrystalline 
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Isothermally Annealed MCS 40% PVDF Copolymer Blend (90 °C for 48 h) 

T = 90 °C, t = 0 h A T = 90 °C, t = 48 h B
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PVDF copolymer component in the as-received MCS 40% blend membrane (see Figure 

4.3). 

 
Figure 4.13.  Real-time phase contrast micrographs of an as-received MCS 40% PVDF 
copolymer blend membrane during isothermal annealing at 120 ºC for 48 h.  A) T = 120 
ºC, t = 0 h; B) T = 120 ºC, t = 48 h (Mag. Region = 3x digital zoom) 
 

While no phase separation occurs during isothermal annealing at 90 or 120 °C for 

extended periods of time, increasing the annealing temperature above the crystalline 

melting point of the MCS 40% PVDF blend membrane leads to phase separation.  

Furthermore, the phase separation observed at 135 °C occurs after 30 minutes of 

annealing (see Figure 4.14C).   
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Isothermally Annealed MCS 40% PVDF Copolymer Blend (120 °C for 48 h) 

T = 120 °C, t = 0 h A T = 120 °C, t = 48 h B
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Figure 4.14.  Real-time phase contrast micrographs of an as-received MCS 40% PVDF 
copolymer blend membrane during isothermal annealing at 135ºC for 24 h.  A) T = 135 
ºC, t = 0 min; B) T = 135 ºC, t = 15 min; C) T = 135 ºC, t = 30 min; D) T = 135 ºC, t = 1 
h; E) T = 135 ºC, t = 12 h; F) T = 135 ºC, t = 24 h (Mag. Region = 3x digital zoom) 
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The comparison of these micrographs to those collected during isothermal annealing at 

175 °C (Figure 4.11) indicates that with decreased annealing temperature, phase 

separation occurs much later (after 30 min at 135 °C and after 5 min at 175 °C).  

Therefore, we see that the morphological response of the blend membranes is dependent 

upon thermal annealing temperature as well as the duration of the annealing procedure.   

Thermal Annealing of MCS Blend Membranes at Elevated Temperature 

(200 °C) as a Function of Blend Composition.  The full compositional series of MCS 

blend membranes was annealed to investigate the relationship between blend composition 

and phase separation/domain sizes upon exposure to elevated temperature (200 °C) for 10 

minutes.  Real-time phase contrast micrographs were collected throughout the annealing 

process to observe the changes in morphology and are presented in Figures 4.15-24.  

(Note: For phase contrast micrographs investigating the phase morphology in the as-

received state, refer to Chapter 3, Figure 3.2.) 
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Figure 4.15.  Real-time phase contrast micrographs of an MCS 10% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
190 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Annealed MCS 10% PVDF Copolymer (50 to 200 °C @ 20 °C/min, 10 min) 



221 

 
Figure 4.16.  Real-time phase contrast micrographs of an MCS 20% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
170 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Figure 4.17.  Real-time phase contrast micrographs of an MCS 30% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
170 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Figure 4.18.  Real-time phase contrast micrographs of an MCS 40% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
190 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Figure 4.19.  Real-time phase contrast micrographs of an MCS 50% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 70 ºC; C) T = 170 
ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min (Mag. 
Region = 3x digital zoom) 
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Figure 4.20.  Real-time phase contrast micrographs of an MCS 60% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 110 ºC; C) T = 
170 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Figure 4.21.  Real-time phase contrast micrographs of an MCS 70% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 90 ºC; C) T = 170 
ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min (Mag. 
Region = 3x digital zoom) 
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Figure 4.22.  Real-time phase contrast micrographs of an MCS 80% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
190 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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Figure 4.23.  Real-time phase contrast micrographs of an MCS 90% PVDF copolymer 
blend membrane during a thermal ramp from 50 to 200 ºC at heating rate of 20 ºC/min 
then isothermally annealed at 200 ºC for 10 min.  A) T = 50 ºC; B) T = 130 ºC; C) T = 
170 ºC; D) T = 200 ºC, t = 1 min; E) T = 200 ºC, t = 5 min; F) T = 200 ºC, t = 10 min 
(Mag. Region = 3x digital zoom) 
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The initial morphology of the MCS 10% PVDF copolymer blend membrane 

(Figure 4.15A) is marked by phase texture indicative of some degree of blend 

immiscibility, as previously noted in the as-received micrograph and SALLS profile 

presented in Figure 3.2A.  For the MCS 10% blend membrane, we observe the onset of 

flow at 190 °C (Figure 4.15C), along with a simultaneous decrease in phase domain size 

which persists until the phase texture increases upon thermal annealing at 200 °C for 

approximately 5 min (see Figure 4.15E).  On completion of the 10 minute isothermal 

hold at 200 °C, there is little observable difference in phase texture when compared to the 

as-received material.  This behavior is not altogether surprising given the relatively small 

amount of the PVDF copolymer present in this blend membrane. 

The morphological response of the MCS 20% PVDF copolymer blend membrane 

is also minimal, as observed in Figure 4.16.  Unlike the MCS 10% PVDF copolymer 

membrane, there was no flow behavior detected during the thermal annealing procedure.  

Furthermore, the phase texture is virtually unaffected by the annealing procedure, as the 

phase domains present after annealing at 200 °C for 10 min (see Figure 4.16F) appear to 

be similar in size compared to those visible in the micrograph collected at the onset of the 

temperature ramp (see Figure 4.16A).  Again, the small amount of the PVDF copolymer 

present in this blend composition is likely responsible for the minimal morphological 

change observed during the thermal annealing process. 

A similar morphological response is also noted for the MCS 30% PVDF 

copolymer blend membrane, as presented in Figure 4.17, where there is minimal change 

in the overall phase texture as a result of thermal annealing at 200 °C for 10 min.  The 

onset of flow is first seen at 170 °C during the temperature ramp (Figure 4.17C), and the 
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phase domain sizes are only slightly altered upon completion of the isothermal hold 

(Figure 4.17F). 

The MCS 10-30% PVDF copolymer blend membranes exhibit little change in 

morphological features in response to isothermal annealing at 200 °C for 10 minutes.  

While some degree of blend immiscibility is observed for these compositions, the 

morphology is only slightly affected by thermal annealing under these specific 

conditions.  However, this observation is not valid for the MCS blend membranes which 

contain at least 40% of the PVDF copolymer.  In fact, for blends with relatively higher 

quantities of PVDF copolymer content, the MCS membranes are more profoundly 

affected by thermal annealing. 

The MCS 40% PVDF copolymer blend membrane undergoes the first stages of 

morphological rearrangement at approximately 190 °C, with the development of rather 

fine phase texture.  With the progression of the annealing treatment, the overall domain 

size continually increases (Figure 4.18F), indicating enhancement of the degree of phase 

separation.  Furthermore, the phase texture observed upon completion of the annealing 

procedure remains present even after cooling of the membrane to ambient conditions.  

Thus, we see that thermal annealing of the MCS 40% PVDF copolymer blend membrane 

causes an irreversible decrease in the degree of phase mixing, marked by enhanced phase 

separation. 

Figure 4.19 confirms a similar decrease in phase mixing for the MCS 50% PVDF 

copolymer blend membrane upon thermal annealing at 200 °C for 10 minutes.  The onset 

of flow is observed at approximately 70 °C (Figure 4.19B), followed by the development 

of phase texture at 190 °C (Figure 4.19C).  In agreement with the morphological 
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response of the MCS 40% PVDF copolymer membrane, the MCS 50% PVDF copolymer 

blend exhibits a continuous increase in phase domain size with increasing annealing time 

at 200 °C, until the domains are well defined upon completion of the thermal treatment 

(Figure 4.19F).  Once more, thermal annealing has irreversibly enhanced phase 

separation and decreased the degree of phase mixing. 

With an increase in the PVDF copolymer content in the MCS blend membranes to 

60%, the general effect of thermal annealing on phase mixing is also increased.  Figure 

4.19B shows the onset of flow occurring at 110 °C, followed by development of fine 

phase texture at approximately 170 °C (Figure 4.19C).  During the isothermal hold at 

200 °C, enlargement of the phase domains proceeds, until very pronounced phase 

separation is observed after 10 minutes (Figure 4.19F). 

The morphology of the MCS 70% PVDF copolymer blend membrane is also 

greatly affected by the thermal annealing procedure, as indicated by the development of 

phase separation at approximately 170 °C (Figure 4.21C) and the subsequent growth of 

domain sizes throughout the isothermal annealing at 200 °C for up to 10 min (Figures 

4.21D-F).  The irreversible phase separation of the MCS 40-70% PVDF copolymer blend 

membranes suggests that these compositions exhibit a poor degree of phase stability upon 

exposure to temperatures above the melting point of the PVDF copolymer component.  

However, an increase in the PVDF copolymer quantity to 80 and 90% shows an 

enhanced degree of blend stability.  

The MCS 80% PVDF copolymer blend membrane exhibits an onset of flow at 

130 °C (Figure 4.22B), but there is no direct evidence of phase separation similar to that 

seen for the 40-60% PVDF copolymer blends.  Instead, the phase texture present in the 
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membrane at 50 °C (Figure 4.22A), which has been attributed to the presence of 

crystallinity (see Chapter 3), is reduced upon heating and does not reappear.  Rather, the 

development of isolated features is observed, although the origin of these domains has 

not yet been fully investigated.  Nevertheless, the absence of phase texture and liquid-like 

domains following the thermal annealing treatment suggests that this blend membrane 

does not undergo phase separation under these conditions.  

 We observe the initial disappearance of phase texture attributed to crystallinity 

upon heating of the MCS 90% PVDF copolymer blend membrane to 130 °C (Figure 

4.23B).  We note that the temperature at which this occurs is the same as was observed 

for the MCS 80% PVDF copolymer membrane.  Furthermore, similar morphological 

features appear in the MCS 90% PVDF copolymer membrane as were exhibited in the 

80% blend. 

From our investigations on the effects of thermal annealing, it is clear that at an 

elevated temperature of 200 °C, phase separation is induced as a result of a decrease in 

the degree of phase mixing for blend membranes composed of PVDF copolymer amounts 

of 40-70%.  Furthermore, it appears that with increased PVDF content within this 

compositional range, the degree of phase separation and the corresponding phase domain 

size also increases.  We note that the increase in phase domain size is also consistent with 

our identification of the ‘bubbled’ phase domains as being PVDF-rich.  It is also evident 

that blend stability decreases with an increase in PVDF copolymer content up to 80%.  

For blends with 80-90% PVDF copolymer content, blend stability is enhanced as well as 

the degree of phase mixing.  To analyze this morphological behavior on a more global 

scale, and to further verify our findings regarding phase stability as a function of blend 
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composition, Figure 4.24 shows the SALLS profiles collected for the MCS blend 

membranes before and after thermal annealing treatment.   
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Figure 4.24.  Real-time phase contrast micrographs and SALLS profiles for MCS blend 
membranes of various compositions of PVDF copolymer after a thermal ramp from 50 to 
200 ºC at a heating rate of 20 ºC/min then isothermally annealed at 200 ºC for 10 min.  
A,B) 10%, C,D) 20%, E,F) 30%, G,H) 40%, I,J) 50%, K,L) 60%, M,N) 70%, O,P) 80%, 
Q,R) 90% (PCM scale bar = 100 µm, Mag. Region = 3x digital zoom) 
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The SALLS profiles exhibit a scattering halo for membranes which are phase 

separated (10-70% PVDF copolymer blend compositions, Figures 4.24A-N).  (We note 

that the fine phase texture present in the 40% PVDF copolymer blend membrane 

produces a scattering halo which is too large to image with the sample to detector 

distances used for this sequence of images (see Figure 3.2).)  Furthermore, we observe 

an emergence of a scattering halo for blends that underwent phase separation only after 

thermal annealing (50-70% PVDF copolymer blend membranes, Figures 4.24I-N).  

There is minimal change in the scattering halo radius for the 10-30% blend membranes 

(Figures 4.24A-F), which is consistent with the PCM data for these blends.  There is no 

scattering halo observed for the annealed 80 and 90% PVDF copolymer blend 

membranes (Figures 4.24P and R, respectively) indicating a high degree of blend 

stability for these compositions under the thermal annealing conditions explored.  In 

addition, the diffuse scattering which arises from crystallinity in the as-received 

membranes (Figures 4.24O and Q) has decreased, thereby confirming the melting of 

crystallites as suggested by flow behavior in the phase contrast micrographs (Figures 

4.22B and 4.23B). 

Comparison of Domain Measurements by Digital Image Analysis (DIA) and 

Small-Angle Laser Light Scattering (SALLS).  In addition to the qualitative evidence 

of phase separation provided by the presence of a scattering halo obtained using SALLS, 

the characteristic domain size of the phase separated materials can be quantitatively 

determined by radial integration of the SALLS profile.  To determine the accuracy of 

measuring phase domain sizes using SALLS, we compared the resulting domain 

measurements to those collected via Digital Image Analysis (DIA) of phase contrast 
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micrographs for a phase separated MCS 40% PVDF copolymer blend membrane.  Figure 

4.25 shows the DIA and SALLS results for the MCS 40% PVDF copolymer blend 

membrane annealed at 200 ºC for 30 min.  The mean domain size obtained by DIA of the 

phase contrast micrograph is 6.10 µm, and the domain size measured by radial integration 

of the VV mode SALLS profile is 6.33 µm.  The overall agreement between the phase 

contrast measurements and the SALLS data is encouraging, since both techniques 

indicate an average domain size of approximately 6 µm.  Therefore, we learn that radial 

integration of SALLS profiles is an excellent way to not only qualitatively but also 

quantitatively verify the phase domain sizes observed using PCM. 
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Figure 4.25.  Comparison of domain size measurements obtained via DIA of a phase 
contrast micrograph (upper) and radial integration of the VV mode SALLS profile for an 
MCS 40% PVDF copolymer blend membrane phase separated by thermal annealing at 
200 ºC for 30 min.  (Mag. Region = 3x digital zoom, red arrow indicates SALLS 
scattering halo) 
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Thermal Annealing of MCS Blend Membranes at Relevant Fuel Cell 

Operating Temperature.  As these membranes are intended for use as PEMs for fuel 

cells, it is important to understand the fundamental morphological response of the blend 

membranes when exposed to temperatures which are likely to be experienced during fuel 

cell application.  Therefore, we designed a study that would probe the morphological 

changes which occur during isothermal annealing at 90 °C.  Furthermore, as it is 

desirable to achieve consistent PEM performance over the lifetime of fuel cell use, the 

morphology was investigated as a function of time as well.  For this study, membranes 

were thermally annealed in an oven.  To reduce temperature gradients which were noted 

in the earlier described ‘preconditioning’ treatments, samples were elevated away from 

the heating coils by placement on a removable shelf within the oven.  Figures 4.26-34 

present the phase contrast micrographs and SALLS data for the full range of blend 

membrane compositions following isothermal annealing in the oven at 90 °C for the 

allotted periods of time (24 h and 168 h (1 week)). 
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Figure 4.26.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 

100 μm 

100 μm 

100 μm 

1 μm -1 

1 μm -1 

1 μm -1 

MCS 10% PVDF Copolymer Blend Membranes 

As-Received A 

Annealed at 90 °C for 24 h B 

Annealed at 90 °C for 168 h (1 week) C 



241 

Figure 4.27.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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Figure 4.28.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 

100 μm 

100 μm 

100 μm 

1 μm -1 

1 μm -1 

1 μm -1 

MCS 30% PVDF Copolymer Blend Membranes 

As-Received A 

Annealed at 90 °C for 24 h B 

Annealed at 90 °C for 168 h (1 week) C 



243 

Figure 4.29.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 

100 μm 

100 μm 

100 μm 

1 μm -1 

1 μm -1 

1 μm -1 

MCS 40% PVDF Copolymer Blend Membranes 

As-Received A 

Annealed at 90 °C for 24 h B 

Annealed at 90 °C for 168 h (1 week) C 



244 

Figure 4.30.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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Figure 4.31.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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Figure 4.32.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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Figure 4.33.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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Figure 4.34.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following thermal annealing 
at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x digital zoom) 
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These micrographs and the corresponding SALLS profiles demonstrate that upon 

thermal annealing at the reduced temperature of 90 °C (a relevant fuel cell operating 

temperature) for 168 h, no profound changes in morphology have occurred in either the 

phase contrast micrographs of the SALLS profiles.  Therefore, all blend membranes are 

considered morphologically stable with regards to the degree of phase mixing under these 

conditions.  It is clear that thermal treatment at 90 °C for up to 168 h (1 week) is 

insufficient to promote morphological rearrangement via phase separation.  It is likely 

that phase separation is impeded by annealing below the crystalline melting temperature 

of the PVDF copolymer crystallites as discussed previously.  From this limited evaluation 

of membrane blend stability as a function of time, it appears that these blends may 

withstand operating temperatures generally experienced in PEMFC applications.  

Extended lifetime durability testing would be required to ascertain the true morphological 

stability of these membranes under operation conditions as well as the effect of 

morphological response on fuel cell performance. 

 
 
SCS BLEND MEMBRANES 

Thermal Annealing of “Original Cast” SCS Blend Membranes at Elevated 

Temperature (200 °C) as a Function of Blend Composition.  In a study similar to that 

conducted for the MCS membranes, the full compositional series of “Original Cast” SCS 

blend membranes was annealed to investigate the relationship between blend composition 

and phase separation/blend stability.  Real-time phase contrast micrographs were 

collected throughout the annealing process to observe the changes in morphology and are 
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presented in Figures 4.35-42.  (Note: For phase contrast micrographs investigating the 

phase morphology in the as-received state, refer to Chapter 3, Figure 3.11.) 
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Figure 4.35.  Real-time phase contrast micrographs of an “Original Cast” SCS 10% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
140 ºC; C) T = 200 ºC, t = 1 min; D) T = 200 ºC, t = 30 min; E) T = 200 ºC, t = 3 h; F) T 
= 200 ºC, t = 24 h (Mag. Region = 3x digital zoom) 
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Figure 4.36.  Real-time phase contrast micrographs of an “Original Cast” SCS 20% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
140 ºC; C) T = 200 ºC, t = 30 min; D) T = 200 ºC, t = 45 min; E) T = 200 ºC, t = 12 h; F) 
T = 200 ºC, t = 24 h (Mag. Region = 3x digital zoom) 
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Figure 4.37.  Real-time phase contrast micrographs of an “Original Cast” SCS 30% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 65 
ºC; C) T = 125 ºC; D) T = 200 ºC, t = 15 min; E) T = 200 ºC, t = 35 min; F) T = 200 ºC, t 
= 24 h (Mag. Region = 3x digital zoom) 
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Figure 4.38.  Real-time phase contrast micrographs of an “Original Cast” SCS 40% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
120 ºC; C) T = 140 ºC; D) T = 200 ºC; E) T = 200 ºC, t = 1 h; F) T = 200 ºC, t = 24 h 
(Mag. Region = 3x digital zoom) 
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Figure 4.39.  Real-time phase contrast micrographs of an “Original Cast” SCS 50% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
120 ºC; C) T = 160 ºC; D) T = 200 ºC, t = 30 min; E) T = 200 ºC, t = 3 h; F) T = 200 ºC, t 
= 24 h (Mag. Region = 3x digital zoom) 
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Figure 4.40.  Real-time phase contrast micrographs of an “Original Cast” SCS 60% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
100 ºC; C) T = 160 ºC; D) T = 200 ºC, t = 30 min; E) T = 200 ºC, t = 3 h; F) T = 200 ºC, t 
= 24 h (Mag. Region = 3x digital zoom) 
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Figure 4.41.  Real-time phase contrast micrographs of an “Original Cast” SCS 70% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
120 ºC; C) T = 160 ºC; D) T = 200 ºC, t = 1 h; E) T = 200 ºC, t = 3 h; F) T = 200 ºC, t = 
24 h (Mag. Region = 3x digital zoom) 
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Figure 4.42.  Real-time phase contrast micrographs of an “Original Cast” SCS 80% 
PVDF copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating 
rate of 20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 
100 ºC; C) T = 140 ºC; D) T = 180 ºC; E) T = 200 ºC, t = 2 h; F) T = 200 ºC, t = 24 h 
(Mag. Region = 3x digital zoom) 
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The initial phase morphology of the “Original Cast” SCS 10% PVDF copolymer 

blend membrane is distinguished by the presence of phase texture as well as large scale 

heterogeneities identified as artifacts of the casting procedure (Figure 4.35A).  Upon 

heating to 140 °C (Figure 4.35B), we observe the onset of flow behavior and the 

disappearance of the fine phase texture present at 40 °C.  We also notice discoloration 

beginning after holding at 200 °C for 1 min (Figure 4.35C) and continuing throughout 

the remainder of the isothermal hold until the membrane absorbs the majority of the light 

at the given exposure setting.  Isothermal annealing at 200 °C for 30 min (Figure 4.35D) 

gives rise to the presence of morphological features which may be attributed to phase 

separation. 

The “Original Cast” SCS 20% PVDF copolymer blend membrane exhibits flow 

behavior at 140 °C (Figure 4.36B) and discoloration after isothermal annealing at 200 °C 

for 30 min (Figure 4.36C).  Furthermore, the initial phase texture appears to diminish 

upon ramping to 140 °C (Figure 4.36B) then reappears during the isothermal hold at 200 

°C after 45 min (Figure 4.36D).  This data suggests that the degree of phase mixing may 

be increased by annealing at temperatures between 140 and 200 °C; however, annealing 

at 200 °C may decrease phase mixing.  Furthermore, we can conclude that blend stability 

for this composition may be optimized by thermally annealing within this temperature 

range (140 to 200 °C). 

The onset of flow for the annealed SCS 30% PVDF copolymer blend membrane 

is noted at 125 ºC (Figure 4.37C), and membrane discoloration is noted after isothermal 

annealing at 200 °C for 15 min (Figure 4.37D).  Furthermore, small-scale heterogeneities 

are also detected after 15 min at 200 °C; however, these heterogeneities do not appear to 
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be distributed across the entire membrane—instead, they are isolated in localized regions.  

It is likely that the blend composition varies across the membrane and therefore causes 

inconsistencies in morphological response in the material as a whole. 

The onset of flow in the “Original Cast” SCS 40% PVDF copolymer blend 

membrane is noted at 120 °C (Figure 4.38B).  Only a slight amount of phase texture is 

observed upon heating to 200 °C (Figure 4.38D), indicating that the degree of phase 

mixing may be highest for this blend composition. 

The “Original Cast” SCS 50% PVDF copolymer blend membrane exhibited the 

onset of flow at approximately 120 °C (Figure 4.39B), at which temperature the distinct 

reduction of the initial phase texture present in the membrane was also noted.  At 160 °C 

(Figure 4.39C), phase texture is once more observed and continues to increase in domain 

size throughout the remainder of the annealing treatment.  This suggests that at 

temperatures above 160 °C, blend stability and the degree of phase mixing have been 

reduced.  Membrane discoloration is detected after approximately 30 min of isothermal 

annealing at 200 °C (Figure 4.39D). 

Phase texture observed in the “Original Cast” SCS 60% PVDF copolymer blend 

membrane prior to thermal annealing (Figure 4.40A) became less distinguishable upon 

heating to 100 °C (Figure 4.40B); however, as with the “Original Cast” SCS 50% PVDF 

copolymer blend membrane, fine phase texture reemerged at 160 °C along with the onset 

of flowc (Figure 4.40C).  Throughout the remainder of the thermal annealing treatment, 

the phase domains continued to increase in size, and the onset of membrane discoloration 

was noted after 30 min at 200 °C (Figure 4.40D). 
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At 120 °C (Figure 4.41B), the “Original Cast” SCS 70% PVDF copolymer blend 

membrane exhibited the first evidence of flow and simultaneous reduction in phase 

texture.  Once more, as with the 30 and 40% PVDF copolymer blends, phase texture 

reappears upon heating to 160 °C (Figure 4.41C) and increases in domain size 

throughout the annealing procedure.  Membrane discoloration is recorded as occurring 

after 1 h of isothermal annealing at 200 °C (Figure 4.41D). 

With an increase in PVDF content to 80%, we observe flow at 100 °C and phase 

texture developing by 180 °C for the “Original Cast” SCS 80% PVDF membrane (Figure 

4.42D).  Isothermal annealing at 200 °C promotes the enhancement of phase separation, 

as evidenced by the growth of phase domain sizes observed in Figure 4.36E.  

Additionally, membrane discoloration is detected after 2 h at 200 °C (Figure 4.36E). 

After several hours of annealing, the “Original Cast” SCS membranes absorbed 

most of the incident light, rendering the micrographs too dark to adequately distinguish 

morphological features.  Membrane discoloration is likely associated with color changes 

commonly observed following thermal annealing of highly sulfonated ionomeric 

materials.  Therefore, after each annealing procedure was completed, the camera 

exposure settings were adjusted to obtain a micrograph of the final, annealed membranes 

and therefore observe the morphological response to the thermal annealing treatment.  

Figure 4.43 shows the phase contrast micrographs of the as-received membranes 

compared to those collected upon completion of annealing. 
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Figure 4.37.  Real-time phase contrast micrographs for “Original Cast” SCS blend 
membranes of various PVDF copolymer compositions before and after a thermal ramp 
from 40 to 200 ºC at a heating rate of 20 ºC/min then isothermally annealed at 200 ºC for 
24 h.  (Mag. Region = 3x digital zoom) 
 
 We observe rather large morphological features in the “Original Cast” SCS 10% 

PVDF copolymer blend membrane following the thermal annealing treatment.  Similar 

features have also developed in the SCS 30% PVDF copolymer blend membrane as a 

response to the annealing conditions.  These features differ in size as well as distribution 

across the membrane when compared to the MCS blend membranes.  While we may 

attribute this behavior to some morphological response to the annealing conditions, the 

precise origin of the features has yet to be established.   The annealing treatment has 
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brought about a slight coarsening of the phase texture initially observed in the 20% 

PVDF copolymer blend membrane.  The texture observed is similar to that seen for the 

MCS blends, as is the development of relatively large phase domains in the 50-70% 

PVDF copolymer blend materials.  However, we report a profound difference in the 

morphological response of the “Original Cast” SCS 40% PVDF copolymer blend 

membrane when compared to the MCS membrane of the same composition.  While the 

MCS 40% PVDF copolymer blend membrane underwent irreversible phase separation 

during thermal annealing at 200 °C for only 10 min, the phase texture of the “Original 

Cast” SCS 40% PVDF copolymer membrane exhibited minimal morphological 

rearrangement to thermal treatment for 24 h.  From this data we conclude that the SCS 

40% PVDF copolymer blend membrane exhibits a higher degree of phase stability in 

comparison to the MCS 40% PVDF copolymer membrane.  Furthermore, this blend 

stability also exceeds the performance of the other “Original Cast” SCS blend membranes 

monitored as well.  Therefore, it appears that improved phase mixing has been achieved 

in the creation of an SCS blend membrane with 40% PVDF copolymer content.  Another 

dissimilarity when compared to the MCS blend behavior upon thermal annealing is the 

presence of phase domains witnessed in the SCS 80% PVDF copolymer blend 

membrane.  The MCS analog of this material did not exhibit such phase separation, 

suggesting that at higher PVDF copolymer contents, the blend stability of SCS 

membranes has not been improved by incorporating the sidechain sulfonated ionomer in 

place of the main chain sulfonated ionomer. 

Thermal Annealing of “Newly Cast” SCS Blend Membranes at Elevated 

Temperature (200 °C) as a Function of Blend Composition.  To determine the effect 
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of casting procedure on the morphological response of the SCS blend membranes upon 

thermal annealing, the series of “Newly Cast” SCS blend membranes was annealed.  

Furthermore, this study was conducted to investigate the relationship between blend 

composition and phase separation/domain sizes in these membranes.  Real-time phase 

contrast micrographs were collected throughout the annealing process to observe the 

changes in morphology and are presented in Figures 4.38-41. 
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Figure 4.38.  Real-time phase contrast micrographs of a “Newly Cast” SCS 10% PVDF 
copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating rate of 
20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 80 ºC; C) 
T = 200 ºC; D) T = 200 ºC, t = 1 h; E) T = 200 ºC, t = 3 h; F) T = 200 ºC, t = 24 h (Mag. 
Region = 3x digital zoom) 
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Figure 4.39.  Real-time phase contrast micrographs of a “Newly Cast” SCS 20% PVDF 
copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating rate of 
20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 140 ºC; 
C) T = 200 ºC; D) T = 200 ºC, t = 15 min; E) T = 200 ºC, t = 30 min; F) T = 200 ºC, t = 
24 h (Mag. Region = 3x digital zoom) 
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Figure 4.40.  Real-time phase contrast micrographs of a “Newly Cast” SCS 30% PVDF 
copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating rate of 
20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 120 ºC; 
C) T = 200 ºC; D) T = 200 ºC, t = 30 min; E) T = 200 ºC, t = 1 h; F) T = 200 ºC, t = 24 h 
(Mag. Region = 3x digital zoom) 
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Figure 4.41.  Real-time phase contrast micrographs of a “Newly Cast” SCS 40% PVDF 
copolymer blend membrane during a thermal ramp from 40 to 200 ºC at heating rate of 
20 ºC/min then isothermally annealed at 200 ºC for 24 h.  A) T = 40 ºC; B) T = 120 ºC; 
C) T = 200 ºC; D) T = 200 ºC, t = 30 min; E) T = 200 ºC, t = 3 h; F) T = 200 ºC, t = 24 h 
(Mag. Region = 3x digital zoom) 
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 As was seen with the “Original Cast” SCS blend membranes, upon thermal 

annealing at 200 °C for extended periods of time, discoloration prevents the 

distinguishing of morphological features.  Following the annealing treatment, the 

exposure settings were therefore adjusted to allow for adequate imaging.  The resulting 

phase contrast micrographs are presented in Figure 4.42.  There is no evidence of the 

occurrence of phase separation for the “Newly Cast” SCS blend membranes containing 

10 or 20% PVDF copolymer content (Figures 4.42B and D, respectively).  Conversely, 

phase separation is documented for the “Newly Cast” SCS blends of both 30 and 40% 

PVDF copolymer compositions (Figures 4.42F and H, respectively), suggesting that 

blend stability has been decreased for these membranes.  Furthermore, in agreement with 

the MCS blend phase separation behavior, the resulting domain sizes increase with an 

increase in the PVDF copolymer content. 
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Figure 4.42.  Real-time phase contrast micrographs for “Newly Cast” SCS blend 
membranes before and after a thermal ramp from 40 to 200 ºC at heating rate of 20 
ºC/min then isothermally annealed at 200 ºC for 24 h.  A-B) 10% PVDF copolymer, C-D) 
20% PVDF copolymer, E-F) 30% PVDF copolymer, G-H) 40% PVDF copolymer (Mag. 
Region = 3x digital zoom) 
 

A comparison of the morphological response of the “Original Cast” and “Newly 

Cast” SCS blend membranes is presented in Figures 4.43-46.  It appears that the new 

casting procedure has not only improved the morphological homogeneity within the as-

received 10 and 20% PVDF copolymer blends, but the phase stability has also been 

improved (Figure 4.43 and 4.44).  As all other variables were identical in the thermal 

annealing procedures, it would appear that the increase in phase stability is a direct result 

of the newly employed casting procedure; however, this has not yet been verified.  For 

the “Newly Cast” SCS 30 and 40% PVDF copolymer blends, the same increase in phase 

stability is not exhibited upon thermal annealing (Figures 4.45 and 4.46).  Instead, while 

the new casting procedure has reduced the presence of large scale heterogeneities 

reported in the as-received “Original Cast” SCS materials (see Chapter 3), these 

membranes appear to be more susceptible to phase separation upon thermal annealing 

than their “Original Cast” analogs. 
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Figure 4.43.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 10% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
 

“Original Cast” vs. “Newly Cast” SCS 10% PVDF Copolymer 

100 μm 100 μm 

As-Received A T = 200 °C, t = 24 h B 

As-Received C T = 200 °C, t = 24 h D 

100 μm 100 μm 

“Original Cast” 

“Newly Cast” 



275 

Figure 4.44.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 20% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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Figure 4.45.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 30% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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Figure 4.46.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 40% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
 

Thermal Annealing of “Original Cast” SCS Blend Membranes at Relevant 

Fuel Cell Operating Temperature.  To investigate the morphological response of the 

SCS membranes to thermal annealing at temperatures suitable for fuel cell applications, 

we have conducted isothermal annealing at 90 °C and imaged samples after 24 and 168 

hours.  For this study, membranes were thermally annealed in an oven.  To reduce 

temperature gradients which were noted in the earlier described ‘preconditioning’ 
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treatments, samples were elevated away from the heating coils by placement on a 

removable shelf within the oven.  Figures 4.47-54 present the phase contrast micrographs 

and SALLS profiles for the full range of blend membrane compositions following 

isothermal annealing in the oven at 90 °C for the allotted periods of time. 
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Figure 4.47.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.48.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.49.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.50.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.51.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.52.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.53.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.54.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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The “Original Cast” SCS 10% PVDF copolymer blend membrane undergoes a 

slight decrease in both fine phase texture and large scale heterogeneities after exposure to 

90 °C for 24 h (Figure 4.47B).  The effect is further increased by annealing for 168 h 

although a small amount of phase texture is still evident and large scale heterogeneities 

are still distinguishable (Figure 4.47C).  Similar behavior is noted for the “Original Cast” 

SCS 20% PVDF copolymer blend, but the phase texture present after annealing for 168 h 

(Figure 4.48C) is more pronounced than for the 10% PVDF copolymer blend.  A distinct 

decrease in phase texture is recognized upon annealing at 90 °C for the “Original Cast” 

SCS 30% PVDF copolymer blend membrane as shown in Figure 4.49C, suggesting that 

treatment at 90 °C under may improve the degree of phase mixing for the “Original Cast” 

SCS 10-30% PVDF copolymer blend membranes.  Conversely, the 40% PVDF 

copolymer blend membrane undergoes an increase in phase texture upon thermal 

annealing at 90 °C for 24 h (Figure 4.50B)  followed by a subsequent decrease after 168 

h of annealing (Figure 4.50C).  This suggests the degree of phase mixing for this blend 

composition may decrease initially and eventually increase with extended annealing time.  

The morphological response of the 50 and 60% PVDF copolymer blends is less 

pronounced, as the phase texture is minimally altered as a function of thermal annealing 

(Figures 4.51 and 4.52, respectively).  However, a drastic enhancement of phase 

separation is observed for PVDF contents of 70 and 80% (Figures 4.53 and 4.54, 

respectively), suggesting a decrease in the overall degree of phase mixing and phase 

stability for these blend membranes as a result of thermal annealing.  In accordance with 

previous discussions, we may attribute the increased susceptibility to phase separation 
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along with relatively large phase domain sizes to the greater content of the PVDF 

copolymer component.  

Overall, the SALLS profiles indicate no evidence of phase separation for the 

“Original Cast” SCS blend membranes, except for the presence of a scattering halo for 

the 40% PVDF copolymer blend after annealing for 24 h as well as high intensity 

scattering near the beamstop for the annealed 70 and 80% PVDF copolymer blend 

membranes.  This data is consistent with the PCM observations and indicates that 

morphological rearrangement has not been induced via thermal annealing at 90 °C for 

168 h for the majority of the “Original Cast” SCS blend membrane compositions.   

Thermal Annealing of “Newly Cast” SCS Blend Membranes at Relevant Fuel 

Cell Operating Temperature.  An identical investigation has been conducted for the 

“Newly Cast” membranes for which large scale heterogeneities have been removed.  

From this study, we can qualitatively determine the effect of casting procedure on the 

resulting morphological response of the blend membranes upon thermal annealing at 90 

°C for up to 168 h. 
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Figure 4.55.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.56.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.57.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 4.58.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
thermal annealing at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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 The “Newly Cast” SCS blend membranes with 10-30% PVDF copolymer content 

have shown no evidence of morphological rearrangement following the thermal 

annealing treatment.  The only morphological change observed for the “Newly Cast” 

SCS membranes occurs with 40% PVDF copolymer content, as shown in Figure 4.58.  

After only 24 h at 90 °C, phase texture has developed (Figure 4.58B) and persists 

throughout the remainder of the annealing study (Figure 4.58C).  This behavior suggests 

that even at reduced temperature, the phase stability of the “Newly Cast” SCS 40% 

PVDF blend membrane is not sufficient to prevent phase separation.  Furthermore, a 

comparison of the membranes prepared using the two different casting methods (with and 

without hot pressing) has been provided in Figures 4.59-62.  The “Newly Cast” SCS 

membranes exhibit a higher degree of phase stability in both the as-received state as well 

as following the thermal annealing treatment for 168 h (Figures 4.59-61).  While there is 

phase texture observed for the “Newly Cast” SCS 40% PVDF copolymer blend 

membrane after thermal annealing (Figure 4.62D), the morphological features are 

comparable to that of the “Original Cast” SCS 40% PVDF copolymer blend membrane 

(Figure 4.62B), indicating that for this composition, the new casting procedure has 

afforded no notable improvement in overall phase stability. 
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Figure 4.59.  Phase contrast micrographs for “Original Cast” and “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received (A, C) and thermally 
annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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Figure 4.60.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 20% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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Figure 4.61.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 30% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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Figure 4.62.  Real-time phase contrast micrographs for “Original Cast” and “Newly 
Cast” SCS 40% PVDF copolymer blend membranes in the as-received (A, C) and 
thermally annealed (B, D) states.  (Mag. Region = 3x digital zoom) 
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however, observed phase separation in these membranes as a function of thermal 

annealing.  Preliminary results indicate that the increase in the pressure to burst may be 

consistent with isolation and/or growth of crystalline domains resulting from the noted 

phase separation.  Also, we have observed that the onset of phase separation for these 

membranes varies with heating rate and annealing time, indicating the phase separation 

behavior is a kinetically controlled event. 

From DSC analyses correlated with real-time monitoring of the morphological 

response of MCS blend membranes to thermal annealing, we have observed that the 

melting of the semicrystalline PVDF copolymer component blends may be responsible 

for the observed phase separation behavior.  This theory was founded on the evidence of 

no occurrence of phase separation when thermal annealing is conducted below the 

melting temperature of the crystalline domains within the PVDF copolymer component.  

SEM and EDX analysis has proven that the liquid-like, ‘bubbled’ domains are comprised 

mainly of the PVDF copolymer while the ‘continuous phase’ is composed largely of the 

PFCB ionomer.  This revelation is also consistent with the development of liquid-like 

phase domains upon melting of the PVDF copolymer crystallites and the increase in 

phase domain sizes with increasing PVDF copolymer content. 

 Thermal annealing at an elevated temperature of 200 °C exhibits little effect on 

morphological features within MCS blend membranes containing 10-30% PVDF 

copolymer content, suggesting some degree of phase stability at these compositions.  

However, profound and irreversible phase separation is observed for MCS blends of 40-

70% PVDF copolymer content, which indicates a distinct decrease in blend stability and 

phase mixing with increasing PVDF copolymer composition.  This trend does not 
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continue for PVDF copolymer content of 80 and 90%, however, as there is no evidence 

of phase separation upon thermal annealing at 200 °C for 10 min. 

The morphological response of MCS blend membranes to thermal annealing at a 

fuel cell operating temperature of 90 °C revealed that all blend membranes are 

morphologically stable with regards to the degree of phase mixing under these 

conditions.  It is likely that phase separation is impeded by annealing below the 

crystalline melting temperature of the PVDF copolymer crystallites as discussed 

previously.  From this limited evaluation of membrane blend stability as a function of 

time, it appears that these blends may withstand operating temperatures generally 

experienced in PEMFC applications. 

The SCS blend membranes prepared by the two casting procedures were 

investigated after being thermally annealed at 200 ºC for 24 hours.  Upon comparison, the 

thermal annealing treatment seems to have the least effect on the “Original Cast” SCS 

40% PVDF copolymer blend membrane, as there is very little texture observed in the 

corresponding phase contrast micrograph.  Meanwhile, the most dramatic effect is seen 

with the “Original Cast” SCS 20% PVDF copolymer membrane, which exhibits phase 

texture upon annealing.  For the “Newly Cast” SCS blend membranes, the most dramatic 

effect is seen with the “Newly Cast” SCS 40% PVDF copolymer membrane, where the 

domain sizes are largest after thermal annealing.  Conversely, there is no observable 

morphological rearrangement occurring in the “Newly Cast” 10 and 20% PVDF 

copolymer blends as a result of the annealing treatment.  Overall, the data indicates that 

the “Original Cast” SCS 40% PVDF copolymer membrane and the “Newly Cast” SCS 10 

and 20% PVDF copolymer blend membranes display the highest degree of phase 



300 

stability.  It is also clear that the “Newly Cast” SCS 40% PVDF copolymer membrane 

exhibits the lowest degree of phase stability upon thermal annealing. 

Upon thermal annealing at 90 °C for up to 168 h, it is evident that phase stability 

is higher for “Newly Cast” SCS blend membranes of 10-30% PVDF copolymer content 

when compare with the “Original Cast” SCS blend membranes. While the “Original 

Cast” SCS 10-30% PVDF copolymer membranes underwent a reduction in large scale 

heterogeneities and an overall decrease in phase texture after annealing at 90 °C, under 

the same conditions, the “Newly Cast” SCS 10-30% PVDF copolymer blend membrane 

exhibited no change in phase stability.  In contrast, the morphological stability of the 40% 

membranes is more profoundly influenced by thermal annealing, as an increase in phase 

texture is observed for both the “Original Cast” and “Newly Cast” 40% membranes. 
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CHAPTER V 

INVESTIGATION OF PHASE MORPHOLOGY AND BLEND STABILITY IN 

IONOMERIC PERFLUOROCYCLOBUTANE (PFCB)/POLY(VINYLIDENE 

DIFLUORIDE) (PVDF) COPOLYMER BLEND MEMBRANES: A Study of the 

Effects of Immersion in Liquid Water 

Introduction 

Perfluorosulfonate ionomers (PFSIs) have gained high acclaim for their 

performance as proton exchange membranes (PEMs) for PEMFCs.  The current 

benchmark membrane material for PEMs is the PFSI, Nafion®—a random copolymer 

composed of a poly(tetrafluoroethylene) backbone with perfluorovinyl ether side chains 

which contain sulfonic acid end groups.  Due to its perfluorinated structure and flexible 

sidechains, Nafion® is known for its excellent proton conductivity at relatively low 

temperatures as well as its high chemical stability and mechanical durability.  However, 

its high production cost and low proton conductivity at elevated temperatures have driven 

the search for alternative fuel cell membrane materials.  Aromatic hydrocarbons are a 

particularly interesting class of alternative materials due to their chemical stability and 

relatively low production costs.  Perfluorocyclobutane (PFCB) ionomers are a relatively 

new class of non-aliphatic hydrocarbon based materials which have recently been 

investigated for the potential use as PEMs.1-4  High aromatic content and the absence of 

labile, abstractable hydrogens, classify PFCB ionomers as promising alternative fuel cell 

membrane materials.  However, despite the advantages of aromatic hydrocarbons such as 

PFCB ionomers, these types of materials often exhibit poor dimensional stability which 

has been attributed to decreased mechanical performance when employed as PEMs.   
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Polymer blending has proven instrumental in the production of materials with 

tunable properties suitable for a variety of applications.5, 6  When miscibility is achieved 

within a polymer blend, marked by intimate mixing on the molecular level, development 

of a novel material with intermediate properties of the component polymers is possible.  

In response to the issue of dimensional stability, polymer blending has recently been 

employed for producing mechanically reinforced aromatic hydrocarbon ionomers for use 

as potential PEMs.7-9  When sufficient phase mixing is achieved, mechanical 

reinforcement via polymer blending may enhance mechanical performance of the PEM 

with minimal effect on desired transport properties.  An additional advantage of polymer 

blending lies in the enhanced morphological control obtained by varying blend 

composition.  Such control facilitates precise optimization of PEM performance through 

the investigation of membrane morphology-property relationships. 

One polymer which is commonly blended with ionomeric materials to provide 

mechanical reinforcement for PEMs is poly(vinylidene difluoride) (PVDF).10-18  PVDF is 

a semicrystalline material widely recognized for its chemical and thermal stability as well 

as mechanical durability.  Furthermore, PVDF is reported to be miscible with various 

common polar polymers, making it an ideal blend component for the enhancement of 

phase mixing and mechanical stability.19-23  Park and coworkers have investigated the 

degree of dimensional stability achieved by adding various amounts of PVDF to 

sulfonated poly(ether ether ketone) (SPEEK).  Upon the addition of only 2.5 wt%, there 

is a marked decrease in the dimensional change of the SPEEK/PVDF membrane, 

resulting in dimensional stability similar to that of Nafion® 117 at 25 ºC.  The improved 

dimensional stability was attributed to the hydrophobic nature of the PVDF phase which 
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reduces overall swelling and therefore minimizes dimensional changes in the blend 

membrane upon hydration.13   

While the incorporation of semicrystalline materials has proven to enhance 

dimensional stability and overall mechanical properties of ionomer membranes, blending 

of an ionomer with a semicrystalline material such as PVDF often yields very complex 

morphologies.  The strong electrostatic interactions present in ionomeric materials 

behave as physical crosslinks and give rise to complex morphological behaviors, 

particularly when blended with nonionic semicrystalline materials.  The morphology of 

blends with ionic and semicrystalline components is complicated by the presence of both 

the ionic aggregates and the crystalline domains distributed in an amorphous polymer 

matrix.  The strong electrostatic interactions and the rigid crystalline domains lock in a 

particular morphology which has been created during blend processing, and unpinning of 

the morphology may only be achieved by an activation procedure such as promotion of 

chain mobility, weakening of the ionic interactions, or melting of crystalline domains. 

Polymer blend stability is vital to maintaining the target properties of the designed 

blend system.  If blends become unstable, due to any combination of kinetic or 

thermodynamic contributing factors, blend properties will be altered and may no longer 

suit the desired function.  The degree of phase mixing in a blend system is driven by the 

enthalpy of de-mixing of the blend components, and the introduction of a crystalline 

component can further complicate the phase behavior.24  The correlation of blend 

morphologies and membrane performance is therefore essential in determining the 

suitability of a blend for applications such as PEMs.   
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This study probes the morphological features in a series of blend membranes 

composed of a perfluorocyclobutane (PFCB) ionomer and a semicrystalline 

poly(vinylidene difluoride) (PVDF) copolymer (Kynar Flex®).  Our previous 

investigations of these blend membranes have probed the morphological response upon 

exposure to heat by thermal annealing at both elevated and relevant fuel cell operating 

temperatures.  However, the morphological response upon exposure to water is also 

relevant to the evaluation of PEM durability and performance.  Therefore, this research 

specifically investigates the morphological stability of the PFCB/PVDF copolymer blend 

membranes upon exposure to liquid water. 

 
 
Experimental 
 
 Materials.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) 

membranes composed of PFCB Ionomers (from Tetramer Technologies, LLC) and a 

PVDF copolymer (Kynar Flex® from Arkema) were received from General Motors Fuel 

Cell Research Laboratory (see Figure 5.1).  IEC values are 2.0 meq/g and 1.1 meq/g for 

the MCS and SCS PFCB ionomers, respectively.  Blend compositions investigated 

include 10-90 wt% PVDF copolymer (MCS) and 10-80 wt% PVDF copolymer (SCS). 
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Figure 5.1.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) blend 
membrane components: perfluorocyclobutane ionomer (PFCB) and poly(vinylidene 
difluoride) (PVDF) copolymer. 
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 

Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 
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  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast. 

Immersion of MCS and SCS Blend Membranes in Liquid Water at Room 

Temperature.  MCS and SCS blend membranes (approximately 0.5 in x 0.5 in) were 

immersed in deionized water inside plastic zipper bags.  Samples were aged at room 

temperature for 24 h and 168 h (1 week).  After aging for the allocated period of time, 

samples were removed, blotted dry with a paper towel and allowed to equilibrate to 

ambient conditions prior to analysis. 

 Phase Contrast Microscopy (PCM).  Membrane morphology was investigated 

in phase contrast mode under ambient conditions using a Nikon LV100 optical 
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microscope equipped with a Nikon DXM1200 digital camera.  All micrographs were 

collected using Nikon NIS-Elements software. 

Small-Angle Laser Light Scattering (SALLS).  Morphological features were 

verified using SALLS equipment consisting of an Oriel He-Ne laser (633 nm 

wavelength) and a Photometrics SenSys 1401E CCD detector.  SALLS profiles were 

collected using RS Image software and processed using WinView32 and MDI Polar 

software. 

 

Results and Discussion 

MCS BLEND MEMBRANES 

Immersion of MCS Blend Membranes in Liquid Water at Room 

Temperature.  MCS blend membranes with various PVDF copolymer contents has been 

researched to determine the specific morphological response upon exposure to liquid 

water at room temperature.  This investigation was designed to isolate the role of water in 

the overall blend stability for these potential PEMs.  Blend membranes were immersed 

for 24 and 168 h periods and subsequently imaged using PCM and SALLS.  The phase 

contrast micrographs and SALLS profiles presented in Figures 5.2-10 compare the MCS 

blend membranes in the as-received and immersed states. 
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Figure 5.2.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
 

100 μm 1 μm -1 

100 μm 1 μm -1 

100 μm 1 μm -1 

MCS 10% PVDF Copolymer Blend Membranes 

As-Received A 

Immersed @ RT for 24 h B 

Immersed @ RT for 168h (1 week) C 



310 

Figure 5.3.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.4.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.5.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.6.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.7.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.8.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.9.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Figure 5.10.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following immersion in 
liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  (Mag. Region = 
3x digital zoom) 
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Upon immersion for 24 h, the MCS 10% PVDF copolymer blend membrane 

undergoes enhancement of the initial phase texture present as depicted in both the phase 

contrast micrograph (increased phase domain size) and SALLS profile (decreased 

scattering halo radius) in Figure 5.2B.  Similar phase texture persists after undergoing an 

168 h of immersion (Figure 5.2C), suggesting that while the degree of phase mixing may 

be decreased upon the initial exposure to water, the blend stability is esentially 

maintained between 24 and 168h of immersion.  A similar initial increase in phase 

domain size is observed for the MCS 20% PVDF copolymer blend membrane as shown 

in Figure 5.3B.  However, unlike the 10% blend membrane, the phase texture is 

diminished upon further immersion for a total period of 168 h (Figure 5.3C).  This 

suggests that phase mixing is enhanced with immersion for extended periods of time for 

the MCS 20% PVDF copolymer blend membrane.  The morphological response to 

immersion witnessed for the MCS 30% PVDF copolymer blend membrane is even less 

pronounced, as there is no significant change in the phase texture and thus no observable 

manipulation of phase stability (Figure 5.4).  After immersion for 24 h, the MCS 40% 

PVDF copolymer blend membrane shows a slight decrease in phase texture (Figure 

5.5B); however, new morphological features have developed upon immersion for 168 h 

(Figure 5.5C), indicating that while the degree of phase mixing may be increased 

initially, there is a subsequent decrease in blend stability after extended immersion.  MCS 

blend membranes with 50 and 60% PVDF copolymer composition (Figures 5.6 and 5.7, 

respectively) show no change in morphology as a result of the immersion procedure, but 

an increase to 70% PVDF copolymer content gives rise to a slight increase in phase 

texture and therefore indication of decreased phase mixing in the MCS 70% PVDF 
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copolymer blend membrane (Figure 5.8).  The MCS 80% PVDF copolymer blend 

membrane exhibits a decrease in phase stability upon immersion for 24 h (Figure 5.9B), 

followed by an increase in phase texture upon immersion for 168 h (Figure 5.9C).  

Finally, the MCS 90% PVDF copolymer blend membrane exhibits no significant 

morphological response to immersion in liquid water for either 24 or 168h (Figure 5.10).  

This suggests, that for PVDF copolymer content of 90%, immersion does not affect the 

overall membrane morphology.  This is expected as the blend contains such a high 

quantity of the semicrystalline PVDF copolymer material and is therefore believed to 

undergo very little morphological manipulation due to low water affinity.  It is also 

interesting to note that more drastic morphological rearrangement has occurred for the 

MCS blend membranes which contain low amounts of PFCB ionomer material, 

specifically the MCS 10 and 20% PVDF copolymer blends.  With the relatively low 

amount of semicrystalline material in these membranes, it is proposed that hydration of 

the sulfonic acid moieties provides sufficient mobility of the ionic functionalities to 

promote unpinning of the blend morphology and therefore morphological rearrangement 

responsible for the observed phase separation.   For blends composed of greater than 20% 

of the semicrystalline PVDF copolymer material, it is likely that the presence of 

crystalline domains within the PVDF copolymer component is sufficient to immobilize 

the ionomer component (i.e. pinning of the membrane morphology) despite plasticization 

of the ionomer domain via hydration.  In general it is determined that the MCS blend 

membranes with 10-20% PVDF composition exhibit a low degree of phase stability upon 

immersion in water at room temperature, while MCS blends with greater than 20% PVDF 
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copolymer composition are morphologically stable and resist phase separation when 

immersed in water at room temperature for 24 to 168 h, regardless of blend composition. 

 

SCS BLEND MEMBRANES 

Immersion of “Original Cast” SCS Blend Membranes in Liquid Water at 

Room Temperature.  The morphological response of PFCB/PVDF copolymer blend 

membranes upon incorporation of the SCS ionomer has also been investigated as a 

function of immersion at room temperature.  Although the sulfonic acid moieties in the 

SCS ionomer are situated on the ends of relatively flexible perfluorinated sidechains 

rather than attachment directly to the comparatively rigid aromatic backbone (as in the 

MCS ionomer material), it appears that the ionic component is not adequately altered by 

immersion to promote morphological rearrangement within the “Original Cast” SCS 

blend membranes.  Indeed, there is no observable enhancement of phase texture induced 

by the immersion procedure, regardless of blend composition.  It is noteworthy, however, 

that the large heterogeneities present in the “Original Cast” SCS blend membranes are no 

longer observed following immersion for only 24 h.  SALLS profiles verify the lack of 

morphological rearrangement, and the data suggests that the full series of SCS blend 

membranes are inherently resistant to phase separation in the presence of liquid water at 

room temperature. 
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Figure 5.11.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.12.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.13.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.14.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.15.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.16.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.17.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.18.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Immersion of “Newly Cast” SCS Blend Membranes in Liquid Water at 

Room Temperature.  Unlike the phase stability witnessed for the “Original Cast” SCS 

blend membranes upon immersion in liquid water at room temperature, the “Newly Cast” 

membranes exhibit slight increases in phase texture, indicating that hydration of the ionic 

domains may be sufficient to promote morphological rearrangement, even at room 

temperature.  The most profound effect is observed for the “Newly Cast” SCS 10% 

PVDF copolymer blend membrane, although no SALLS scattering halo is observed.  It is 

not altogether surprising that the largest change in morphology upon exposure to liquid 

water was observed at low PVDF copolymer content.  In these materials, the ionomer is 

the major blend component and is therefore likely to dictate membrane morphology.  

Furthermore, the strong hydrophilicity of ionomers in general suggests that swelling and 

morphological alteration may be expected upon contact with liquid water.  Additionally, 

with low PVDF copolymer content, the small quantity of crystalline domains present may 

not prevent the reorganization of the ionomer domain.  It appears that the membranes 

prepared using the new casting procedure are more susceptible to morphological 

rearrangement upon immersion; however, the origin of the morphological response has 

not been clearly identified.  
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Figure 5.19.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.20.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.21.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Figure 5.22.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
immersion in liquid water at room temperature for 24 h (B), and 168 h (1 week) (D).  
(Mag. Region = 3x digital zoom) 
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Conclusions 
 
 The overall morphological response of the PFCB/PVDF copolymer blend 

membranes to immersion in liquid water at room temperature is more significant for the 

MCS blends compared to the SCS blends, specifically for membranes which contain a 

relatively large quantity of ionic material (i.e., MCS 10 and 20% PVDF copolymer blend 

membranes).  We conclude that hydration of the ionic domains may weaken the 

electrostatic interactions which serve as physical crosslinks and provide sufficient chain 

mobility to promote morphological rearrangement on the macromolecular scale.  As the 

incorporation of the semicrystalline PVDF copolymer component is increased, it is likely 

that the presence of crystallites distributed throughout the ionomer matrix inhibits 

morphological rearrangement, even upon hydration of the ionic functionalities by 

immersion in liquid water.   

We have determined the SCS blend membranes to exhibit phase stability upon 

immersion in water regardless of casting procedure or blend composition.  Perhaps the 

flexible nature of the pendant sidechains to which the sulfonate groups are attached 

promotes increased electrostatic interaction and thereby enhances the stability of ionic 

aggregates, minimizing morphological susceptibility to phase separation upon immersion. 
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CHAPTER VI 

INVESTIGATION OF PHASE MORPHOLOGY AND BLEND STABILITY IN 

IONOMERIC PERFLUOROCYCLOBUTANE (PFCB)/POLY(VINYLIDENE 

DIFLUORIDE) (PVDF) COPOLYMER BLEND MEMBRANES: A Study of the 

Effects of Hygrothermal Aging 

Introduction 

Perfluorosulfonate ionomers (PFSIs) have gained high acclaim for their 

performance as proton exchange membranes (PEMs) for PEMFCs.  The current 

benchmark membrane material for PEMs is the PFSI, Nafion®—a random copolymer 

composed of a poly(tetrafluoroethylene) backbone with perfluorovinyl ether side chains 

which contain sulfonic acid end groups.  Due to its perfluorinated structure and flexible 

sidechains, Nafion® is known for its excellent proton conductivity at relatively low 

temperatures as well as its high chemical stability and mechanical durability.  However, 

its high production cost and low proton conductivity at elevated temperatures have driven 

the search for alternative fuel cell membrane materials.  Aromatic hydrocarbons are a 

particularly interesting class of alternative materials due to their chemical stability and 

relatively low production costs.  Perfluorocyclobutane (PFCB) ionomers are a relatively 

new class of non-aliphatic hydrocarbon based materials which have recently been 

investigated for the potential use as PEMs.1-4  High aromatic content and the absence of 

labile, abstractable hydrogens, classify PFCB ionomers as promising alternative fuel cell 

membrane materials.  However, despite the advantages of aromatic hydrocarbons such as 

PFCB ionomers, these types of materials often exhibit poor dimensional stability which 

has been attributed to decreased mechanical performance when employed as PEMs.   
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Polymer blending has proven instrumental in the production of materials with 

tunable properties suitable for a variety of applications.1, 2  When miscibility is achieved 

within a polymer blend, marked by intimate mixing on the molecular level, development 

of a novel material with intermediate properties of the component polymers is possible.  

In response to the issue of dimensional stability, polymer blending has recently been 

employed for producing mechanically reinforced aromatic hydrocarbon ionomers for use 

as potential PEMs.3-5  When sufficient phase mixing is achieved, mechanical 

reinforcement via polymer blending may enhance mechanical performance of the PEM 

with minimal effect on desired transport properties.  An additional advantage of polymer 

blending lies in the enhanced morphological control obtained by varying blend 

composition.  Such control facilitates precise optimization of PEM performance through 

the investigation of membrane morphology-property relationships. 

One polymer which is commonly blended with ionomeric materials to provide 

mechanical reinforcement for PEMs is poly(vinylidene difluoride) (PVDF).6-14  PVDF is 

a semicrystalline material widely recognized for its chemical and thermal stability as well 

as mechanical durability.  Furthermore, PVDF is reported to be miscible with various 

common polar polymers, making it an ideal blend component for the enhancement of 

phase mixing and mechanical stability.15-19  Park and coworkers have investigated the 

degree of dimensional stability achieved by adding various amounts of PVDF to 

sulfonated poly(ether ether ketone) (SPEEK).  Upon the addition of only 2.5 wt%, there 

is a marked decrease in the dimensional change of the SPEEK/PVDF membrane, 

resulting in dimensional stability similar to that of Nafion® 117 at 25 ºC.  The improved 

dimensional stability was attributed to the hydrophobic nature of the PVDF phase which 
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reduces overall swelling and therefore minimizes dimensional changes in the blend 

membrane upon hydration.9   

While the incorporation of semicrystalline materials has proven to enhance 

dimensional stability and overall mechanical properties of ionomer membranes, blending 

of an ionomer with a semicrystalline material such as PVDF often yields very complex 

morphologies.  The strong electrostatic interactions present in ionomeric materials 

behave as physical crosslinks and give rise to complex morphological behaviors, 

particularly when blended with nonionic semicrystalline materials.  The morphology of 

blends with ionic and semicrystalline components is complicated by the presence of both 

the ionic aggregates and the crystalline domains distributed in an amorphous polymer 

matrix.  The strong electrostatic interactions and the rigid crystalline domains lock in a 

particular morphology which has been created during blend processing, and unpinning of 

the morphology may only be achieved by an activation procedure such as promotion of 

chain mobility, weakening of the ionic interactions, or melting of crystalline domains. 

Polymer blend stability is vital to maintaining the target properties of the designed 

blend system.  If blends become unstable, due to any combination of kinetic or 

thermodynamic contributing factors, blend properties will be altered and may no longer 

suit the desired function.  The degree of phase mixing in a blend system is driven by the 

enthalpy of de-mixing of the blend components, and the introduction of a crystalline 

component can further complicate the phase behavior.20  The correlation of blend 

morphologies and membrane performance is therefore essential in determining the 

suitability of a blend for applications such as PEMs.  This study probes the 

morphological features in a series of blend membranes composed of a 
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perfluorocyclobutane (PFCB) ionomer and a semicrystalline poly(vinylidene difluoride) 

(PVDF) copolymer (Kynar Flex®).  

 Our previous studies have investigated the morphological response of these 

blends to thermal annealing treatments (exposure to heat alone) as well as the effect of 

immersion in liquid water (hydration alone).  As the fuel cell environment in which these 

blend membranes are designed to operate is a complex environment which combines the 

interaction of temperature and humidity with the PEM to promote proton conduction, this 

research will specifically focus on the combined effect of hydration and thermal 

treatments on membrane morphology.  We define the experimentation conducted within 

these investigations as “hygrothermal aging” treatments and will investigate not only the 

response of blend membranes to relativel humidities of varying levels at a given 

temperature, but also the response to immersion in liquid water above the boiling point 

and also at 90 °C. 

 

Experimental 

 Materials.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) 

membranes composed of PFCB Ionomers (from Tetramer Technologies, LLC) and a 

PVDF copolymer (Kynar Flex® from Arkema) were received from General Motors Fuel 

Cell Research Laboratory (see Figure 6.1).  IEC values are 2.0 meq/g and 1.1 meq/g for 

the MCS and SCS PFCB ionomers, respectively.  Blend compositions investigated 

include 10-90 wt% PVDF copolymer (MCS) and 10-80 wt% PVDF copolymer (SCS). 
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Figure 6.1.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) blend 
membrane components: perfluorocyclobutane ionomer (PFCB) and poly(vinylidene 
difluoride) (PVDF) copolymer. 
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 

Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 

  · Remove film from glass substrate in water 
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  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast. 

Hygrothermal Aging at 90 °C and 30 or 95% Relative Humidity.  Samples 

measuring approximately 1 in x 2 in were placed in scintillation vials and aged in an 

ESPEC SH241 Bench-top Type Temperature & Humidity Chamber maintained at 90 °C 

and 30 or 95% RH for 168 h (1 week).  Upon completion of the hygrothermal aging 

procedure, samples were allowed to equilibrate at ambient conditions prior to 

characterization.  The humidity chamber reservoir was filled with deionized water to 

produce the humidified environment. 

Hygrothermal Aging by Boiling in Liquid Water.  Blend membranes were 

immersed in deionized water in a glass reactor equipped with a condenser and a heating 
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mantle.  Samples were boiled in water for 1 and 24 h, removed to glass microscopy slides 

to prevent wrinkling, and allowed to equilibrate at ambient conditions prior to 

characterization. 

Hygrothermal Aging by Immersion in Liquid Water at 90 °C.  Samples 

measuring approximately 1 in x 4 in were immersed in glass test tubes filled with 

deionized water and suspended in a heated water bath at 90 °C for 24 and 168 h.  

Samples were removed to glass microscopy slides upon completion of the aging 

procedure and allowed to equilibrate at ambient conditions prior to characterization. 

Proton Conductivity.  In-plane proton conductivity measurements were 

conducted using a 4-point conductivity cell developed by Bekktech and a Solartron® SI 

1287 Electrochemical Interface coupled with a Solartron® SI 1260 AC Impedance 

Analyzer.  Proton conductivity measurements were taken at 80 °C over a range of relative 

humidities.  Samples were allowed to equilibrate at 80 °C, 95% RH for 12 h (and for 1 h 

at each respective humidity level) prior to data collection.  Multiple samples were 

analyzed, and approximately ten measurements were collected at each humidity level for 

each sample.  Data analysis was performed using Zplot and Zview software by Scribner 

and Associates, Inc. 

Fuel Cell Performance.  Fuel cell performance curves were obtained using a 

Medusa RD fuel cell test station from Teledyne coupled with a 890CL fuel cell test 

system from Scribner.  Samples had been dried in a vacuum oven at 70 °C for 10-12 h 

prior to fuel cell assembly and analysis.  E-Tek GDLs (5 cm2) were attached to sample 

membranes by hot pressing at 100 °C for 2 min under approximately 10 MPa of pressure.  

The cell assembly consisted of two graphite plates with triple serpentine flow channels 
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situated in contact with the 5 cm2 active area and assembled using a micrometric torque 

wrench adjusted to 5 N·m.  Humidified high purity oxygen was fed to the cathode and 

humidified hydrogen was supplied to the anode at a stoichiometric ratio of 1.5:2 

(hydrogen:oxygen).  The cathode was maintained at 55 °C and 80% RH, while the anode 

was maintained at 70 °C and 100% RH.  The cell temperature was maintained at 60 °C 

throughout the experiment.  Membranes were activated under constant voltage (0.5V) for 

12 h. 

Filtration and Recasting of an “Original Cast” SCS 30% PVDF Copolymer 

Blend Membrane.  15 mg of the as-received “Original Cast” SCS 30% PVDF 

copolymer membrane was first dissolved in 3 mL N,N’-Dimethyl Acetamide (DMAc) 

and filtered through a 1 µm Teflon Luer-Lock microfilter.  The filtered solution was then 

cast onto a glass slide on a hot plate at 50 ºC.  After 30 min at 50 ºC, the temperature was 

raised to 80 ºC and casting continued for 2 h.  After casting at 80 ºC for 2 h, the film (on 

the glass slide) was placed in a vacuum oven at 80 ºC for 1 h to facilitate removal of 

residual solvent.   

Phase Contrast Microscopy (PCM).  Membrane morphology was investigated 

in phase contrast mode under ambient conditions using a Nikon LV100 optical 

microscope equipped with a Nikon DXM1200 digital camera.  All micrographs were 

collected using Nikon NIS-Elements software. 

Small-Angle Laser Light Scattering (SALLS).  Morphological features were 

verified using SALLS equipment consisting of an Oriel He-Ne laser (633 nm 

wavelength) and a Photometrics SenSys 1401E CCD detector.  SALLS profiles were 
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collected using RS Image software and processed using WinView32 and MDI Polar 

software. 

 
 
Results and Discussion 

MCS BLEND MEMBRANES 

Hygrothermal Aging of MCS Blend Membranes at 90 °C and 30% Relative 

Humidity.  Hygrothermal aging of MCS blend membranes has been conducted for 24 h 

to determine the effects of the introduction of relative humidity at relevant fuel cell 

operating temperature on membrane morphology.  Phase contrast micrographs and 

SALLS profiles for each MCS blend membrane in the as-received and hygrothermally 

aged states are presented in Figures 6.2-10.  Hygrothermal aging at 90 °C and 30% RH 

for 168 h has effectively increased the degree of phase mixing for all MCS blend 

compositions as indicated by a generally observed decrease in phase texture in 

comparison to the as-received state.  The effect is particular pronounced for the 10-30% 

PVDF copolymer blend membranes, as they exhibit a well-defined phase texture in the 

as-received phase contrast micrographs (Figures 6.2-4).  Further evaluation of the 

reduction in phase texture is expressed by the increase in the SALLS scattering halo radii 

in each of the corresponding profiles for the 10-30% PVDF copolymer blend membranes 

(Figures 6.2-4).  As was discussed in our previous evaluation of morphological response 

of the MCS blend membranes to immersion in water, the humidification of the ionic 

domains under these aging conditions is evidently sufficient to promote morphological 

reorganization.  In this instance, the hydration behavior is likely facilitated by the 
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simultaneous exposure to heat, which may further increase the polymeric chain mobility 

and hence the ability to undergo morphological reorganization. 

While no scattering halos are observed for the MCS 40-90% PVDF copolymer 

blend compositions (Figure 6.5-10), the visual inspection of phase texture in the phase 

contrast micrographs suggests a decrease in blend immiscibility and enhanced phase 

mixing.  Interestingly, even the phase texture present in the 80 and 90% PVDF 

copolymer blend membranes, which has been attributed to the presence of crystallinity 

(see Chapter 3), is decreased as a result of the hygrothermal aging at 90 °C and 30% RH.  

It is possible that this behavior arises from the melting of small crystalline domains due 

to aging at 90 °C for an extended period of time.  Thermal analysis would be required to 

further investigate this phenomenon. 
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Figure 6.2.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.3.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.4.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.5.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.6.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.7.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.8.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.9.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.10.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x digital zoom) 
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Figure 6.11.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.12.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.13.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.14.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.15.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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 Figure 6.16.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.17.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.18.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.19.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C).  (Mag. Region = 3x 
digital zoom) 
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 In agreement with the hygrothermal aging data collected at 90 °C and 30% RH, 

this supplemental study has also yielded an increase in the degree of phase mixing after 

aging for 168 hours.  However, aging for 24 h did not reduce the phase texture present in 

all of the compositions of MCS blend membranes.  More specifically, the 70% PVDF 

copolymer blend exhibits an increase in phase domain sizes upon hygrothermal aging for 

24 h (Figure 6.17).  Perhaps, for this blend composition, the humidification of the 

ionomer component during the early stages of hygrothermal aging promotes the 

morphological rearrangement of the blend components in such a way as enhances phase 

separation prior to the improvement of phase mixing. 

Hygrothermal Aging of MCS Blend Membranes by Boiling in Liquid Water.  

Having observed the improvement in the degree of phase mixing with hygrothermal 

aging with various relative humidities at 90 °C, we also investigated the effect of 

hygrothermal aging by boiling in liquid water for 1 and 24 h.  We observe an increase in 

the phase separation in the MCS 10% PVDF copolymer blend membrane upon boiling in 

water for 24 h.  Figure 6.20B shows the coarsening of the phase domains within the 

MCS 10% PVDF copolymer blend membrane with increased boiling time.  The phase 

contrast micrographs show phase domain sizes increasing from ~5 µm in the as-received 

state to ~10 µm after boiling for 1 h and finally to ~15 µm after boiling for 24 h (Figure 

6.20C).  The SALLS profiles verify the growth of these phase domains, with the 

scattering halo intensifying and decreasing in radius as boiling time increases.  Figure 

6.21B shows an initial increase in the phase domain size (from ~5 µm in the as-received 

state to ~15 µm after boiling for 1 h), followed by a subsequent decrease in domain size 

(~10 µm after boiling for 24 h) for the MCS 20% PVDF copolymer blend membrane 
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(Figure 6.21C).  This trend is verified for the 20% blend membrane using SALLS.  The 

SALLS profile of the as-received membrane shows a very faint halo that intensifies and 

decreases in radius after boiling for 1 h.  Boiling for 24 h causes the scattering halo to 

increase in radius, signaling a decrease in domain size.  The MCS 30% PVDF copolymer 

blend membrane exhibits a slight decrease in phase domain sizes with increased boiling 

time (Figure 6.22), similar to that of the 20% blend membrane.  The MCS 40-90% 

PVDF copolymer blend membranes exhibit an overall decrease in phase mixing after 

aging for 24 h, as signaled by the increase in domain sizes in Figures 6.23-28.  From this 

data, it appears that boiling in water may increase the degree of phase mixing for the 20 

and 30% PVDF copolymer MCS blend membranes, while the hygrothermal aging 

decreases the phase stability for the remaining blend compositions. 
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Figure 6.20.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.21.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.22.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.23.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.24.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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 Figure 6.25.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.26.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.27.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Figure 6.28.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x digital zoom) 
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Hygrothermal Aging of MCS Blend Membranes by Immersion in Liquid 

Water at 90 °C.  We have observed morphological reorganization for the MCS blend 

membranes upon hygrothermal aging at 90 °C and 30% RH, 90 °C and 95% RH, and 

boiled in water.  To evaluate the morphological response of the MCS blend membranes 

upon hygrothermal aging at a reasonable fuel cell operating temperature, we have 

conducted a study involving aging at 90 °C in liquid water.   The resulting data has 

exhibited a profound effect on morphology for the membranes which contain low 

amounts of the PVDF copolymer component and high quantities of the ionomer 

component.  It is proposed that the combined effect of hydration of the ionomer domains, 

along with increased chain mobility from thermal annealing promotes morphological 

reorganization and constitutes an environment in which phase separation is induced.  The 

MCS 10 and 20% PVDF copolymer blend membranes undergo distinct coarsening of the 

phase domains (Figures 6.29-30, respectively), suggesting a large decrease in the degree 

of phase mixing.  The 30% blend membrane also exhibits increased phase separation, but 

the effect is less pronounced, likely due to a decrease in the ionomer composition (see 

Figure 6.31).  The remaining blend membranes, with increasing amounts of PVDF 

copolymer incorporated, appear largely unaffected by the hygrothermal aging procedure 

(Figures 6.32-37).  This suggests that with an increase in the quantity of the 

semicrystalline component, morphological reorganization is limited by the increasing 

presence of crystalline domains which hinder molecular mobility, despite hydration of the 

ionic domains. 
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Figure 6.29.  Phase contrast micrographs and SALLS profiles for MCS 10% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.30.  Phase contrast micrographs and SALLS profiles for MCS 20% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.31.  Phase contrast micrographs and SALLS profiles for MCS 30% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.32.  Phase contrast micrographs and SALLS profiles for MCS 40% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.33.  Phase contrast micrographs and SALLS profiles for MCS 50% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.34.  Phase contrast micrographs and SALLS profiles for MCS 60% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.35.  Phase contrast micrographs and SALLS profiles for MCS 70% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.36.  Phase contrast micrographs and SALLS profiles for MCS 80% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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Figure 6.37.  Phase contrast micrographs and SALLS profiles for MCS 90% PVDF 
copolymer blend membranes in the as-received state (A) and following hygrothermal 
aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  (Mag. 
Region = 3x digital zoom) 
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These data are extremely significant when investigating the potential use of these 

blend materials as proton exchange membranes in PEMFC devices.  From neutron 

imaging studies conducted by Hickner et al.22, water may be present in relatively large 

quantities across the PEM and particularly at the cathode during fuel cell operation.  

Considering the observed morphological changes which result from exposure to liquid 

water at 90 ºC (a common fuel cell operating temperature), we may well be concerned 

with the implications of decreased blend stability on proton conductivity and fuel cell 

performance. 

The Effects of Hygrothermal Aging of MCS Blend Membranes on Proton 

Conductivity and Fuel Cell Performance.  By exposing the blends to thermal 

annealing, immersion in liquid water, or hygrothermal aging, we have shown the ability 

to tune membrane morphology.  To quantify the effect of morphology on proton 

conductivity, an MCS 20% PVDF copolymer blend membrane was immersed in water at 

90 °C for 24 hours to induce phase separation (see Figure 6.38B).   

Figure 6.38.  Phase contrast micrographs of MCS 20% PVDF copolymer blend 
membranes in the as-received state (A) and after immersion in water at 90 °C for 24 
hours (B).  (Magnified region = 3x digital zoom) 
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In-plane proton conductivity measurements were then collected for the membrane in the 

phase separated and as-received state.  Measurements were taken at 80 °C over a range of 

relative humidities, and the data is shown in Figure 6.39. 
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Figure 6.39.  In-plane proton conductivity vs. relative humidity for MCS 20% PVDF 
copolymer blend membranes in the as-received state (solid curve) and after immersion in 
water at 90 °C for 24 hours (dashed curve). 
 
With the increase in phase separation, a 40% decrease in proton conductivity at 75% RH 

is observed.  Thus we see that morphology is directly related to proton conductivity.  

More specifically, for the MCS 20% PVDF copolymer blend membrane, increased phase 

separation was detrimental to proton conductivity. 
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Figure 6.40.  Fuel cell performance of MCS 20% PVDF copolymer blend membranes in 
the as-received state (blue circles) and after immersion in water at 90 °C for 24 hours (red 
triangles).  (Open symbols = power density, closed symbols = cell voltage) 
 
A similar effect was also observed for fuel cell performance of MCS 20% PVDF 

copolymer blend membranes prepared under the same conditions.  After phase 

separation, a drastic decrease in fuel cell performance was noted (Figure 6.40), 

suggesting that enhanced phase separation not only reduces proton conductivity but also 

overall fuel cell performance.  
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30% Relative Humidity.  To investigate the effects of hygrothermal aging on the blend 
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that all “Original Cast” SCS blend membranes exhibit a general decrease in phase texture 

upon hygrothermal annealing at 90 °C and 30% RH for 1 week.  It appears, from this 

data, that the introduction of humidity at the relevant fuel cell operating temperature of 

90 °C promotes enhancement of the degree of phase mixing and a decrease in blend 

immiscibility.  This phase behavior mimics that of the MCS blend membranes, 

suggesting that the inherent hydrophilic nature of the ionomer materials investigated 

facilitates plasticization and subsequent morphological rearrangement upon hydration, 

regardless of the placement of sulfonic acid moieties relative to the PFCB backbone.  It is 

also noted that the plasticization effect is sufficient to overcome limitations to chain 

mobility stemming from the presence of crystalline domains distributed throughout the 

ionic matrix. 
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Figure 6.41.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.42.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
 

100 μm 1 μm -1 

1 μm -1 
100 μm 

“Original Cast” SCS 20% PVDF Copolymer Blend Membranes 

As-Received A 

Hygrothermally Aged @ 90 °C, 30% RH for 168 h (1 week) B 



391 

Figure 6.43.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.44.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.45.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.46.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.47.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.48.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Hygrothermal Aging of “Newly Cast” SCS Blend Membranes at 90 °C and 

30% Relative Humidity.  The hygrothermal aging procedure, carried out for 168 h, 

appears to not have detrimentally affected the blend stability of the “Newly Cast” SCS 

membranes over the entire compositional range.  No development of phase texture is 

witnessed as a function of the hygrothermal aging treatment (Figures 6.49-52), indicating 

that membranes have retained their initial morphological arrangement as well as the high 

degree of phase mixing evident from the absence of phase texture in the as-received state.  

These observations are further verified by the SALLS profiles for each “Newly Cast” 

SCS blend membrane.  In comparison with the reported effect on the “Original Cast” 

SCS membranes, it appears that the new casting procedure has not increased the 

membranes’ susceptibility to phase separation by hygrothermal annealing under these 

conditions, in contrast to the observations made upon thermal annealing under dry 

conditions.  
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Figure 6.49.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.50.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.51.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.52.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 30% RH for 168 h (1 week) (B).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.53.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.54.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.55.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.56.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.57.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.58.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.59.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.60.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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 The phase texture present in the as-received “Original Cast” SCS blend 

membranes appears to be decreased as a result of hygrothermal aging for 168 h, 

indicating that humidified aging at 90 ºC and 95% RH for extended periods of time may 

lead to an increased degree of phase mixing for all blend compositions (Figures 6.53-60).  

However, after 24 h of hygrothermal aging, the “Original Cast” SCS 20% PVDF 

copolymer blend membrane undergoes a increase in phase texture and exhibits high 

intensity scattering near the beamstop that may be an indication of large scale phase 

separation (Figure 6.54B).  Upon initial hydration of the ionic domains within the 

PFCB/PVDF copolymer blends, morphological rearrangement may lead to an initial 

enhancement of phase separation before an increase in phase mixing may be achieved. 

Hygrothermal Aging of “Newly Cast” SCS Blend Membranes at 90 °C and 

95% Relative Humidity.  The SCS blend membranes prepared by the new casting 

procedure have been investigated after hygrothermal annealing at 90 °C and 95% relative 

humidity for 24 and 168 h.  The resulting phase contrast micrographs and corresponding 

SALLS profiles are presented in Figures 6.61-64. 
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Figure 6.61.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.62.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.63.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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Figure 6.64.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging at 90 °C and 95% RH for 24 h (B), and 168 h (1 week) (C). (Mag. 
Region = 3x digital zoom) 
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No development of phase texture was observed upon hygrothermal aging of the “Newly 

Cast” SCS 10% PVDF copolymer blend membranes for 168 h (Figures 6.61C and 

6.62C, respectively).  However, a slight increase in phase texture was noted for the 

“Newly Cast” 30 and 40% PVDF copolymer blends (Figures 6.63C and 6.64C, 

respectively), suggesting that humidified aging at 90 ºC and 95 %RH for 168 h may yield 

a decrease in phase mixing for these compositions.  The micrographs collected for 

“Newly Cast” samples hygrothermally aged at 90 °C and 95% RH for 24 hours were also 

analyzed to determine whether similar effects are noted at shorter time periods of 

hygrothermal aging.  The results show a decrease in phase texture for all of the blend 

compositions, even for the “Newly Cast” 30 and 40% PVDF copolymer membranes 

(Figures 6.63B and 6.64B, respectively).  From this evidence, it is clear that increased 

phase texture and therefore a decrease in phase mixing is only experienced for the 

“Newly Cast” 30 and 40% PVDF copolymer blend membranes after annealing at 90 °C, 

95% RH for extended times.  Such behavior may be a result of the new casting 

procedure; however, further research would be required to isolate the particular 

processing event which leads to increased morphological rearrangement for these specific 

blend compositions. 

Hygrothermal Aging of “Original Cast” SCS Blend Membranes by Boiling in 

Liquid Water.  Having examined the effects of hygrothermal aging in the presence of 

different levels of relative humidity on phase morphology in the SCS blend membranes, 

we were interested to determine the effect hygrothermal aging in liquid water would have 

on these samples.  To investigate the effect of boiling on the phase stability of the SCS 

blend materials, each membrane has been boiled for 1 h and compared to the membrane 
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in the as-received state.  To investigate the effect as a function of time, the blends have 

also been boiled in liquid water for 24 h and subsequently analyzed.  The phase contrast 

micrographs for each composition are presented in Figures 6.65-72.   

Boiling in water for 1 h eliminates the large-scale heterogeneities which are 

observed in the as-received “Original Cast” SCS 10-30% PVDF copolymer blend 

membranes (Figures 6.65B, 6.66B, and 6.67B, respectively) and reduces the phase 

texture present in each of the as-received “Original Cast” SCS membranes (Figures 6.65-

72).  The most dramatic decrease in phase texture is observed in the  “Original Cast” SCS 

10, 20, and 50% PVDF copolymer blend membranes (Figures 6.65B, 6.66B, and 6.69B, 

respectively) while there is still a significant amount of texture present in the “Original 

Cast” SCS 30, 40, 60, 70, and 80% PVDF copolymer blend membranes (Figures 6.67-

68, and 6.70-72).  From this data, it appears that boiling increases the degree of phase 

mixing in the “Original Cast” SCS membranes, particularly for the membranes with 10, 

20, and 50% PVDF copolymer content.   
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Figure 6.65.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.66.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.67.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.68.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 

100 μm 1 μm -1 

1 μm -1 
100 μm 

1 μm -1 
100 μm 

“Original Cast” SCS 40% PVDF Copolymer Blend Membranes 

As-Received A 

Boiled in water for 1 h B 

Boiled in water for 24 h C 



421 

Figure 6.69.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.70.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.71.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.72.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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 Hygrothermal aging by boiling in water for 24 h induces a similar increase in the 

degree of phase mixing for the “Original Cast” SCS blend membranes for all 

compositions.  The effect is weakest for the 60% PVDF copolymer blend (Figure 

6.70C), for which the resultant phase texture is fairly similar compared to the as-received 

material (Figure 6.70A).  Still, it is clear that hygrothermal aging by boiling in water is 

sufficient to enhance the degree of phase mixing for the “Original Cast” SCS blend 

membranes.  In comparison to MCS blends of similar compositions, it appears that the 

incorporation of the SCS ionomer has improved blend stability.  The variations in phase 

behavior between the two ionomer blend materials could possibly arise from the 

differences in sulfonate positioning relative to the relatively rigid ionomer backbone.  

Placement of the ionic moieties on flexible sidechains (as in the SCS ionomer), may 

facilitate ionic aggregation due to enhance mobility.  Organization of the sulfonate 

groups into a well-define ionic domain creates an electrostatic network which is less 

affected by hydration and related morphological rearrangement.  Therefore, this 

phenomenon would give rise to greater hydrolytic stability in the SCS membranes 

compared to MCS blends whose sulfonate groups are restricted in mobility by placement 

directly on the rigid aromatic ionomer backbone.  This theory is in agreement with the 

observations made in comparing the effect of hygrothermal aging by boiling in water for 

1 and 24 h intervals. 

Hygrothermal Aging of “Newly Cast” SCS Blend Membranes by Boiling in 

Liquid Water.  SCS blend membranes cast via the new method were also studied for 

their blend stability upon hygrothermal aging by boiling in water for 1 and 24 h.   
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Figure 6.73.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 

100 μm 1 μm -1 

1 μm -1 
100 μm 

1 μm -1 
100 μm 

“Newly Cast” SCS 10% PVDF Copolymer Blend Membranes 

As-Received A 

Boiled in water for 1 h B 

Boiled in water for 24 h C 



427 

Figure 6.74.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.75.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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Figure 6.76.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by boiling in water for 1 h (B), and 24 h (C).  (Mag. Region = 3x 
digital zoom) 
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The phase contrast micrographs and SALLS profiles for the as-received and 

hygrothermally aged samples are shown in Figures 6.73-76.  Boiling for 1 h does not 

yield texture in the “Newly Cast” SCS 10 and 20% PVDF copolymer blend membranes 

(Figures 6.73B and 6.74B, respectively), while texture develops in the  “Newly Cast” 

SCS 30 and 40% membranes (Figures 6.75B and 6.76B).  This would suggest that 

boiling increases the degree of phase mixing for the 10 and 20% blend membranes but 

decreases the degree of phase mixing in the 30 and 40% blend membranes. 

In many of the boiled membranes we have observed an increase in the quantity of 

defects in the membranes.  To more accurately track the defect content as a result of 

boiling, we marked a “Newly Cast” SCS 40% PVDF copolymer membrane using 

permanent ink then imaged at specific points around the markings before and after 

boiling in water for 1 h to qualitatively determine the effect on defect content.  Phase 

contrast micrographs of the marked as-received and boiled samples are presented in 

Figure 6.77.  By comparing each of the marked, as-received and boiled samples, we see 

an increase in the size and quantity of defects after boiling in water for 1 h.  Selected 

regions in each micrograph are color-coded for ease of comparison.  This data supports 

our theory that boiling may increase the quantity of defects and also the sizes of 

individual defects.  This is important since proton exchange membranes are likely to be 

exposed to liquid water due to flooding at the cathode.  With the combination of heat and 

water, exploitation of defects may alter mechanical properties and possibly membrane 

performance in general.  Further work should be conducted to investigate the actual 

implications of the defect growth as a function of exposure to operating temperatures and 

humidities. 
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Figure 6.77.  Phase contrast micrographs of “Newly Cast” SCS 40% PVDF copolymer 
blend membranes marked in the as-received and boiled (for 1 h) states.  A) Marked, as-
received (Sample 1), B) marked, boiled for 1 h (Sample 1), C) marked, as-received 
(Sample 2), D) marked, boiled for 1 h (Sample 2). 
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Filtration and Recasting of an “Original Cast” SCS 30% PVDF Copolymer 

Blend Membrane.  Having observed an increase in defect content (and defect size) as a 

result of boiling in water for 1 h, it was proposed that elimination of the majority of the 

defects in the as-received membranes may be beneficial.  One possible approach to 

reducing the defect content involves the dissolution, filtration, and recasting of the as-

received membranes.  An as-received “Original Cast” 30% PVDF copolymer blend 

membrane was filtered and recast then imaged using phase contrast microscopy after 

removal from the hot plate and again following vacuum drying.  The filtered/recast 

membrane was compared to the as-received membrane to qualitatively determine the 

effect of filtration and recasting on defect content (see Figure 6.78). 
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Figure 6.78.  Phase contrast micrographs of “Original Cast” SCS 30% PVDF copolymer 
membrane in the as-received and filtered/recast states.  A) As-received (imaged twice), 
B) filtered/recast membrane after casting at 80 ºC for 2 h, C) filtered/recast membrane 
after vacuum drying at 80 ºC for 1 h.  (Mag. Region = 3x digital zoom) 
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Figure 6.78 shows that filtering and recasting of the “Original Cast” SCS 30% 

PVDF copolymer greatly decreases the quantity of defects in the cast membrane.  This is 

true for the membrane both before and after vacuum drying (Figure 6.78B and C, 

respectively).  Having obtained membranes with fewer defects, we boiled the 

filtered/recast membrane for 1 h to investigate the effect of boiling and subsequently 

compared the results to those seen after boiling the as-received materials.  The 

micrographs are presented in Figure 6.79. 

Figure 6.79.  Phase contrast micrographs of “Original Cast” SCS 30% PVDF copolymer 
filtered/recast membrane in the as-cast and boiled (for 1 h) states.  A) As-cast (imaged 
twice), B) boiled in water for 1 h.  (Mag. Region = 3x digital zoom) 
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Boiling in water has, in fact, increased the quantity of defects present in the filtered/recast 

membrane (see Figure 6.79B), a result similar to those of the boiled as-received 

membranes.  The phase texture present in the boiled membranes (Figure 6.79B) is more 

well-defined when compared to the as-cast state (Figure 6.79A).  The implications of the 

increase in defect content must be investigated further to determine the potential effect on 

mechanical properties and overall membrane performance. 

Hygrothermal Aging of “Original Cast” SCS Blend Membranes by 

Immersion in Liquid Water at 90 °C.  Having investigated the effect of hygrothermal 

aging by boiling in liquid water on the morphological features of the SCS blend 

membranes, a similar study was conducted to determine the effect of hygrothermal aging 

while immersed in water at 90 °C for 24 and 168h.  This investigation will provide 

insight as to the morphological stability of these blend membranes upon exposure to a 

relevant fuel cell operating temperature in the presence of liquid water.  This is a relevant 

study, since it is likely for a fuel cell membrane to come in direct contact with liquid 

water (e.g., cathode flooding) at fuel cell operating temperatures such as 90 °C.  Figures 

6.80-87 present the micrographs of the “Original Cast” SCS blend membranes containing 

10-80% PVDF copolymer content before and after annealing at 90 °C while immersed in 

water for 24 h.  The membranes which contain less than 40% PVDF copolymer content 

show a reduction in large-scale heterogeneities and a decrease in phase texture upon 

immersion at 90 °C for 24 h (see Figures 6.80B, 6.81B, and 6.82B).  Phase texture was 

first observed for the membrane with 40% PVDF copolymer content (Figure 6.83B) as 

well as in the micrographs for all membranes with more than 40% PVDF copolymer 

content (Figures 6.84B, 6.85B, 6.86B, and 6.87B); however, in all cases the phase 
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texture was less pronounced compared to that of the as-received materials.  This 

observation suggests that the combined exposure to 90 °C and liquid water for 24 h 

enhances the degree of phase mixing for all blend compositions.  Additionally, 

hygrothermal annealing by immersion in liquid water at 90 °C for 168 h yields phase 

texture in all SCS “Original Cast” blend membranes containing more than 20% PVDF 

copolymer content.  It is likely that the phase texture in these blend membranes arises 

from the presence of crystallites in the semicrystalline PVDF copolymer component 

preventing adequate phase mixing. 
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Figure 6.80.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 

100 μm 1 μm -1 

1 μm -1 
100 μm 

1 μm -1 
100 μm 

“Original Cast” SCS 10% PVDF Copolymer Blend Membranes 

As-Received A 

Immersed in water at 90 °C for 24 h B 

Immersed in water at 90 °C for 168 h (1 week) C 



439 

 
Figure 6.81.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.82.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.83.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.84.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
50% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.85.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
60% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.86.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
70% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.87.  Phase contrast micrographs and SALLS profiles for “Original Cast” SCS 
80% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Hygrothermal Aging of “Newly Cast” SCS Blend Membranes by Immersion 

in Liquid Water at 90 °C.  Figures 6.88-91 show the micrographs of the “Newly Cast” 

SCS 10-40% PVDF copolymer blend membranes after hygrothermal aging while 

immersed in water at 90 °C for 24 and 168 h.  While the 10 and 20% PVDF copolymer 

blends exhibit no phase texture indicating phase stability under the hygrothermal aging 

treatment (Figures 6.88 and 6.89, respectively), the 30 and 40% PVDF copolymer blend 

membranes show the development of phase texture following the treatment (Figures 6.90 

and 6.91, respectively).  These data show that the 30% membranes prepared by the new 

casting procedure exhibit more pronounced phase texture than the “Original Cast” SCS 

30% PVDF copolymer membranes, suggesting that while the new process eliminates 

wrinkles in the as-received membrane, it may directly affect the overall phase stability.  

On the contrary, the phase texture in both the “Original Cast” and “Newly Cast” SCS 

40% PVDF copolymer blend membranes is rather similar, indicating that the membrane’s 

phase stability may not be influenced by the casting procedure.  The phase texture 

present, particularly for the “Newly Cast” SCS 30% PVDF copolymer blend membrane, 

suggests that the addition of liquid water during the annealing process (as opposed to 

thermal annealing under dry conditions) further influences the morphological 

reorganization of the membranes.  This type of behavior is believed to stem from the 

plasticization effect of the liquid water on the hydrophilic phase in conjunction with the 

increased thermal energy which promotes chain mobility and therefore morphological 

rearrangement. 
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Figure 6.88.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
10% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.89.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
20% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Figure 6.90.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
30% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 

100 μm 1 μm -1 

1 μm -1 
100 μm 

1 μm -1 
100 μm 

“Newly Cast” SCS 30% PVDF Copolymer Blend Membranes 

As-Received A 

Immersed in water at 90 °C for 24 h B 

Immersed in water at 90 °C for 168 h (1 week) C 



450 

 
Figure 6.91.  Phase contrast micrographs and SALLS profiles for “Newly Cast” SCS 
40% PVDF copolymer blend membranes in the as-received state (A) and following 
hygrothermal aging by immersion in water at 90 °C for 24 h (B), and 168 h (1 week) (C).  
(Mag. Region = 3x digital zoom) 
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Conclusions 

Hygrothermal aging at 90 °C and 30% RH for 168 h has effectively increased the 

degree of phase mixing for all MCS membranes, regardless of blend composition.  An 

increase in humidity to 95% RH at 90 °C has also yielded an overall improvement in the 

degree of phase mixing for these blends.  Immersion in water at 90 °C, a relevant fuel cell 

operating temperature, has proven detrimental to the degree of phase mixing for the MCS 

10-30% PVDF copolymer blends, while the remaining compositions are virtually 

unaffected by the hygrothermal aging procedure.  Upon boiling in water for 24 h, the 

MCS blend membranes yielded a drastic increase in phase separation for the MCS 10% 

PVDF copolymer blend membrane and a slight increase in phase texture for the MCS 40-

90% PVDF copolymer blends.  Contrastingly, a decrease in phase separation was 

observed for the MCS 20-30% PVDF copolymer blend membranes.  From these 

observations, we conclude that exposure to both temperature and humidity effectively 

increase the degree of phase mixing for all MCS blend compositions; however, the 

introduction of liquid water at 90 °C yields a profound increase in phase dimensions for 

MCS blends with low PVDF copolymer content (high ionomer content).   

At 90 °C, it appears that the morphological response to hygrothermal aging is 

dictated by blend composition.  With increasing ionomer content, aging in liquid water 

has a more profound effect on the blend morphology.  This dependence stems from the 

hydrophilicity of ionomeric materials and the subsequent increase in ionomer mobility 

upon hydration.  It appears that humidification at 90 °C is sufficient to unpin the blend 

morphology and yield morphological rearrangement. 
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 The effect of phase separation on proton conductivity has been explored for an 

MCS 20% PVDF copolymer blend membrane.  Upon increased phase separation, a 

marked decrease in proton conductivity has been observed.  Similarly, fuel cell 

performance was detrimentally affected by increased morphological rearrangement.  

Therefore, we see the importance of understanding the morphological behavior of a blend 

when used as a proton exchange membrane and exposed to both temperature and 

humidity/liquid water during fuel cell applications.  Furthermore, we have observed the 

implications of membrane morphology on the fuel cell performance and proton 

conduction of ionomeric/semicrystalline blends. 

Hygrothermal aging at 90 °C and 30% RH for the SCS blend membranes yields 

an increase in phase mixing for the “Original Cast” membranes but has virtually no effect 

on the “Newly Cast” materials.  When the relative humidity is increased to 95%, the 

improvement in phase mixing persists for the “Original Cast” membranes, but the 

“Newly Cast” blends with 30 and 40% PVDF copolymer content undergo increased 

phase separation.  The introduction of liquid water at 90 °C also yields a decrease in 

phase texture for the “Original Cast” SCS membranes, but only for blend compositions of 

less than 40% PVDF copolymer content.  All other “Original Cast” membranes are 

unaffected by the hygrothermal aging by immersion at 90 °C and exhibit phase texture 

similar to that observed in the as-received state.  Boiling in water eliminates the large-

scale heterogeneities which are observed in the as-received “Original Cast” SCS 10-30% 

PVDF copolymer blend membranes and reduces the phase texture present in each of the 

as-received “Original Cast” SCS membranes.  This effect is particular pronounced for 

blends with high ionic content.  However, the phase mixing has decreased upon boiling in 
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water for the “Newly Cast” SCS membranes with 30 and 40% PVDF copolymer content. 

It appears that while the new casting procedure effectively eliminates large-scale 

heterogeneities present in the as-received SCS blend membranes, the resulting 

membranes, particularly those with 30 and 40% PVDF copolymer content, are more 

susceptible to morphological rearrangement upon hygrothermal annealing.  We also note 

that the boiling treatment increases the quantity and size of defects in many of the 

membranes in general, and filtration/recasting does not decrease the tendency of 

development and growth of defects upon boiling. 

 In comparing the MCS and SCS membranes, it appears that the effects of 

hygrothermal aging are reduced for the SCS membranes.  The variations in phase 

behavior between the two ionomer blend materials could be attributed to the differences 

in sulfonate positioning relative to the relatively rigid ionomer backbone.  Placement of 

the ionic moieties on flexible sidechains (as in the SCS ionomer), may facilitate ionic 

aggregation due to enhanced mobility.  Organization of the sulfonate groups into a well-

defined ionic domain may yield an electrostatic network which is less affected by 

hydration and related morphological rearrangement.  Therefore, this phenomenon would 

give rise to greater hydrolytic stability in the SCS membranes compared to MCS blends 

whose sulfonate groups are restricted in mobility by placement directly on the rigid 

aromatic ionomer backbone.  This theory is in agreement with the observations made in 

our investigation of morphological stability in these PFCB/PVDF copolymer blends. 

 Furthermore, the increase in phase stability for the SCS blends in comparison 

with MSC blend membranes may be influenced by differences in the fluorine content and 

may also affect the crystallizability within the two systems.  With an increase in fluorine 
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content, the compatibility between the PFCB ionomer and the PVDF copolymer 

component is believed to also increase, thereby increasing the degree of phase mixing.  In 

particular, the introduction of perfluorinated sidechains to the PFCB ionomer component 

may have provided sufficient fluorine content to yield the increased phase mixing 

observed for the SCS blend systems.  For binary blends comprised of an amorphous and a 

semicrystalline component, an increase in the degree of phase mixing is commonly 

indicated by a decrease in the degree of crystallinity.  This behavior is derived from the 

decreased ability of the semicrystalline component to crystallize with improved 

compatibility with the amorphous component.  Preliminary data suggests that the SCS 

blend membranes have a significantly lower degree of crystallinity in comparison to the 

MCS blend materials.  It is therefore likely that the decrease in crystallinity may be 

attributed to a higher degree of phase mixing within the SCS blend materials relative to 

that of the MCS materials. 
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CHAPTER VII 

FUTURE WORK 

Introduction 

In previous research, we have focused on the study of the morphology and blend 

stability of a series of ionomeric PFCB/PVDF copolymer blend membranes.  Our 

investigations have included membranes in the as-received state and following a variety 

of ex-situ aging procedures including thermal annealing, immersion in liquid water, and 

the combined exposure to temperature and hydration (termed “hygrothermal aging”).  

Through our analyses, we have determined the morphological response of these blend 

membranes to the applied aging parameters as well as the implications of phase 

separation behavior on proton conductivity and fuel cell performance when operated at 

standard operating conditions.  While our studies have encompassed blends of varying 

compositions, ionomers of different sulfonate placement, and different casting 

procedures, there remains quite a substantial measure of fundamental understanding to be 

gained regarding the blend stability and phase behaviors of these membrane materials. 

 

Experimental 

Materials.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) 

membranes composed of PFCB Ionomers (from Tetramer Technologies, LLC) and a 

PVDF copolymer (Kynar Flex® from Arkema) were received from General Motors Fuel 

Cell Research Laboratory and used without further manipulation (see Figure 7.1).  IEC 

values are 2.0 meq/g and 1.1 meq/g for the MCS and SCS PFCB ionomers, respectively.  
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Blend compositions investigated include 10-90 wt% PVDF copolymer (MCS) and 10-80 

wt% PVDF copolymer (SCS). 
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Figure 7.1.  Main chain sulfonated (MCS) and sidechain sulfonated (SCS) blend 
membrane components: perfluorocyclobutane ionomer (PFCB) and poly(vinylidene 
difluoride) (PVDF) copolymer. 
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The MCS membranes 

were cast by General Motors using the following procedure: 
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Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 

  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 
The SCS membranes were cast by General Motors using the “Original Casting 

Procedure” and also a modified technique termed the “New Casting Procedure”: 

  New Casting Procedure: 
  Same as “Original Casting Procedure,” but hot pressing step  

eliminated and vacuum drying step added 
   
The SCS membranes studied in this work will be referred to as “Originally Cast” or 

“Newly Cast” to indicate the procedure by which they were cast.   

Focused Ion Beam (FIB), Scanning Electron Microscopy (SEM), and Energy 

Dispersive Spectroscopy (EDS).  A FEI Helios 600 NanoLab system consisting of a 

high-resolution SEM and a focused ion beam were used in conjunction with a Pegasus 

XM 4 Integrated EDS to image bulk morphology and elemental composition of a phase 

separated MCS 40% PVDF copolymer membranes prepared by thermal annealing at 200 

°C for 24 h. 
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Results and Discussion 

To investigate the morphology of a phase separated membrane cross-section, an 

MCS 40% PVDF copolymer blend membrane was first thermally annealed at 200 °C for 

24 h to induce extensive phase separation.  The phase separated membrane was 

selectively sectioned using FIB and SEM coupled with EDS to study the bulk 

morphology and elemental composition.  Preliminary data is presented in Figures 7.2-4.  

The surface morphology of the phase separated membrane is displayed in the 

micrographs shown in Figure 7.2. 

 
Figure 7.2.  SEM images of the surface of a phase separated MCS 40% PVDF 
copolymer blend membrane. 
 
A thin layer of platinum was deposited onto the membrane surface at the desired 

sectioning location.  The FIB was then used to section the specified region and allow for 

imaging of the morphology beneath the phase separated, ‘bubbled’ domains.  SEM 

images of the platinum deposition and FIB sectioned sample are presented in Figures 

7.3A and B, respectively. 
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Figure 7.3.  SEM image of platinum deposition on the membrane surface (A) and a 
sectioned region of the phase separated MCS 40% PVDF copolymer membrane (B). 
 
The close-up view of the cross-sectioned, phase separated membrane shown in Figure 

7.4 exhibits a phase boundary beneath the ‘bubbled’ domain, suggesting that the phase 

domains are isolated on the surface of the membrane and do not extend into the bulk of 

the sample. 

 
Figure 7.4.  SEM images of a cross-sectioned, phase separated MCS 40% PVDF 
copolymer blend membrane. (The phase boundary separating the ‘bubbled’ domain from 
the continuous polymer matrix is indicated by the arrow.) 

 

phase boundary 
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Having successfully sectioned  the phase separated MCS 40% PVDF blend 

membrane, and having detected a phase boundary separating the ‘bubbled’ phase domain 

from the continuous polymer matrix, EDS analysis was conducted to attempt elemental 

analysis of the raised domain as well as the bulk matrix.  Preliminary EDS data proved 

inconclusive as to the composition of the distinct domains.  Further analysis must be 

conducted to further investigate the composition of the phase separated domains and to 

verify previously reported EDX data suggesting the ‘bubbled’ domains are PVDF 

copolymer-rich regions located within a PFCB ionomer-rich matrix (see Chapter 4).  In 

addition to further FIB analysis, a vast amount of characterization tools are available 

which may offer insight into the morphological behavior of these blend membranes and 

the impact of morphology on membrane properties and performance. 

As we have developed an assortment of techniques by which blend membrane 

morphology may be altered (i.e., thermal annealing, immersion, and hygrothermal aging), 

the creation of a morphological library of materials with varying degrees of phase 

separation would provide a platform upon which a wealth of durability and performance 

information could be established.  The systematic study of morphological manipulation 

and its corresponding implications regarding membrane properties is essential to 

understanding the suitability of the blend membranes for practical applications. 

In order to understand the full impact that morphological rearrangement and 

phase stability have on the blend membranes, an essential correlation must be established 

between the mechanical properties and the morphological observations reported herein.  

Dynamic Mechanical Analysis (DMA) can be used to probe the thermomechanical 

relaxations of both the polymer blend components as well as the blend membranes.  By 
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correlation of the thermomechanical and morphological behaviors, insight into the origins 

of phase separation may be more fully comprehended.  Furthermore, the probing of 

thermomechanical transitions should be conducted under both dry and humidified 

conditions to understand the constitutive properties of the materials with response to 

various environments.   

To further explain the stiffening behavior of the blends in response to 

preconditioning treatments explained in Chapter 4, DMA and tensile testing of as-

received and morphologically manipulated samples may prove useful.  Water uptake 

analysis on membranes with varying degrees of phase separation may also give valuable 

information regarding membrane stiffening and the corresponding effects of morphology. 

Small-Angle X-Ray Scattering (SAXS) can be employed to further investigate the 

crystalline and ionomer domains within the as-received membranes as well as the 

alteration of these regions upon response to ex-situ stimuli.  To determine the impact of 

sulfonate placement relative to the PFCB polymer backbone, the ionomer domain must 

be thoroughly examined and correlated to both morphological observations and 

mechanical properties.  Furthermore, the role of crystallinity within the membrane has 

been only briefly addressed, but the complex morphological contributions of the 

crystalline component must be understood in order to optimize membrane performance.  

A study of the relationship between the fractional degree of crystallinity and blend 

composition can also provide valuable insight into the properties of the semicrystalline 

PVDF copolymer component.  Additionally, nonisothermal crystallization studies using 

DSC will provide further insight into the crystallization kinetics of both the main chain 

sulfonated and sidechain sulfonated blends. 
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Finally, while phase contrast microscopy has proven essential in the 

characterization of morphological rearrangement in the blend membranes, atomic force 

microscopy (AFM) studies of the blend membrane surfaces may confirm the presence (or 

absence) of phase separation detail on the nanometer scale.  Our understanding of the 

extent, origin, and significance of morphological response in ionomeric PFCB/PVDF 

copolymer blend membranes is somewhat limited.  By exploring the complicated 

morphologies of these materials, we can potentially improve upon membrane processing, 

optimize fuel cell performance, and even design analogs for a variety of other 

applications.  The work presented herein provides a foundation which may be expounded 

upon in order to more fully comprehend the behavior of these complex materials and the 

conclusive role of blend membrane morphology. 

 

Conclusions 

 Preliminary data has shown evidence of the isolation of ‘bubbled’ phase domains 

at the surface of the phase separated MCS 40% PVDF copolymer blend membrane.  

Several experiments have been explained which can be conducted as future work (e.g., 

DMA, SAXS, AFM, etc) to correlate membrane morphology and properties. 
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APPENDIX A 

INFLUENCE OF BLEND COMPOSITION ON THE CRYSTALLIZATION 

KINETICS OF MAIN CHAIN SULFONATED IONOMERIC 

PERFLUOROCYCLOBUTANE (PFCB)/POLY(VINYLIDENE DIFLUORIDE) 

(PVDF) COPOLYMER BLEND MEMBRANES 

Introduction 

Thermal analysis via DSC experimentation facilitates the evaluation of the 

miscibility of polymer blends and the determination of the effect of blend composition 

upon crystallization kinetics.  It is well established that evaluation of blend miscibility is 

generally possible by monitoring the behavior of the glass transition temperature (Tg) of 

the blend system.  A miscible blend comprised of one semicrystalline and one amorphous 

component will exhibit a Tg at temperature which is intermediate between those of the 

individual blend components, while immiscibility in a polymer blend is indicated by the 

presence of multiple Tg’s characteristic of the pure blend materials.1, 2   

Depending upon the degree of phase mixing, the blending of a semicrystalline 

material with an amorphous polymer also yields changes in the crystalline melting point 

of the semicrystalline component, the degree of crystallinity, and the crystallization 

kinetics relative to that of the pure semicrystalline blend component.2-7  In the instance of 

immiscibility, often signaled by the presence of phase separation, the blend will exhibit 

crystalline behavior comparable to the pure semicrystalline component.  However, for a 

miscible blend, a decrease in the crystalline melting temperature (Tm) and a decrease in 

the degree of crystallinity are commonly noted.  Prediction of the melting point 

depression can be calculated using the relationship described by Equation A-1, as proven 
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by Nishi and Wang where o
mbT  is the equilibrium melting temperature of the blend; o

mT  is 

the equilibrium melting temperature of the crystalline polymer component; R is the gas 

constant, o
fHΔ is the heat of fusion for the 100% crystalline polymer; 1ν and 2ν  are the 

molar volumes of the crystalline and amorphous polymers, respectively; and 2φ  

represents the volume fraction of the crystalline polymer.2, 4 
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From Equation A-1, the polymer-polymer interaction parameter ( 12χ ) can be 

quantitatively determined, given that the equilibrium melting temperatures have been 

accurately measured.  These values can be obtained by plotting the observed non-

equilibrium melting temperature (Tm) as a function of isothermal crystallization 

temperature (Tc).  The o
mT  is identified as the point of intersection between the best fit 

line through the Tm data with a line representing Tm=Tc.  The value of the calculated 

interaction parameter dictates the melting behavior of the blend containing a crystalline 

and amorphous component.  If the interaction parameter is negative, a melting point 

depression will be observed, and the ability of the blend to form a thermodynamically 

stable and compatible mixture at temperatures greater than the melting point is 

confirmed.2, 4  Furthermore, the crystallization kinetics for polymer blend systems have 

been found to be inversely dependent upon both the cooling rate as well as the blend 

composition.  For blends composed of a semicrystalline component and an amorphous 

component, the crystallization temperature decreases with increasing cooling rate as well 

as the amorphous content.  These factors limit the ability of the crystallizable polymer 

chains to migrate and form crystallites behaviors and therefore cause the generally 
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observed melting point depression.2, 5-7  In this work, we investigate the dependence of 

the crystallization kinetics on composition for a series of ionomeric PFCB/PVDF 

copolymer blend membranes. 

 

Experimental 

Materials.  Main chain sulfonated (MCS) blend membranes composed of a PFCB 

Ionomer (from Tetramer Technologies, LLC) and a PVDF copolymer (Kynar Flex® from 

Arkema) were received from General Motors Fuel Cell Research Laboratory and used 

without further manipulation (see Figure A.1).  The IEC of the MCS PFCB ionomer is 

2.0 meq/g.  Blend compositions investigated include 10-90 wt% PVDF copolymer 

(MCS) and 10-80 wt% PVDF copolymer (SCS). 
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Figure A.1.  Main chain sulfonated (MCS) blend membrane components: 
perfluorocyclobutane ionomer (PFCB) and poly(vinylidene difluoride) (PVDF) 
copolymer. 
 

All membranes were cast from N,N’-dimethylacetamide (DMAc) and are 

approximately 18 µm thick (MCS) and 10-12 µm thick (SCS).  The blend membranes 

were cast by General Motors using the following procedure: 
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Original Casting Procedure: 
· Cast ionomer solution onto glass 
· Air dry at 80 °C in oven for 1 hour 

  · Remove film from glass substrate in water 
  · Heat to boiling for 1 hour 
  · Dry at 65 °C for 16 hours 
  · Dissolve dry film 
  · Add desired amount of PVDF solution 
  · Roll-mill solution for 16 hours 
  · Cast on glass 
  · Air dry at 50 °C 
  · Dry at 80 °C for 1 hour in oven 
  · Remove film from glass substrate in water 
  · Heat to 80 °C for 1 hour 
  · Wash film with water, blot and air dry 
  · Place wrinkled films between Teflon sheets 
  · Hot press at 0 psi and 235 °F for 2 minutes 
  · Hot press at 35 psi and 235 °F for 2 minutes 
  · Remove wrinkle free film 
 

Thermal Analysis.  Thermal analysis was performed on a TA Instruments Q2000 

differential scanning calorimeter.  Samples of approximately 1 mg weight were sealed in 

standard aluminum pans, and nitrogen was purged through the calorimeter at a rate of 50 

mL/min.  All data was analyzed using TA Instruments Universal Analysis 2000 software.  

Samples were equilibrated at 25 °C the ramped from 25 to 250 °C at a rate of 20 °C/min.  

After holding isothermally at 250 °C for 1 min, samples were rapidly cooled to the 

respective isothermal crystallization temperature (Tc) at a rate of 100 °C and held 

isothermally at the Tc for 1 h.  Following the isothermal crystallization step, the samples 

were rapidly cooled to -100 °C and held isothermally for 1 min before conducting the 

second heating scan by ramping to 350 °C at a rate of 20 °C/min.  Samples were 

isothermally crystallized at temperatures ranging from 85 to 124 °C.  All crystalline 

melting peaks were analyzed from the second heating curve to ensure erasure of thermal 

history. 



468 

Results and Discussion 

 Crystallization Kinetics of MCS Blend Membranes as a Function of Blend 

Composition.  In the investigation of the MCS blend membranes in the as-received state, 

we have shown that the blends exhibit some degree of phase mixing through the 

identification of a crystalline melting point depression with increasing quantity of the 

amorphous blend component.  This work investigates the effect of blend composition on 

the crystallization kinetics.  Isothermal crystallization studies have been conducted on the 

MCS 40, 50, and 70% PVDF copolymer blend membranes and compared to the pure 

PVDF copolymer material.  The area of the crystallization exotherms observed in the 

DSC thermograms have been determined and integrated in order to determine the 

fractional degree of crystallinity as a function of time.  From this data, the crystallization 

half-time has been calculated as the amount of time required for the development of 50% 

of the total amount of crystallinity created during the isothermal crystallization hold.  The 

fractional degree of crystallinity and the crystallization half-time have been determined 

by analysis of the crystallization exotherm observed at each Tc. 

The sigmoidal plots of the fractional degree of crystallinity (Xc) as a function of 

time for the pure PVDF copolymer material and the 70, 50, and 40% PVDF copolymer 

blend membranes are presented in Figures A.2-5, respectively. 
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Figure A.2.  Xc(t) curves for the pure PVDF copolymer crystallized at temperatures from 
85 to 124 °C. 
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Figure A.3.  Xc(t) curves for the MCS 70% PVDF copolymer crystallized at 
temperatures from 85 to 124 °C. 
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Figure A.4.  Xc(t) curves for the MCS 50% PVDF copolymer crystallized at 
temperatures from 85 to 116 °C. 
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Figure A.5.  Xc(t) curves for the MCS 40% PVDF copolymer crystallized at 
temperatures from 90 to 116 °C. 
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For all compositions, the fractional degree of crystallinity increases as a function of time, 

with a short induction time in the beginning due to nucleation and growth, followed by a 

regime of constant growth rate.  Furthermore, the crystallization time increases with 

increasing isothermal crystallization temperature, as is generally observed for 

semicrystalline polymers within the nucleation controlled regime.  With a decrease in the 

PVDF copolymer composition, there is an observable shift to longer crystallization times.  

This behavior is in accordance with the behavior of miscible blends, such that with an 

increase in the amorphous component content (ionomeric PFCB), there is a decrease in 

the crystallization kinetics. 

 The crystallization half-times (t1/2) are plotted as a function of isothermal 

crystallization temperature in Figure A.6 for comparison of the crystallization rate with 

blend composition. 



472 

Isothermal Crystallization Temperature (οC)

80 90 100 110 120 130

ti
m
e 
(m

in
)

0

10

20

30

40
MCS 40% PVDF Copolymer
MCS 50% PVDF Copolymer
MCS 70% PVDF Copolymer
Pure PVDF Copolymer

Figure A.6.  Crystallization half-times (t1/2) for MCS 40-70% PVDF copolymer blend 
membranes and the pure PVDF copolymer material as a function of isothermal 
crystallization temperature (Tc). 
 
While the crystallization of the blend membranes occurs within the same time frame as 

the pure PVDF copolymer material, we note a tendency for the crystallization kinetics to 

behave more similarly to that of pure PVDF copolymer component as the PVDF 

copolymer content increases.  Furthermore, the MCS 50% PVDF copolymer blend 

membrane exhibits crystallization kinetics which more closely resemble that of the pure 

PVDF copolymer component than does the MCS 40% PVDF copolymer blend 

membrane.  Interestingly, upon review of previous data reporting the effects of various 

aging treatments on the phase stability of MCS blend membranes, a change in phase 

separation behavior commonly occurs between the 40 and 50% PVDF copolymer 

compositions.  As was observed from the sigmoidal plots of the fractional degree of 
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crystallinity as a function of time, we observe an overall decrease in the crystallization 

rate with increasing ionomer composition.  This behavior can be attributed to the 

decrease in the ability of the semicrystalline component to migrate and form crystallinity 

as the amount of amorphous material in the blends is increased.  This phenomenon is 

generally observed for miscible blends, which suggests that while some phase texture has 

been observed for these materials in the as-received state (see Chapter 3), some degree of 

phase mixing is achieved in the as-received state. 

 

Conclusions 

 In previous studies, we have observed a depression in the crystallization melting 

temperature which occurs as a function of increasing ionomeric PFCB content.  Such a 

decrease in melting point with increasing amorphous content is attributable to the 

decreased ability of the crystallizable PVDF copolymer chain segments to migrate to the 

nucleation growth front.  A similar observation has been made by the investigation of 

crystallization kinetics for the MCS 40, 50, and 70% PVDF copolymer blend membranes 

in comparison to the pure PVDF copolymer component.  We observe an increase in the 

fractional degree of crystallinity with time along with a shift to longer crystallization 

times with a decrease in the semicrystalline blend component.  As this behavior is 

generally noted for miscible blends, we conclude that while some evidence of fine phase 

separation has been observed for MCS 40% PVDF copolymer blend membranes in the 

as-received state,  some degree of phase mixing has been achieved as a result of the 

blending procedure employed. 
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APPENDIX B 

SYNTHESIS OF NOVEL HYDROCARBON-BASED MEMBRANE MATERIALS 

FOR POLYMER ELECTROLYTE MEMBRANE FUEL CELLS 

Introduction 

With the increasing urgency of finding alternative energy sources and the vast 

appeal of renewable power, research and development of fuel cells has become somewhat 

of a necessity.  The recent explosion of research efforts focusing solely on creating 

efficient and cost-effective fuel cell systems has made these attractive power sources 

more feasible than may have previously been imagined.   

Perfluorosulfonate Ionomers (PFSIs) are a commercially important class of 

semicrystalline materials which have been extensively considered for their applicability 

as proton exchange membranes (PEMs).  PFSIs are generally copolymers composed of a 

poly(tetrafluoroethylene) (PTFE) backbone with randomly distributed perfluorovinyl 

ether sidechains terminated with sulfonic acid moieties.  The semicrystalline nature of 

PFSIs arises from the ability of their PTFE backbones to undergo crystallization, while 

the randomly placed branches (the perfluorovinyl ether sidechains) act as defects along 

the backbone and thus lend amorphous character.  Although, by definition, PFSIs 

generally contain less than 15 to 20 mole percent of sidechains, their degree of 

crystallinity is relatively low and is dictated by the sidechain length and flexibility as well 

as the overall ionic content within the copolymer.  There are several commercially 

available PFSIs upon which numerous studies have been based; however, the material 

which has been the most widely investigated, Nafion®, is currently the benchmark 

material used as the proton exchange membrane in fuel cell applications due to its high 
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proton conductivity and both thermal and chemical stability.1  Nevertheless, there are 

characteristics of Nafion® which can limit its overall suitability for some commercial fuel 

cell applications.  These shortcomings include high cost ($800 or more per square meter), 

high-temperature instability in the dry, acid form, insufficient barrier properties toward 

gaseous fuels, and a direct dependence of transport mechanisms upon the level of 

hydration.1-4  

 In the interest of designing thermally stable, alternative membranes which also 

exhibit sufficient proton conductivity at elevated temperatures, a broad class of 

membranes derived from non-aliphatic hydrocarbon based polymers has been developed.  

Since the early 1960’s, such materials have increased in popularity because of their many 

advantageous characteristics.  Those with polar groups, for example, exhibit high water 

uptake capabilities needed to promote proton conductivity.  Aromatic polymer-based 

membranes are also much less expensive than conventional PFSIs and can be modified to 

resist degradation under typical fuel cell conditions.5, 6  Some examples of typical 

aromatic hydrocarbon based proton exchange membrane materials include poly(arylene 

ether sulfone)s (PAEs), poly(benzimidizole)s (PBIs), polyimides (PIs), poly(arylene ether 

ketone)s (PAEKs), and polystyrene (PS) derivates.6  These membranes are capable of 

high water uptake and good proton conductivity at low humidity and high temperature 

conditions. For example, poly(benzimidizole)-based membranes perform successfully at 

temperatures as high as 200°C.7-10  Furthermore, these membranes exhibit rigidity and 

high glass transition temperatures, making them attractive for their mechanical and 

thermal properties.  However, chemical sensitivity under fuel cell operating conditions 

often limits their durability to less than one thousand hours.  Consequently, it is necessary 
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that the chemical stability and overall durability of these membranes be enhanced before 

adequate performance in the fuel cell environment may be achieved.5, 6   

 Having established both the advantages and disadvantages of current proton 

exchange membranes used in PEM fuel cells, and understanding directives set forth for 

fuel cell performance requirements, it is obvious that development of alternative 

membranes is necessary.  This is the principle goal of this research, specifically the 

synthesis, characterization, and application of novel membrane materials for polymer 

electrolyte membrane fuel cells.  Due to the thermal and mechanical performance 

requirements of fuel cells, our research will focus on the development of new 

hydrocarbon-based membrane materials. 

 Polymers derived from aromatic compounds are known to possess very low 

rotational and translational energy, yielding high rigidity and crystallizability.  These 

properties correspond to high glass transition temperatures and morphological stability; 

thus aromatic compounds are desirable for creating high temperature membrane 

materials.11, 12  Considering the stipulations for successful membrane performance, the 

designed polymer backbones synthesized within this work will consist largely of 

aromatic species, specifically bisphenol, fluorenone, anthraquinone, and arylene ether 

ketone units (see Figures B.1-3).  In addition to instituting hydrophobicity in the 

polymeric backbone, we will promote adequate water transport across the membrane by 

including flexible sulfonated sidechains.  Due to polarity differences between the 

sulfonated ionomeric sidechains and the aromatic backbone structures, aggregation of 

ionic species is expected.13  The resulting phase separation will constitute the proper 

microstructure necessary for fluid transport of proton species across the membrane and to 
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the cathode catalyst layer.  Thus hydrophilic sidechains will afford a continuous, 

hydrophilic phase wherein proton conductivity will occur.  Previous studies suggest that 

long pendant sidechains enhance separation of the hydrophilic and hydrophobic regions, 

thereby further defining the proton percolation pathway and increasing conductivity.14, 15 
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Figure B.1.  Synthesis of novel fluorenone-based ionomer. 
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Figure B.2.  Synthesis of novel anthraquinone-based ionomer. 
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Figure B.3.  Novel modification of PEEK. 

It is understood that the precise tailoring of the morphology of PEM materials is 

essential for control of proton conduction.  There are currently only limited correlations 

established relating the length of ionic sidechains to PEM morphology and the 

consequential fuel cell performance.  In this research, a series of novel polymeric 

membranes were synthesized.  Characterization of these materials will advance the 

understanding of this influential relationship by probing the properties of ionomers which 

contain flexible ionic sidechains.  Another parameter which influences membrane 

morphology is the procedure by which the film is cast.  In the interest of improving the 

film-formation of recast Nafion® membranes, Moore and Martin developed a “solution-

processing” technique involving casting from high boiling point solvents (e.g., DMF or 

dimethylsulfoxide (DMSO)).16, 17  This procedure enhanced the quality of cast 

membranes due to increases in chain mobility caused by casting at high temperatures.  A 
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schematic of the solution-processing procedure is shown in Figure B.4.  We have 

employed the solution-processing technique to facilitate the preparation of high-quality 

membranes. 
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Figure B.4.  Effect of solution-processing temperature and solvent on film formation of 
Nafion® membranes. 
 
 In addition to determining the morphological characteristics of each material, we 

will utilize additional characterization techniques to probe the “morphology-property” 

relationships, thereby understanding the effect of morphology on membrane properties.  

Once morphology-property relationships of our novel materials have been established 

through extensive characterization, we will be able to compare our findings to that of the 

benchmark fuel cell membrane, Nafion®, as well as current alternative materials. 

 

Experimental 

 Materials.  2,7-dibromo-9-fluorenone (97%), 1,5-dichloroanthraquinone (96%), 

potassium carbonate (anhydrous, 99%), N,N-dimethylacetamide (anhydrous, 99%), 
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toluene (99.8%), N,N-dimethylformamide (99.8%), chloroform (99.8%), N-

methylpyrrolidone (99.8%), and tetrahydrofuran (99.8%) were obtained from Fisher 

Scientific and used without further purification.  Bisphenol AF (98%) and trichloroacetic 

acid (99%) were obtained from Alfa Aesar and used without further purification.  

Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) (PEEK) (Mw~20,800, 

Mn~10,300) was obtained from Sigma-Aldrich and dried/stored at 100 °C prior to use.  

Phenol (99.5%), methanesulfonic acid (99%), 3-mercaptopropionic acid (99%), and 

phenyl acetate (99%) were obtained from Sigma-Aldrich and used without further 

purification.  Methanol (99.8%) was obtained from VWR and used without further 

purification.   

 Synthesis of Fluorenone Copolymer (1).  3 mmol of 2,7-dibromo-9-fluorenone, 

3 mmol bisphenol A, 4.5 mmol potassium carbonate, 6 mL N,N-dimethylacetamide 

(DMAc), and 6mL toluene were added to a stirred round-bottom flask.  (All reactants 

were weighed under an inert atmosphere in a dry box.)  A Dean Stark Trap equipped with 

a condenser was filled with toluene to act as an azeotroping solvent.  The mixture was 

heated to 130 °C for 4 h then to 150 °C for 20 h.  To isolate and purify the copolymer, the 

contents of the reactor were allowed to cool then dissolved in 5 mL DMF and carefully 

precipitated into a solution of methanol (125 mL) and hydrochloric acid (18 M, 0.44 mL) 

to neutralize residual potassium carbonate.  The solution was then filtered through a 

fritted glass filtration funnel.  The filtrate was washed twice with 25 mL of DI water and 

25 mL of methanol, filtering after each washing step.  The product was then dissolved in 

50 mL chloroform, filtered to remove residual ionorganic salts, and concentrated using a 



483 

rotary evaporator.  The concentrated solution was precipitated into 100 mL methanol and 

the precipitate filtered and dried in a vacuum oven at 80 °C for 10 h.  (Yield = 0.929%) 

 Solution-processing of Fluorenone Copolymer (1).  The dried product was cast 

from chloroform (room temperature) and from DMF (143 °C) to determine the effect of 

solution-processing at various temperatures on film formation properties. 

 Synthesis of Anthraquinone Copolymer (4).  7.5 mmol of 1,5-

dichloroanthraquinone, 7.5 mmol bisphenol A, 11.25 mmol potassium carbonate, 12 mL 

N,N-dimethylacetamide (DMAc), and 12mL toluene were added to a stirred round-

bottom flask.  (All reactants were weighed under an inert atmosphere in a dry box.)  A 

Dean Stark Trap equipped with a condenser was filled with toluene to act as an 

azeotroping solvent.  The mixture was heated to 130 °C for 4 h then to 150 °C for 25 h.  

To isolate and purify the copolymer, the contents of the reactor were allowed to cool then 

dissolved in 11 mL DMF and carefully precipitated into a solution of methanol (125 mL) 

and hydrochloric acid (18 M, 1.25 mL) to neutralize residual potassium carbonate.  The 

methanol/HCl solution was decanted off, and the product was washed twice (vigorously 

stirring) with 150 mL of DI water and 125 mL of methanol, decanting after each washing 

step.  A third methanol wash was conducted, then the product was dried in a vacuum 

oven at 80 °C for 18 h.  (Yield = 45.378%) 

 Solution-processing of Anthraquinone Copolymer (4).  The dried product was 

cast from chloroform (room temperature), DMF (140 °C), DMAc (150 °C), and N-

methylpyrrolidone (NMP) (185 °C) to determine the effect of solution-processing at 

various temperatures on film formation properties. 
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 Synthesis of Hydroxyalkylated PEEK (7).  PEEK was dissolved in TCA at a 

ratio of 1:9 PEEK:TCA (wt:wt) at 130 °C for 1 h under an argon atmosphere.  Phenol 

was added in varying molar ratios (1:1, 1:2, or 1:10 - PEEK:Phenol) along with 

methanesulfonic acid (MSA) in a 1:22 molar ratio (PEEK:MSA) and 3-

mercaptopropionic acid (3-MPA) in a 1:0.04 molar ratio (PEEK:3-MPA).  The reaction 

was conducted in a round-bottom flask at 140 °C for 24 h then cooled to room 

temperature prior to precipitation into 250 mL cold DI water and washing with 250 mL 

hot DI water. 

 Modified Synthesis of Hydroxyalkylated PEEK (7).  A reaction similar to that 

described for the synthesis of 7 was conducted, however phenyl acetate (PhAc) was 

reacted in place of phenol in order to protect the hydroxyl functionality in the final 

product.  Additionally, in a second variation on the experiment, only PEEK, TCA, and 

PhAc were reacted (MSA and 3-MPA were not added).  In a third experiment, only 

PEEK, TCA, PhAc, and MSA were reacted (3-MPA was not added), and a fourth 

experiment involved the reaction of PEEK, TCA, PhAc, and 3-MPA (MSA was not 

added).  All reactions were conducted for 17 h at 130 °C using a molar ratio of 1:2 

(PEEK:PhAc). 

 Casting of Hydroxyalkylated PEEK (7).  The raw products from the synthesis 

of 7 were cast directly onto glass slides to examine the effect of reagent selection on the 

film forming properties of the raw products. 

 Solution-processing of Hydroxyalkylated PEEK (7).  The cast product of the 

reaction of PEEK, TCA, PhAc, and 3-MPA (MSA not added) was solution-processed 

from TCA at 195 °C, then released from the glass using THF. 
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Results and Discussion 

 Synthesis and Solution-Processing of Fluorenone Copolymer (1).  The clear, 

yellow mixture evolved to an orange-colored solution at 130ºC, then to a deep red color 

at 150ºC, and finally to a brown, slightly viscous solution prior to removal from heat.  

Following purification and drying, the white, powdery product was dissolved in 

chloroform and cast onto a glass plate at room temperature.  Evaporation was rapid and 

led to a fairly continuous “film” which flaked when scraped with a razor blade.  Optical 

micrographs of the film were obtained and are presented in Figure B.5.  The presence of 

cracks in the film surface is obvious and was expected due to the ‘powdery’ consistency 

of the film. 

 
Figure B.5.  Optical micrographs of the copolymerization product of 2,7-dibromo-9-
fluorenone and Bisphenol A cast from chloroform at room temperature (a) selection from 
edge of film  (b) selection from center of film 

 
The material was then dissolved into N,N’-Dimethylformamide (DMF) and 

another film cast onto a glass plate a approximately 140°C.  The film appeared more 

continuous than that of the film cast at room temperature, however flaking still occurred 

when scraped with a razor blade.  Optical micrographs of this film are shown in Figure 

A B 
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B.6.  It is apparent that the film is, indeed, largely continuous, however the presence of 

holes would indicate poor overall film formation.  It is clear that the synthesis reaction 

yielded polymeric material; however, it is also apparent that the polymer formed is of low 

molecular weight.  Therefore, further manipulation must be performed to obtain a 

material of sufficient molecular weight for optimal physical membrane properties. 

 
Figure B.6.  Optical micrographs of the copolymerization product of 2,7-dibromo-9-
fluorenone and Bisphenol A cast from DMF at ~140°C  (a) selection from edge of film  
(b) selection from center of film 
 
 Synthesis of Anthraquinone Copolymer (4).  The contents of the reactor were 

deep red/brown in color upon heating to 130 °C.  Upon introduction of the reactant 

mixture to heat, a rapid color change from yellow to deep red was observed.  Rapid 

condensation was also noted.  After approximately 4mL toluene had collected in the 

Dean Stark trap, an additional 4 mL of fresh, anhydrous toluene was added directly to the 

reactor flask to ensure the presence of an adequate amount of solvent for azeotroping 

water from the reaction.  This addition was done through the second neck of the reactor 

flask via a syringe/needle. 

After 4 h at 150 °C, the mixture in the reactor flask became yellow in color.  After 

reacting for a total of 25 h, the flask was removed from the heated oil bath and contents 

A B 
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allowed to cool.  Upon cooling, it was observed that the contents were viscous and 

yellow-gray in color.  We also noted the presence of red particulates along the bottom of 

the flask as well as visible traces of potassium carbonate.  The dissolved product (in 

DMF) was poured into a fine fritted glass funnel and a vacuum pulled on the funnel.  

However, no filtration occurred.  It was observed that the product was mostly present in a 

vitrified, “gooey” layer on the bottom of the funnel.  The upper layer of solvent was 

poured into a methanolic solution of hydrochloric acid (125mL methanol : 1.25mL 

hydrochloric Acid (conc.)) to precipitate the polymeric product.  Additional amounts of 

DMF were added to the funnel to assist in dissolving the remaining material.  It was 

observed that the potassium carbonate salts and the red, crystalline materials which 

collected on the glassware remained on the filter frit in solid form.  Approximately half of 

the material was precipitated into the methanolic acid solution (while stirring).  The 

remaining material was stored for use in the optimization of the purification procedure. 

Following precipitation into the methanolic acid solution, stirring was ceased and 

the product allowed to settle to the bottom of the beaker.  The remaining methanolic acid 

was pipetted off.  The precipitated product was then washed with 150mL DI Water under 

vigorous stirring.  When stirring was stopped and the precipitate allowed to settle, the 

material actually formed a layer at the top of the beaker, indicating that there is some 

amount of organic solvent trapped within the product.  The bottom phase (aqueous layer) 

was pipetted out of the beaker.  After most of the water was removed, 125mL Methanol 

was added to the beaker and stirring recommenced.  The precipitate was not as well-

defined in the methanol, showing that water is probably a better non-solvent for 

precipitations.  The precipitate was allowed to settle to the bottom of the beaker once 
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stirring was ceased.  The upper phase (methanol solution) was decanted off via pipette.  

125mL DI Water was then added to the beaker and contents stirred vigorously to wash 

the product.  The precipitate was not as well defined as in the previous washing with 

water.  When the stirring was stopped, the precipitate settled to the bottom of the beaker 

(again, different from the behavior seen during the first washing with water), and the 

water solution was pipetted off.  Two more washes with 125mL Methanol were 

performed (as described previously) to finalize the washing stages.  The product was 

allowed to dry in the hood then placed in a vacuum oven at 80°C for 18 hours.  Upon 

drying, the material became “mud cracked.” 

 Solution-processing of Anthraquinone Copolymer (4).  A small amount of 

sample (0.05g) was dissolved in each of four solvents (CHCl3, DMF, DMAc, NMP) at 8 

wt% in preparation for solution processing.  All solutions were cloudy after 20 minutes of 

sonication, with NMP appearing to be the better of the four solvents for dissolving the 

product.  Each solution was cast onto a glass plate under the conditions listed in Table 

B.1. 

Solvent 
Solvent 
Boiling 
Point 

Casting 
Temp Observations 

Chloroform 61 °C 22 °C Powdery material 
DMF 153 °C 140 °C Powdery film with mud cracking upon cooling 

DMAc 165 °C 150 °C Powdery film with mud cracking and flaking 
upon cooling 

 NMP 202 °C 185 °C Regions of transparency – eventual mud cracking 
Table B.1.  Solution-processing conditions and observations from the synthesis of the 
anthraquinone copolymer (4). 
 
Considering the behavior of the product upon casting, it was concluded that we have 

obtained an amorphous polymer of low molecular weight.  The molecular weight will 

need to be increased before a suitable film can be obtained. 
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 Casting of Hydroxyalkylated PEEK (7).  The raw products of the 

hydroxyalkylation reactions of PEEK with varying concentrations of phenol (PhOH) 

were cast directly onto glass microscope slides.  The cast product was allowed to 

evaporate to dryness at ambient conditions and was found to produce mud cracked films 

for products synthesized using lower concentrations of phenol (see Figure B.7). 

1:1 PEEK:PhOH 1:2 PEEK:PhOH 1:10 PEEK:PhOH

1:1 PEEK:PhOH 1:2 PEEK:PhOH 1:10 PEEK:PhOH

Figure B.7.  Photographs and optical micrographs of the raw product from the 
hydroxyalkylation of PEEK with varying molar ratios of phenol (1:1, 1:2, and 1:10 
mol:mol PEEK:PhOH).  
 
 It was proposed that replacement of phenol with phenyl acetate in the reaction 

procedure may reduce possible side reactions and facilitate purification of the final 

reaction product.  Furthermore, individual reactions were conducted in the absence of 

selected reagents in order to isolate the effect of each reagent on the product’s film 

formation properties.  The raw products were cast directly onto glass slides and are 

shown in Figure B.8.  In general, the reaction products were less oily in nature and 
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produce higher quality films when cast onto glass slides.  The product from the reaction 

of PEEK, TCA, and PhAc produced a continuous film that became cracked and brittle 

upon drying.  The product from the reaction of PEEK, TCA, PhAc, and MSA showed the 

poorest film formation properties, with particulate matter distributed throughout the film.  

However, the product from the reaction of PEEK, TCA, PhAc, and 3-MPA exhibited 

relatively good film formation, with no particulate matter and no evidence of cracking.   

1:2 PEEK:PhAc

PEEK, 
TCA, 
PhAc

PEEK, 
TCA, 
PhAc, 
MSA

PEEK, 
TCA, 
PhAc,     
3-MPA

PEEKPEEK TCATCA PhAcPhAc+ PEEKPEEK TCATCA PhAcPhAc+ MSAMSA PEEKPEEK TCATCA PhAcPhAc+ 33--MPAMPA  
Figure B.8.  Photographs and optical micrographs of the raw product from the 
hydroxyalkylation of PEEK with PhAc from reactions conducted with selected reagents.  
 
While the choice of reagents appears to dramatically affect the film formation properties, 

the specific role of each reagent has not been fully established.  Further research is 

therefore required to optimize the reaction procedure. 

Solution-processing of Hydroxyalkylated PEEK (7).  The raw product of the 

reaction of PEEK, TCA, PhAc, and 3-MPA was dissolved in TCA following the original 

cast (see Figure B.8) and cast at 195 °C onto a glass plate.  After solution-processing was 
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complete, the thin film was released from the glass substrate using THF.  The film 

obtained from solution processing in TCA at 195 °C was compared to a pure PEEK 

membrane cast by the same solution-processing technique.  Figure B.9 shows the 

photographs of the two films.   

Dissolved sample in 
Trichloroacetic

Acid (TCA)

Evaporated to 
dryness at high 

temperature 
(195°C)

Released from glass 
using non-solvent 

(THF)

Dissolved sample in 
Trichloroacetic

Acid (TCA)

Evaporated to 
dryness at high 

temperature 
(195°C)

Released from glass 
using non-solvent 

(THF)

PEEK PEEK, TCA, PhAc, 3-MPA
 

Figure B.9.  Photographs of a pure PEEK membrane (left) and the product of the 
phenoxyalkylation of PEEK using TCA, PhAc, and 3-MPA (right) after solution-
processing from TCA at 195 °C. 
 
We were able to obtain free-standing, continuous films from the solution-processing of 

the reaction product.  Further analysis on the membrane is required to determine chemical 

composition, molecular weight, and mechanical properties. 
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Conclusions 

Several novel ionomer precursors have been synthesized for potential application 

in a fuel cell system.  Each proposed ionomer is a novel Polyaryl ether ketone (PAEK) 

which has been specifically formulated to enhance membrane performance in a fuel cell 

environment.  The unique design of these materials was selected to facilitate proton 

transport by careful manipulation of the polymer morphology.  Improved film formation 

of the preliminary materials was achieved by casting via our specialized method of 

“solution-processing” at elevated temperatures.  The synthesis of these materials must be 

optimized in order to obtain high-quality materials that may be sulfonated to produce the 

desired ionomers via the proposed reaction schemes; however, preliminary proof of 

concept has been established through this research.  Upon successful synthesis of the 

desired ionomers, morphological investigations and various characterization studies will 

be conducted to understand the potential suitability of these ionomers for use as proton 

exchange membranes in PEMFC applications. 
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APPENDIX C 

A NOVEL APPROACH TO THE HOMOGENEOUS SULFONATION OF 

POLY(ETHER ETHER KETONE) 

Introduction 

Poly(arylene ether ketone)s (PAEKs), including poly(ether ether ketone) (PEEK) 

and its derivatives, are known for their chemical and thermal stability, making them ideal 

candidates for use as proton exchange membrane materials for fuel cell applications.  

Initial evaluations of sulfonated PAEK materials as PEMs have revealed chemical 

stability within the fuel cell environment for thousands of hours.1  In light of this 

demonstrated chemical stability as well as thermal stability and high proton conductivity 

at elevated temperatures, several sulfonated PAEKs are being considered as PEMs.1-4 

O O

O

SO3H

n

 
Figure C.1.  Chemical structure of sulfonated poly(ether ether ketone) (SPEEK). 
 

Several procedures exist for the sulfonation of poly(ether ether ketone) (PEEK).  

While these procedures are widely accepted as sufficient, resultant sulfonated PEEK 

(SPEEK) materials tend to be heterogeneous in degree of sulfonation, and likely, the 

distribution of sulfonated sites along the chain.  For a given sulfonation reaction, samples 

of SPEEK are found to contain a range of ionic content and yield inconsistent thermal 

and mechanical properties.5  These inconsistencies likely originate from a gradient in 

sulfonation arising from slow and/or incomplete solubilization of PEEK under typical 

reaction conditions.  PEEK, a poly(aryl ether ketone) (PAEK) known for its chemical and 

thermal stability, is only soluble in very strong acids at elevated temperatures.  Current 
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sulfonation reactions involve the ‘dispersment’ of PEEK powder or pellets in 

concentrated sulfuric acid at low or ambient temperatures for an extended period of 

time.6, 7  PEEK is dispersed in concentrated (98%) sulfuric acid in a 1:19 wt:vol 

(PEEK:H2SO4) ratio at low (or ambient) temperatures for extended periods of time.  The 

mixture is then precipitated into cold deionized (DI) water and isolated via filtration.  The 

precipitate is washed continuously with excess DI water until the pH of the wash water is 

approximately 5.0.  The precipitate is then dried in a vacuum oven at 60 °C for 24 h then 

removed to a dessicator.7  Such conditions cannot support rapid dissolution of PEEK and 

thereby yield a sulfonation gradient where material is sulfonated as it dissolves.5, 6  Thus, 

we find heterogeneity of the ionic functionality within a single batch of reaction products.   

Furthermore, there are often puzzling thermal transitions observed for SPEEK samples 

which are attributed largely to the presence of unsulfonated chain segments.  These 

unsulfonated segments may be a result of the same insolubility issues inherent in current 

sulfonation procedures.6 

In the interest of establishing a more uniform and reproducible sulfonation 

product, we have developed a novel method of sulfonation which involves complete 

dissolution of PEEK in trichloroacetic acid at elevated temperatures prior to the addition 

of concentrated sulfuric acid.  As a result of dissolution prior to sulfonation, we are able 

to obtain more uniform and reproducible SPEEK products.  An additional benefit of 

sulfonating at elevated temperatures is the overall acceleration of the sulfonation process.  

Ionic contents which generally require sulfonation over the span of several days have 

been obtained in a matter of minutes.  

 



496 

Experimental 

 Materials.  Poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phenylene) 

(PEEK) (Mw ~ 20,800, Mn ~ 10,300) was obtained from Sigma-Aldrich and dried/stored 

at 100 °C prior to use.  Trichloroacetic acid (99%) was obtained from Alfa Aesar and 

used without further purification.  Concentrated sulfuric acid (98%) was used as received 

from Fisher Scientific. 

Homogeneous Sulfonation.  A series of sulfonation procedures have been 

designed to monitor the degree of sulfonation as a function of sulfonation time (“Series 

#1”), sulfonation temperature (“Series #2”) or the ratio of PEEK:H2SO4 (“Series #3”).  

The experimental parameters for each procedure are outlined in Table C.1. 

SERIES #SERIES # Temp (C)Temp (C) PEEK:TCA PEEK:TCA 
((wt:wtwt:wt))

PEEK PEEK 
(g)(g)

TCA TCA 
(g)(g)

PEEK:HPEEK:H22SOSO44
((wt:volwt:vol))

HH22SOSO44
((mLmL))

Sulfonation TimeSulfonation Time
(min)(min)

1 130 1:9 10 90 1:19 190 (1-30)

2 (100-160) 1:9 10 90 1:19 190 15

3 130 1:9 10 90 (1:1 to 1:80) 190 15

SERIES #SERIES # Temp (C)Temp (C) PEEK:TCA PEEK:TCA 
((wt:wtwt:wt))

PEEK PEEK 
(g)(g)

TCA TCA 
(g)(g)

PEEK:HPEEK:H22SOSO44
((wt:volwt:vol))

HH22SOSO44
((mLmL))

Sulfonation TimeSulfonation Time
(min)(min)

1 130 1:9 10 90 1:19 190 (1-30)

2 (100-160) 1:9 10 90 1:19 190 15

3 130 1:9 10 90 (1:1 to 1:80) 190 15

Sulfonation Parameters (Design of Experiments)Sulfonation Parameters (Design of Experiments)

 
Table C.1.  Experimental parameters defined for three series of homogeneous 
sulfonation experiments. 
 
The data reported herein was collected from the “Series #1” sulfonation experiment.  

PEEK was dissolved in trichloroacetic acid (TCA) in a 1:9 wt:wt (PEEK:TCA) ratio at 

130 °C.  Concentrated (98%) sulfuric acid was heated to 130 °C then added to the 

dissolved PEEK/TCA mixture in a 1:19 wt:vol (PEEK:H2SO4) ratio.  Heat was 

maintained at 130 °C for various periods of time, then the mixture was precipitated into 

an excess of cold DI water.  The precipitate was then isolated via filtration and washed 

continuously with fresh DI water until the pH of the wash water was approximately 5.0.  

The precipitate was then dried at ambient temperature for 24 h then dried in a vacuum 
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oven at 70 °C for 48 h.  The dried SPEEK material was subsequently removed to a 

dessicator to prevent absorption of water. 
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Figure C.2.  Schematic of the novel procedure for the homogeneous sulfonation of 
PEEK. 
 
 Titration.  Dry SPEEK was soaked in 50 mL of 1 M NaCl aqueous solution 

overnight.  The solution was then titrated with a 0.01 M NaOH aqueous solution and 

neutralization verified using a calibrated Mettler Toledo digital pH meter.  The degree of 

sulfonation (DS) is defined as the moles of sulfonate groups per mole of polymer repeat 

units and can be calculated using Equations C-1 and C-2.  From the titration data, the 

ion exchange capacity (IEC), a measure of the moles of sulfonate groups per gram of dry 

polymer, is determined using Equation C-1 where NaOHV is the volume of titrant, 

NaOHM is the molarity of the titrant, and NaOHw is the weight of the dry SPEEK sample. 

 1 NaOH NaOH
NaOH

V M
EWIEC w

⋅= =  (C-1) 

The degree of sulfonation (in mol%) can then be found from the equivalent weight (EW), 

the molecular weight of the SPEEK repeat unit (368 g mol-1) and the molecular weight of 

the PEEK repeat unit (288 g mol-1) according to Equation C-2. 
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 368
288

1
1 ( )EWDS −+

=  (C-2)  

 
Water Uptake.  Sample dry weight (Wd) was measured after drying for 48 h in 

the vacuum oven at 70 °C.  After drying, the sample was boiled in DI water for 1 h, and 

the sample wet weight (Ww) was recorded.  The percent water uptake was calculated 

using Equation C-4. 

 % 100d
d

w
W

W WWater Uptake −
= ×  (C-3) 

Results and Discussion 

 The titration data collected from the SPEEK produced via homogeneous 

sulfonation (see Table C.2) reveals sulfonation levels in the range of 25-70 mol%.   

Sulfonation Time  
(min) 

Dry Weight
(g) 

Volume NaOH
(L) 

IEC 
(mol/g) 

EW 
(g/mol) 

Degree of 
Sulfonation 

(mol%) 
1 0.5019 0.0406 8.09x10-4 1236.2 24.91 
3 0.5075 0.0658 12.97x10-4 771.3 41.66 
5 0.1145 0.0199 17.38x10-4 575.4 58.14 
10 0.0945 0.01925 20.37x10-4 490.9 70.09 

Table C.2.  “Series #1” SPEEK titration data. 
 
Furthermore, we observe an increase in the degree of sulfonation with sulfonation time.  

The degree of sulfonation is plotted as a function of time in Figure C.3. 
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Degree of Sulfonation (mol%) vs. Sulfonation Time
SPEEK Series #1 (Sulfonation Temp = 130oC)
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Figure C.3.  Degree of sulfonation as a function of sulfonation time for SPEEK samples 
prepared by the “Series #1” homogeneous sulfonation procedure. 
 
 As a qualitative means of evaluating the degree of sulfonation with respect to 

sulfonation time, the water uptake of the SPEEK samples was also measured (see Table 

C.3).  Sulfonation of PEEK for 1 min via the proposed homogeneous sulfonation 

procedure yielded an average water uptake of 26.08%.  The product of the 3 min 

sulfonation reaction dissolved in water, suggesting an even higher degree of sulfonation. 

Sulfonation Time  
(min) 

Dry Weight
(g) 

Wet Weight 
(g) 

Water Uptake 
(%) St. Dev. 

0.0111 0.0193 42.49 
0.0158 0.0189 16.40 1 
0.0150 0.0186 19.35 

14.28 

3 Dissolved 
Table C.3.  Water uptake data of SPEEK samples prepared by the “Series #1” 
homogeneous sulfonation procedure. 
 

To verify that no side reactions have occurred during the sulfonation procedure, 

1H NMR data has been collected on the SPEEK samples prepared by the “Series #1” 
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homogeneous sulfonation procedure (Figure C.4).  This data shows little or no evidence 

of side reactions, and all peak positions are in agreement with published NMR data for 

SPEEK. 

 
Figure C.4.  1H NMR of SPEEK samples prepared by the “Series #1” homogeneous 
sulfonation procedure. 
 
 

Conclusions 

The proposed novel procedure for the sulfonation of PEEK may provide a 

technique whereby homogeneous sulfonation may be achieved.  Preliminary data 
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suggests sulfonation has occurred with little or no side reactions and that the degree of 

sulfonation was increased by increasing the sulfonation time.  Future work will include 

the sulfonation of PEEK using standard, non-homogeneous sulfonation methods and 

comparison of the resulting SPEEK product with samples prepared using our 

homogeneous sulfonation technique in order to evaluate differences in sulfonation rate.   

Furthermore, we will also investigate the variation of sulfonation parameters to elucidate 

the relationship between processing parameters and SPEEK properties. 

 
 
Acknowledgements 

This work was supported by the DOE Office of Energy Efficiency and Renewable 

Energy; contracts #DE-FC36-03GO13100 and DE-FG36-06GO86065.  

 
 
References 
 
1. Kreuer, K. D., Journal of Membrane Science, 2001, 185, 29. 
2. Zhao, C.; Li, X.; Lin, H.; Shao, K.; Na, H., Journal of Applied Polymer Science, 
2008, 108, 671. 
3. Gil, M.; Ji, X. L.; Li, X. F.; Na, H.; Hampsey, J. E.; Lu, Y. F., Journal of 
Membrane Science, 2004, 234, 75. 
4. Li, X. F.; Liu, C. P.; Lu, H.; Wang, Z.; Xing, W.; Na, H., Journal of Membrane 
Science, 2005, 255, 149. 
5. Bauer, B.; Jones, D. J.; Roziere, J.; Tchicaya, L.; Alberti, G.; Casciola, M.; 
Massinelli, L.; Peraio, A.; Besse, S.; Ramunni, E., Journal of New Materials for 
Electrochemical Systems, 2000, 3. 
6. Carbone, A.; Pedicini, R.; Portale, G.; Longo, A.; D'Ilario, L.; Passalacqua, E., 
Journal of Power Sources, 2006, 163. 
7. Jiang, R.; Kunz, H. R.; Fenton, J. M., Journal of Power Sources, 2005, 150. 
 
 




