Structure Property Relationships of Proton Exchange
Membranes
Abhishek Roy
Dissertation submitted to the faculty of the Virginia Polytechnic Institute
and State University in partial fulfillment of the requirements for the degree
of
Doctor of Philosophy
In
Macromolecular Science and Engineering

Dr. James E. McGrath
Dr. Judy S. Riffle
Dr. Donald G. Baird
Dr. John J. Lesko
Dr. Richey M. Davis
(02.19.08)
(Blacksburg, VA)
Keywords: (Proton Exchange Membranes, Block Copolymer, Transport,
Morphology, States of Water)

Copyright 2008, Abhishek Roy

Structure Property Relationships of Proton Exchange Membranes
Abhishek Roy
ABSTRACT
The major challenge of the research was to characterize and develop concepts for
establishing structure/property relationships between the functionality of the polymer
backbone, the states of water and the membrane transport properties.

Most of the

hydrocarbon based random copolymers reported in the literature show reduced proton
conductivity at low water content. This was attributed to the formation of an isolated
morphology.

Over the last few years our group has synthesized thermally stable

multiblock copolymers with varying chemical structures and compositions.

Block

copolymers consist of two or more incompatible polymers (i.e. blocks) that are
chemically conjoined in the same chain. The transport properties of the multiblock
copolymers showed a strong dependence on the morphology in contrast to the random
copolymers. Irrespective of the nature of the backbone, the transport properties scaled
with the block lengths of the copolymers. An increase in block length for a given series
of block copolymer was associated with improved proton conduction, particularly under
partially hydrated conditions compared to the random copolymers.

The structure-

property relationship of the proton conductivity and self-diffusion coefficient of water
was obtained as a function of the volume fraction of water for all the random and block
copolymers. At a given volume fraction, the block copolymers displayed both higher
self-diffusion coefficients of water and proton conductivities relative to the random

iii
copolymers. This improvement in transport properties indicates the presence of desired
and favorable morphology for the blocks. For DMFC applications, the block copolymers
also showed low methanol permeability and high selectivity. The states of water in the
copolymers were characterized using DSC and NMR relaxation techniques. At similar
ionic contents, the free water concentration increased with increasing block lengths. The
distribution of the states of water in the copolymers correlates to transport properties.
This knowledge, coupled with the state of water experiments, transport measurements,
and chemical structure of the copolymers provided a fundamental picture of how the
chemical nature of a phase separated copolymer influences its transport properties. The
experimental procedure involved impedance spectroscopy, DSC, TGA, FTIR, DMA,
pulse gradient stimulated echo (PGSE) NMR, NMR relaxation experiments and various
electrochemical fuel cell performance experiments.
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1.0 Literature Review
1.1 Introduction to fuel cells
Fuel cells are defined as energy producing devices that convert chemical energy directly
to electrical energy.1-3 The concept is not new to the world. In 1839, William Grove first
demonstrated the possibility of producing electric power from H2 and O2. However, it took over
a century before NASA utilized the concept in providing power to their space shuttle.4 The long
delay was mainly due to the availability of ample amounts of conventional fuel. Thus, there was
no urgency for developing fuel cell technologies. In the late 20th century, however, people
became aware of the importance of electrical energy, our over-dependence on conventional fuels,
and more recently, the deleterious environmental aspects of continuing to use fossil fuels to
power the world.

These factors have all combined to support the development and

commercialization of fuel cell technologies.
Fuel cells are classified according to the nature of the electrolyte.5-8 The most promising
ones are alkaline fuel cells (AFCs), proton exchange membrane fuel cells (PEMFCs), phosphoric
acid based fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells
(SOFCs). PEMFCs can be further subdivided based on the nature of the fuel. The fuel may be
nonvolatile in nature, for example H2 (H2/Air fuel cells), or volatile as in the case of methanol
(direct methanol fuel cells).

Fuel cells can also be classified according to their operating

temperatures. AFCs and PEMFCs, for example, belong to the low temperature category (< 200
o

C), while PAFCs, MCFCs, and SOFCs all fall into the high temperature category (> 200 oC).

Winter et al.5 have reported a comparative study on the various types of fuel cell as given in
Table (1-1).
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Table 1-1 Comparative study of different types of fuel cell. Reprinted with permission. 5
Copyright 2004 American Chemical Society
Advantages

Disadvantages
Alkaline (AFC)

Comments

Original development > 30
Limited activated life
years ago
Mechanically rechargeable Intolerant of impurities in
Apollo fuel cell
low cost KOH electrolyte
gas streams
Operates at room temp to
Pure H2 only suitable fuel
80 oC
Polymer electrolyte membrane Fuel Cell (PEMFC)
Nonvolatile electrolyte
Operates best at 60-90 oC
Expensive catalyst required
Few materials problems
Originally developed for
CO poisoning
CO2 rejecting electrolyte
space by GE
High cost electrolyte
Polymer electrolyte
Main development efforts
Water management issues
Only byproduct is water,
for
automotive
and
Limited life
green technology
stationary applications
Direct Methanol Fuel Cell (DMFC)
Operates best at 60-90 oc
Methanol fuel eliminates
Direct fuel conversion
High catalyst loading
reformer
Slow electrode kinetics
Low overall efficiency
Lower current capability
Improved wt and vol
Methanol hazardous
Methanol crossover reduces
Polymer electrolyte
efficiency
Phosphoric Acid Fuel Cell (PAFC)
H2 only suitable fuel
CO2 rejecting electrolyte
Anode Co catalyst poison
Operates best at 200 oC
High fuel efficiency
Leaching out of phosphoric Stationary energy storage
Ability to operate in
Available commercially
acid
absence of water
Limited life
Molten carbonate Fuel Cell (MCFC)
Operates best at 550 oC
Nickel catalyst, ceramic
Fast electrode kinetics
Materials problems and life
separator membrane
High efficiency
Low sulfur tolerance
Hydrocarbon fuels reformed
Co/CH4 usable fuel
High ohmic electrolyte
Direct reforming feasible
in situ

High grade heat available
Fast electrode kinetics
High system efficiency

Solid Oxide Fuel Cell (SOFC)
Conducting ceramic oxide
High fabrication cost
Operates only at higher electrodes
Hydrocarbon fuels reformed
temperature ~ 900 oC
Mechanically not stable
in situ
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Although all five fuel cell types have shown promise, our research is concerned mainly with
PEMFCs and phosphoric acid based fuel cells.
A typical operating principle for a PEMFC involves oxidation of the fuel at the anode to
produce hydrogen ions and electrons.1 The hydrogen ions or the protons are then transported
across the proton exchange membrane (PEM) to the cathode and react with oxygen to form
water. The “half cell reaction” at the anode with H2 as the fuel, is provided in Equation (1-1).
4 H+ + 4e-

2H2

Equation 1-1

The half cell oxidation reaction depends upon the catalytic activity of the catalyst and the
diffusive nature of the fuel. Physically, the oxidation involves three simultaneous processes:
diffusion of H2 across the electrodes, adsorption onto the catalyst, and dissociation. Thus, both
the catalytic activity and the permeability of the fuel determine the overall rate of oxidation.
An anodic cell reaction can be summarized by Equation (1-1a)
2Pts + H2

Pt-Hads + Pt-Hads

Pt-Hads

H+ + e- + Pts

Equation 1-1a

One of the major problems associated with this reaction is the reduction in the catalytic
activity due to the CO poisoning of the platinum catalyst.3, 7 This can be eliminated by using
pure H2 or by raising the temperature of the reaction. An increase in temperature would also
enhance the rate of the reaction. However, there are proven disadvantages associated with higher
temperature operations.

For example, recent studies have indicated the possibility of Pt

dissolution around 120 °C, causing a decrease in catalytic activity.9 The half cell reaction at the
cathode is given in Equation (1-2).
½ O2 + 2H+ + 2e-

H2O

Equation 1-2
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The electrochemical reaction at the cathode involves reduction of gaseous oxygen by
electrons in the presence of a Pt catalyst and combination with protons to form H2O. Excess
water accumulation at the cathode restricts the diffusion of oxygen to the catalyst. This is often
referred to as cathode flooding, which reduces overall fuel cell performance. Hence, water
management in fuel cells is an important issue which will be addressed later. From Equations
(1-1 and 1-2), the overall cell reaction can be written as:
H2 + ½ O2

H2 O

Equation 1-3

The overall theoretical cell potential for this reaction is reported to be 1.229V.1 This is in
consideration of the fact that the anode half cell has a standard half cell potential of 0.00V and
the cathode has 1.229V.
In the case of direct methanol fuel cells (DMFCs), the fuel introduced at the anode is
methanol.10 The catalyst typically used for the oxidation of methanol is a Pt-Ru alloy.1,

11-14

However, the amount of Pt tends to be much higher than that for the H2/Air system because of
the difficulty in oxidizing methanol. The anodic reaction is summarized in Equation (1-4).
CH3OH + H2O - 6e

6H+ + CO2

Equation 1-4

The half cell reaction at the cathode is the same as that for the H2/Air systems.
½ O2

+ 2 H+ + 2e

2 H2O

Equation 1-5

The overall cell reaction is given as,
CH3OH + 3/2 O2

CO2 + 2 H2O

Equation 1-6

Fuel cell performance is generally represented by the V-i curve as shown in Figure (1-1).
The curve represents a graph of voltage vs. current density. The current is normalized by the
area of the fuel cell. Ideally, the voltage should be independent of the current drawn from the
cell and should be close to the thermodynamic voltage. However, in the case of an actual fuel
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cell, voltage decreases with increasing drawn current, as depicted in Figure (1-1). The loss from
theoretical voltage values can be divided into three major types.

The activation loss is

represented by Region 1 in the performance curve, while the ohmic loss is shown as Region 2,
and the concentration loss as Region 3.

Figure 1-1 Representative V-i curve for an H2/Air type PEMFC fuel cell. Reprinted with
permission.5 Copyright 2004 American Chemical Society
Activation loss is mainly due to the loss associated with an electrochemical reaction. The
health of the electrodes (and primarily the health of the cathode) governs this region. The ohmic
loss is solely due to the resistance offered by the membrane itself and depends largely on the
membrane morphology and hydration level. The lower the resistance, the lower is the slope of
the curve. Concentration loss is mainly due to mass transport loss. High current density results
in high water production leading to cathode flooding. This hampers the oxygen diffusion
process and reduces the concentration of the fuel.
Another way of judging fuel cell performance is by the power density curve. Power
density can be obtained by multiplying the voltage by current density at each point and plotting
this as a function of current density. Typically, power density increases with increasing current
density up to a maximum and then decreases. Ideally, one should operate the fuel cell at a
voltage close to the maximum power density.
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1.2 Membrane electrode assembly
The heart of the fuel cell is generally considered to be the membrane electrode assembly
(MEA). The MEA consists of a proton exchange membrane (PEM) bonded to two electrodes
(Fig. 1-2).1, 15

Anode
Electrode

H2

H+

Platinum (3-5nm)

O2

e-

H2O

Pt supported
on carbon with
polymer matrix

Cathode
Electrode

H2O

e-

H2O

H2O

H2O

H2O

5 μm

150 μm

PEM

Carbon Black (0.72μm)

Figure 1-2 Membrane electrode assembly. Reprinted with permission.15 Copyright 2004
American Chemical Society
The electrodes are carbon supported platinum particles dispersed in a polymer matrix.
The first step in making an MEA is preparing a Nafion® Pt dispersion or an “ink,” which is
painted onto decals to obtain ~0.2–0.4 mg/cm2 of Pt loadings. The decals are then hot pressed
onto the PEM to form the MEA.16 This process is schematically represented in Figure (1-3).
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Step 1: Painting of catalyst ink
onto a release substrate
(Teflon or Kapton)

Step 2: Hot-pressing of electrodes
onto membrane at 200°C and 200 psi
for 5 min.

Electrode “ink”

Cast Electrodes
Membrane
Cast Electrode
(by painting)

 Used primarily for H2/Air MEA fabrication with low catalyst loadings

Figure 1-3 Schematic diagram of H2 / Air MEA fabrication technique
One of the most important objectives in MEA fabrication is to achieve a good bond
between the electrodes and the membrane.

The MEA bonding region represents the area

wherein the flow of the polymer can facilitate good adhesion with the electrodes. Therefore, it is
apparent that the parameters controlling polymer flow are critical in optimizing the processing
temperature. The MEA bonding temperature has been determined to be close to the hydrated
glass transition temperature of the polymer, as illustrated by Figure (1-4).

MEA
Bonding
Region
Modulus
165

T, °C
Figure 1-4 Modulus vs. temperature
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1.3 Proton exchange membranes
Over the last century, substantial research has been conducted in developing new proton
exchange membranes.15, 17-21 22 These membranes can be broadly classified into fluorinated and
non-fluorinated, and hydrocarbon membranes. A significant difference in the morphology and
transport processes between these two types has been observed. This review will address this
issue, which will include a discussion of the chemical structure and synthesis of these materials.
1.3.1

Fluorinated membranes

Nafion®, which has long been considered the state-of-the-art material for proton
exchange membranes, is commercially produced by DuPont and has a polyperfluoroacid
structure as shown in Figure (1-5).23 Nafion® is synthesized by free radical polymerization and
is extruded in the sulfonyl fluoride form. It is then hydrolyzed and acidified to convert it to the
membrane form. Typically, about 13 mole% of the vinyl ether monomer containing the pendent
sulfonyl group is employed to achieve an optimized equivalent weight of 1100 (meq of sulfonic
acid/ g of the dry polymer).

Commercially, Nafion® is available by their trade names

Nafion®117, 115 and 112. In the case of Nafion®117, the first two numbers represent 1100
equivalent weight, while the 7 represents the thickness in mils.
Similar to Nafion®, other perfluorosulfonate membranes have been developed by the
Asahi Chemical Company and the Asahi Glass Company.3 Dow Chemical developed a similar
perfluorosulfonate material, but with shorter side chains as compared to Nafion®.24
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Figure 1-5 Chemical structure of Nafion®23

1.3.2

Non-fluorinated membranes

Although the Nafion® and Dow membranes have shown excellent fuel cell properties, a
major drawback of fluorinated materials is cost. Moreover, recent research has indicated the
need for electrochemically and mechanically stable membranes capable of operating under low
humidity and high temperature conditions.

These factors have all prompted the need for

developing alternative proton exchange membranes.

1.3.3

Poly(arylene ether)s

Poly(arylene ether)s are considered promising candidates for proton exchange
membranes due to their excellent chemical and thermal stability under fuel cell operating
conditions. The general chemical structure is given in Figure (1-6), where X and Y represent
various functional groups.

By varying the chemical functional group one can control the

structure-property relationships of these polymers.25 The most common poly(arylene ether)s are
poly(arylene ether sulfone)s and ketones. The aromatic ether unit provides flexibility, whereas
the sulfone or ketone functional groups provide oxidative stability.
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Figure 1-6 General structure of poly(arylene ether)s. Reprinted with permission.15
Copyright 2004 American Chemical Society
The copolymers were converted into ion containing proton exchange membranes by
introducing sulfonic acid groups into the backbone.26 Sulfonation can be done either by post
sulfonation or by direct sulfonation, and each method has both advantages and disadvantages.26

1.3.3.1 Post sulfonation method
The most common technique for the post sulfonation of these materials utilizes sulfuric
or chlorosulfuric acid.

Because the mechanism for post sulfonation follows electrophilic

aromatic substitution on the activated ortho position of the aromatic ring,27 the resulting
materials are not considered to be very stable.28 Post sulfonation by various sulfonating agents
also results in chemical degradation of the backbone and lack of precise control of the degree of
disulfonation. These drawbacks can be overcome by using mild sulfonating agents, such as
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trimethylsilyl-chlorosulfonate, as reported by Genova-Demitrova.29 However, the disadvantages
of using mild sulfonating reagents are lower reaction rates and lower efficiencies of sulfonation.
Among the poly(arylene ether)s, the poly(arylene ether ketone)s (PEEK) have been the
most widely studied. Poly(arylene ether ketone)s are semicrystalline thermoplastic polymers
with enhanced oxidative and hydrolytic stability.15,

17, 19

They are commercially available in

different chemical structures, as shown in Figure (1-7), with the most common one being Victrex
PEEK. Sulfonation can be carried out using concentrated sulfuric acid with up to one sulfonic
acid group per repeat unit. The sulfonation rate can be controlled by reaction time, temperature,
and acid concentration.30, 31

Figure 1-7 Chemical structures of commercially available PEEKs. Reprinted with
permission.17 Copyright 2003 Annual Review of Materials Research

1.3.3.2 Direct sulfonation methods
A major drawback of the post sulfonated system is the lack of control over the
reproducibility of the degree and location of sulfonation and on the thermal stability of the
polymers. This is a critical disadvantage given the fact that good control over the position,
number and distribution of sulfonic acid groups will lead to better tailoring of the microstructures

12
and, hence, performance properties. To obtain comparable higher proton conductivity, one has
to move towards higher degrees of sulfonation, which is also unfortunately associated with
higher degrees of water swelling and poor mechanical properties. In contrast, the monomer
sulfonation method results in the placement of two sulfonic groups per repeat unit at a
deactivated position on the aromatic ring. The difference between the sulfonic acid placements
in the two methods is shown in Figure (1-8). Hence, one might expect higher acidity, better
thermal stability and better control over the microstructure of the ionomer.

And, indeed,

reasonable proton conductivities can be achieved with modest levels of disulfonation.
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Figure 1-8 Placement of the sulfonic acid group in post sulfonation (activated ring) vs.
direct copolymerization of a disulfonated monomer (deactivated ring). Reprinted with
permission.15 Copyright 2004 American Chemical Society

1.3.3.3 Synthesis of the monomer
Robeson and Matzner first reported the sulfonated monomer, for use in a flame retardant
material.32 Recently, McGrath et al. refined the sulfonation technique, as shown in Figure (1-9).
33

The direct copolymerization of disulfonated poly(arylene ether sulfone)s was carried out by

an aromatic nucleophilic substitution reaction.34, 35
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The acronym for the material is BPSH–xx, where BP stands for biphenol, S for
sulfonation, H for the acidified form of the membrane, and xx for the degree of disulfonation.15,
36

The influence of the bisphenol structure on resulting properties was studied by varying the

bisphenol structure from hydroquinone, hexafluoroisopropylidene bisphenol (6F), 4,4`-biphenol
to bisphenol A.37-42 The functional groups were also varied to synthesize poly(arylene ether
ketone)s43 and poly(arylene thioether sulfone)s.44

All of the copolymers showed similar

properties and the electrochemical properties corresponded well with the ion exchange
capacities.
The 6F materials showed distinct advantages over the Nafion® benchmark materials in a
number of fuel cell tests. For example, Kim et al. reported 3000 h stability in DMFC fuel cell
conditions (Fig. 1-11).45 Similar water swelling values between the electrode and the PEMs and
chemical similarity with Nafion® electrodes were observed, which are considered to be key
factors. Moreover, the BPSH 35 copolymer has demonstrated excellent oxidative stability as
shown in the Open Circuit Voltage (OCV) test,46 which was conducted at 100 oC under an H2 /
O2 environment at 25 % RH. In fact, BPSH outperformed the Nafion® benchmark material in
this test and was stable up to 300 h. This inherent stability was attributed to the extremely low
oxygen permeability (10x lower than Nafion®). Thermal properties were also characterized by
dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC).47
Similar to the BPSH systems, novel poly(arylene ether benzonitrile) copolymers were
synthesized.48

For DMFC applications, this particular copolymer with a 35% degree of

disulfonation showed very good performance—namely, a 50% increase in selectivity and at 0.5
V, a current density of 200 mA/cm2.49 The DMFC performance curve compared favorably with
Nafion® and BPSH-40 as shown in Figure (1-12).
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Figure 1-11 3000 h stability for 6F 35 under DMFC conditions at 80 oC

Figure 1-12 DMFC fuel cell performance curve for 6FCN 35, BPSH 40 and Nafion® 117.
Reprinted with permission.49 Copyright [2004], The Electrochemical Society
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1.4 Morphology of PEMs
Ion containing polymeric materials are known to have very complex morphologies.50-52
All the electrochemical properties of proton exchange membranes are strongly dependent on the
morphology of the copolymer.53-55 For example, the sulfonic acid containing copolymers phase
separate to form hydrophilic and hydrophobic domains.

Under hydrated conditions, these

hydrophilic domains play an important role in the transport process.

The morphology of

sulfonated copolymers is influenced by many factors such as chemical composition, distribution
of the sulfonic acid groups, selection of casting solvent, and the hydrothermal history.56-58 The
morphology can be studied by various experimental techniques, including small angle X-ray
scattering,59, 60 neutron scattering,60, 61 transmission electron microscopy (TEM),62 atomic force
microscopy (AFM)63 and NMR relaxation and diffusion experiments.64 65
As noted earlier, the most studied material in the literature is the perfluorinated sulfonic
acid containing membrane, Nafion®.

“Nafion® is considered to have a random chemical

structure that is capable of organizing the complex formation of ionic and crystalline domains
with a significant distribution in dimensions over a wide range of length scales.”54 Gierke and co
workers were the first to propose the cluster-network model using SAXS and wide angle X-ray
diffraction.59, 66-69 They studied both the hydrolyzed and unhydrolyzed forms of Nafion®. They
observed a low angle SAXS minimum around 0.5o 2θ and diffraction peak at 18o 2θ for the
unhydrolyzed sample. The peak increased with increasing equivalent weights of the PTFE
segments and was assigned to the crystalline organization within the fluorocarbon matrix. An
additional peak at 1.6 o 2θ was observed for the hydrolyzed sample and was assigned to the ionic
clusters. This peak increased with decreasing equivalent weights and increasing water content.
Under hydrated conditions, the ionic clusters were proposed to be spherical in shape with an
inverted micelle structure, as reported.69 The transport processes were assumed to be controlled
by the cluster network or the “channels,” while the PTFE units provided mechanical support. In
contrast to the cluster-network model, Fujimura et al.70 proposed an interparticle core-shell
model. In this model, an ion rich core is believed to be surrounded by an ion poor shell
composed of PTFE units.
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The structural evolution of Nafion® from the dry state to the hydrated state was
extensively studied by Gebel using small angle scattering techniques.71 A conceptual model
depicting the swelling and dissolution processes was developed, which is shown in Figure (113).71

Figure 1-13 Conceptual model for morphology of dry and swollen Nafion®. Reprinted
from 71 with permission from Elsevier
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As shown, the dry membrane is thought to contain isolated, spherical ionic clusters with
diameters of ~ 1.5 nm. With increasing water content, these clusters swell and at water activities
of 0.3 to 0.5, structural reorganization takes place to form a percolated well connected network.
However, with increasing water uptake an inversion of structure is thought to take place with the
evolution of rod-like morphology. At a higher water uptake, the membrane dissolves and the
morphology resembles an isolated colloidal of rods.
In recent years, substantial research has been conducted on characterizing Nafion®
morphology by microscopic techniques. Xue et al.62 reported the presence of a three phase
morphology in solution cast Nafion® 117 using TEM studies. Spherical clusters in the diameter
range of 25-50o A were found to be surrounded by an interphase and dispersed in a hydrophobic
fluorocarbon matrix.
McLean et al.63 studied the near surface morphology of the ionic domains in Nafion®
membranes using various AFM techniques (Fig.1-14). For example, sequential AFM imaging
proved that the softer fluorocarbon regions contained spherical ionic domains in the same
topographical areas, while tapping mode AFM was useful in probing the stiffer fluorocarbon
aggregates. The results supported the Gierkie model in that spherical ionic domains were related
to the inverted micelle structure. AFM was also used to study the hydrated morphology of the
Nafion® membranes. Expansions in the ionic clusters were observed with increasing hydration
levels, followed by aggregation, to form long structures.
This concept was further expanded by Kreuer in his nanoscopic hydrated model.72 He
compared the morphology of Nafion® and poly(arylene ether ketone)s to understand the
influence of microstructures. Specifically, he considered an arrangement of ionic clusters and
the water-filled spaces in between. The water acts as a second phase, which help in forming the
percolated structure and ensures connectivity between the ionic clusters. Kreuer concluded that
Nafion® displayed better connectivity and wider channels when compared to PEEK. These
differences were attributed to the presence of more hydrophobic, higher acidic groups, as well as
the flexible backbone of Nafion®.
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Figure 1-14 AFM images of Nafion® 117 (K+) form A) height image B) phase image; 300
nm x 300 nm. Reprinted with permission.63 Copyright 2000 American Chemical Society

Figure 1-15 Water uptake scales with morphology and degree of disulfonation for BPSHxx copolymers. Reprinted from73 with permission from Elsevier

McGrath et al.73

36

reported the morphological structure of ion containing random non-

fluorinated membranes using AFM and DMA techniques. The random copolymers showed a
hydrophilic/hydrophobic morphology that depended strongly on the degree of disulfonation. At
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low degree of disulfonation, the hydrophilic phase was found to be discontinuous, and the
hydrophobic phase was determined to be continuous. Moreover, phase separation increased with
increasing degrees of disulfonation. After a particular degree of disulfonation, however, the
hydrophilic phase was found to be the continuous or percolated phase. A sudden increase in
water uptake was associated with this percolation threshold, as displayed in Figure (1-15).
The importance of the acidification method was also studied. While room temperature
acidification yielded a mainly closed morphological structure acidifying under boiling conditions
followed by a hydrothermal treatment resulted in a much open network,36 resulting in higher
water and proton transport at a given IEC.

1.5 Proton conductivity
Proton flux for ion containing copolymers can be described by the Nernst Plank equation,
as follows74
⎛ ∇C p
F∇ψ
− j p = DpC p ⎜
+ zp
⎜ C
RT
⎝ p

⎞
⎟
⎟
⎠

Equation 1-7

where jp is the proton flux, Cp is the concentration of protons, Dp is the diffusion coefficient of
the protons, zp is the proton charge, Ψ is the electrostatic potential, R is the gas constant, and F is
the faraday constant. For a membrane with a constant thickness and a proton charge of +1, the
proton flux can be related to proton conductivity (σ).

σ ∝ j p ∝ D pC p

Equation 1-8

Thus, proton conductivity is a function of both the concentration of the protons and the diffusion
coefficients of the protons.

σ = f (C , D

)

Equation 1-9
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Proton transport in aqueous environments has been studied extensively and can be
described by two principal mechanisms.75-77 The first is the Grotthuss78 mechanism, wherein
protons are transferred down a chain of correlated hydrogen bonds, forming and reforming
hydronium cations (H3O+). The second mechanism, described by Kreuer75, 76, 79-81 is known as
the vehicle mechanism. It is believed to occur via the bulk diffusion of a proton and its
associated water molecules or “vehicle” in an H3O+, H5O2+, or other H2n+1On+ cation species.
Hence, the self-diffusion coefficient of water is critical in understanding the transport behavior of
protons as shown by both Kreuer et al.76 and Zawodzinski et al.82 In fact, both these reports have
proved that the vehicle mechanism is dominant at low water contents (or hydration number, λ)
where the diffusion coefficients of protons and water are similar; thus, water and protons move
in concert.77 At higher water contents, however, the Grotthuss mechanism dominates proton
conduction where the computed diffusion coefficients of protons is higher than that of the
measured water self-diffusion coefficients. In other words, protons are moving faster across the
membrane than is the water.
The most common method for measuring proton conductivity is by impedance
spectroscopy as reported

82

using an Impedance/Gain-Phase Analyzer over the frequency range

of 10 Hz - 1 MHz. The cell geometry was chosen to ensure that the membrane resistance
dominated the response of the system. The resistance of the film was measured at the frequency
which produced the minimum imaginary response.83 Therefore, the conductivity of a membrane
can be calculated from the measured resistance and the geometry of the cell according to
Equation (1-10),

σ =

l
Z' A

Equation 1-10

where σ is the proton conductivity, l is the length between the electrodes, A is the cross sectional
area available for proton transport, and Z’ is the real impedance response.
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1.6 Self-diffusion coefficient of water
The self-diffusion coefficient of water is a weighted average of the diffusion coefficients
of water and protons for separate environments. In a hydrated PEM, 1H nuclei exchange rapidly
between the H2O and H+ environments. Thus, the diffusion of water within the membrane is not
considered to be a one dimensional mass transfer problem. The self-diffusion coefficient of
water tends to depend upon the tortuosity and the local morphology of the membranes and is
defined by the following Equation (1-11), 84
⎡ D eff H ⎤
J1 = ⎢
⎥ (C 1 − C 2 )
⎣ l ⎦

Equation 1-11

where J is the flux, H is the partition coefficient (i.e., the concentration of the membrane divided
by that in adjacent solution), Deff is the effective diffusion coefficient, and C1 and C2 are the
concentrations of the components across the length l. One of the most important techniques for
measuring the self-diffusion coefficient of water is via pulsed-field gradient spin echo nuclear
magnetic resonance (PGSE NMR).85-92 The standard pulse sequence is given in Figure (1-16).

Figure 1-16 Pulse sequence of PGSE NMR

The measurement is obtained by observing the echo signal intensity (A) as a function of
the gradient strength (g) (Fig. 1-17). The diffusion coefficient (D) is determined by fitting the
data (Fig 18) to the Equation (1-12),88
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A( g ) = A(o ) exp[−γ 2 Dg 2δ 2 (Δ − δ / 3)]

Equation 1-12

where, A is the NMR signal intensity as a function of gradient strength, γ is the gyromagnetic
ratio (26752 radG-1s-1 for protons), δ is length of the gradient pulse, and ∆ is the time between

Intensity

gradient pulses.

Gradient strength
Figure 1-17 Intensity of the water signal as a function of gradient strength in an ideal
PGSE experiment
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Figure 1-18 Linear curve fitting of the PGSE experimental results
One of the advantages of this method is that the measured diffusion coefficients can be
related to the mean square displacement of the water molecule or the effective diffusion length
scale86, 88, 89, 93, 94 because the time (Δ) during which the diffusion measurement is assessed is
known. The displacement (Δr) is given by:
Δr = 2 Deff Δ

Equation 1-13

for a gradient in one direction. This will provide insight for probing the influence of a restricted
morphology on transport properties. The effective diffusion time (and hence the length over
which the diffusion coefficient is measured) can be modified by varying the (Δ-δ/3) term in the
NMR pulse sequence. Thus, probing the morphology of the interconnected channels between
the hydrophilic domains will provide a better understanding of important transport mechanisms.
The mathematical interpretation of this phenomenon was reported by Callaghan and coauthors.95
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Comparative study of proton and water transport for Nafion® and non-fluorinated hydrocarbon
PEMs
The proton conductivity of Nafion® has been extensively studied over a long period of
time,21, 76, 80, 81, 96-100 with most researchers in agreement that it tends to depend strongly on the
water content of the membrane.97, 98 Zawodzinski et al.82 showed (Fig. 1-19) a linear relationship
between the water content expressed as moles of water per equivalent of sulfonic acid and proton
conductivity. A similar correlation between proton conduction and water content has also been
observed for non-fluorinated hydrocarbon based random copolymers. However, the extent of
decrease is more pronounced for the random copolymers in comparison to Nafion® as reported
for BPSH-xx copolymers. Kim et al. noted that the water uptake and proton conductivity of
BPSH-xx was a function of relative humidity (Fig. 1-20).36 Although BPSH-xx tends to hold
more water than Nafion®, particularly under partially hydrated conditions, the proton
conductivity shows a reverse trend. It is thought that morphology and/or chemical structure may
be critical for proton transport under partially hydrated conditions.

Figure 1-19 Proton conductivity scales with water content in Nafion® 117. Reprinted with
permission.82 Copyright 1991 American Chemical Society
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Figure 1-20 Proton conductivity and water uptake for BPSH-xx copolymers as a function
of relative humidity. Reprinted with permission from John Wiley & Sons, Inc36
The self-diffusion coefficients of water for these random copolymers has been shown to
be much lower than Nafion.® For example, Shuster et al. reported the self-diffusion coefficients
of water as a function of water content for both poly(ether ketone)s and Nafion®, as shown in
Figure (1-21).101 As this figure depicts, the values tend to decrease significantly for the random
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copolymer at lower water content. In fact, at low hydration levels most of the water is tightly
associated with the sulfonic groups for the random copolymers, as evidenced by the low
diffusion coefficient. This encourages the formation of isolated domain morphology over the
percolated morphology. Thus, although there may be significant concentrations of protons,
transport is limited by the discontinuous morphological structure.

Under fully hydrated

condition, water assisted percolated transport pathway develops.

Figure 1-21 Self-diffusion coefficient of water as a function of water content for (a)
Nafion® and (b) sulfonated PEEK. Reprinted with permission.17 Copyright 2003 Annual
Review of Materials Research

It is also understood that proton conductivity is strongly associated with both water
content and ion exchange capacity (IEC). As has been documented, for BPSH-xx and all other
random copolymers, proton conductivities and the self-diffusion coefficients of water increase
linearly with ion exchange capacity and water uptake.34, 36, 87
Both proton conductivity and the self-diffusion coefficient of water depend strongly on
temperature over a wide range of water contents. However, the activation energy for transport is
a function of the molecular mobility and chemical structure of the copolymers. Alberty et al.
studied the proton conductivity of Nafion® over a wide range of temperatures and relative
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humidities.18 As they documented, an irreversible decay in proton conductivity occurred after a
specific temperature was reached.102

Figure 1-22 Proton conductivity as a function of temperature and relative humidity for
Nafion®. Reprinted from 102 with permission from Elsevier

As shown in Figure 1-22, the upper limit temperature was found to strongly depend on
relative humidity. It was also observed to increase with decreasing relative humidity. A similar
observation was also reported by McGrath et al. for the BPSH copolymers.103 However, the
threshold temperature was found to be higher than for Nafion®.
Several explanations have been suggested for this phenomenon. Initially, it was thought
to result from the loss of water or because of the chemical degradation of Nafion®. However, the
increase in the upper threshold temperature at lower relative humidity overruled those
arguments.

McGrath et al. related threshold temperature to hydrated glass transition

temperature.103

Water is known to act as a plasticizer, which lowers the glass transition
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temperature of an ion containing copolymer. Hence, when a membrane passes through its
hydrated glass transition temperature it undergoes morphological relaxations that disrupt proton
transport.

Moore et al. refined this concept with elegant NMR relaxations and DMA

measurements.56 They reported the presence of α and β relaxations in Nafion®. The β relaxation
was related to molecular chain mobility. Hydrated Nafion® was actually found to have a β
relaxation temperature lower than room temperature.

This also explains the higher proton

conductivity of Nafion®. The α relaxation is related to the complete disruption of the ionic
domains.

The temperature at which Nafion® undergoes an irreversible change in proton

conductivity can be related to the hydrated α relaxation temperature. Under partially hydrated
conditions, the hydrated α relaxation temperature increases, which corresponds to the increasing
upper threshold temperature.

1.7 Electro-osmotic drag
Under the influence of an electric field, ions are transported across a membrane along
with a solvent, which is a phenomenon known as electro-osmosis. The electro-osmotic drag
coefficient is defined as the number of water molecules transported per proton. This transport
parameter is important in understanding the water management issues of a fuel cell. Protons,
along with water, are transported across a membrane from anode to cathode. A high electroosmotic coefficient results in the depletion of water at the anode side, while flooding occurs at
the cathode side—particularly at high current densities. Depletion of water at the anode affects
the hydration state of a membrane and increases ohmic loss. High water content at the cathode
leads to mass transport problems and reduces the overall fuel cell performance. In their review,
Pivovar et al. described the various experimental techniques for determining the electro-osmotic
drag coefficient.104 The electro-osmotic drag cell, membrane electrode assembly cells,105 activity
gradient method106 and recently electrophoretic NMR
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are the notable ones.

Chemical

structure and morphology both play important roles in governing the electro-osmotic drag
coefficient, which increases with increasing water content in a polymer.108-110 For Nafion® the
value ranges from 3.3-3.9 at room temperature.105 Electro-osmotic drag typically occurs in
temperatures ranging from 2.0 (15 oC) to 5.1 (130 oC).105 Compared to Nafion®, hydrocarbon
membranes have much lower electro-osmotic drag coefficients. For the 6FCN 35 material, for
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example, the value is around 1.3, which may explain its higher MEA selectivity in DMFC fuel
cells.49 It has also been shown that values increase with the temperature and ion exchange
capacities of the copolymers.111

1.8 Methanol permeability
Methanol permeability is a critical transport property of a proton exchange membrane,
especially for use in liquid-fed direct methanol fuel cells.12, 112, 113 Methanol that is unoxidized at
the anode can “cross over” through the membrane and be oxidized at the cathode.114-116 This
methanol “short circuit” decreases the fuel efficiency of the system, lowers the cell voltage by
causing a mixed potential at the cathode, and increases cell heating. In general, the methanol
crossover through the membrane in an MEA scales with the feed concentration of methanol.
This is why most active DMFC systems are supplied with very low (e.g. 0.5 M) methanol feed
concentrations.14

Creating low crossover membranes that are relatively impermeable to

methanol may be a strategy for increasing the feed concentration in DMFC systems without
sacrificing cell performance. Increasing the fuel feed concentration would be desirable with
respect to both system energy density and system complexity. Many novel PEMs have low
methanol permeability, but their proton conductivity tends to decrease as well.

An ideal

membrane would be one with low crossover and high conductivity, which could still maintain
the ability to form robust junctions at the membrane-electrode interface.
There are two common methods for measuring the methanol permeability of PEMs. The
first involves a membrane separated cell,117 and the second determines open circuit
electrochemical crossover measurements in a DMFC.118

It should also be noted that the

methanol permeability of a membrane tends to track with electro-osmotic drag, which provides
insight into the domain structure of the membrane.
One of the major disadvantages of Nafion® is its higher methanol permeability, which is
related to its open morphological structure.119, 120 In contrast, the aromatic hydrocarbon based
materials display much lower methanol permeability.

For random copolymers, methanol

permeability has been found to decrease with decreasing ion exchange capacities. However,
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proton conductivity is a linear function of ion exchange capacity under fully hydrated conditions.
Polyimide based PEMs synthesized by the McGrath group are reported to have very low
methanol permeabilities and high proton conductivities.121, 122 However the hydrolytic stability
of these copolymers was not as good compared to the poly(arylene ether)s. Post or directly
sulfonated poly(arylene ether)s are reported to have much lower methanol permeabilities.
However, the selectivity of the post sulfonated materials is much lower. Directly polymerized
BPSH and 6FCN based poly(arylene ether sulfone)s are reported to have 3~4 times higher
selectivity than Nafion®.37, 49, 73

1.9 States of water
For a PEMFC, membrane hydration is critical to fuel cell performance because it
influences proton conductivity, methanol permeability, and electro-osmotic drag. However, the
degree of water absorption on a weight basis does not correlate well with these variables,
especially when comparing the different copolymer systems. Our group recently proposed that
the state of water, as assessed when confined within the membrane, plays a more significant role
in determining the membrane transport properties than previously suggested.103 There are at
least three states of water associated with the hydrophilic phases of a polymer,65, 103, 123-128 and
the presence of these thee states can be defined by thermal properties. Non-freezing bound water
is strongly associated with the polymer and depresses its Tg, but the water shows no melting
endotherm as determined by DSC. Freezable bound water is weakly bound to the polymer (or
weakly bound to the non-freezing water), and displays a broad melting behavior at around 0 °C.
Free water exhibits a sharp melting point at 0 °C.
A model for three states of water in hydrogels was first proposed by Jhon and Andrade
more than 30 years ago.129 They classified the states of water based on the type of interactions
between the water and the polymer. If water interacts strongly with functional groups present in
the polymer it is termed “bound.” “Loosely bound” refers to water molecules that display
weaker interactions with polymer chains, while “free” water is thought to have insignificant or
no interactions with a polymer.
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The variations in water-polymer interactions play a major role in the distribution of the
different types of water. The effect of binding sites on water-polymer interactions in polymers
was studied by Rowland and Kuntz.130,
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They reported that interactions were found to

decrease in the following order, ion-ion > water-ion>water-polar= polar-polar=water-water>
water-hydrophobic. Similar water-polymer interactions are known to occur in other hydrated
polymers as well. For example, water-polymer interactions were studied for hydrazine and
hydrazine hydrate in ethyl cellulose membranes.132 The binding capacity, i.e., the interactions of
the hydrazine with the functional groups in the polymer, was found to be much higher than
water. The nature of water-polymer interactions in synthetic polymers is mainly a hydrogen
bonding type. Polymers with amide, carboxyl, ester and ionic clusters are found to hydrogen
bond with water, resulting in the distribution of different types of water in the membrane.
The states of water for hydrophilic polymers have been characterized by various
methods, such as DSC and NMR relaxation measurements.94, 103, 128, 133-136 In the case of frozen
hydrogels, Hodge et al.127 observed the presence of two endothermic peaks using slow heating
DSC experimentation. The sharp peak corresponds to the melting point of ice (273) K and a
broader one below at 10-40 K. In the case of pHEMA hydrogels, Roodra et al. reported an
alternative explanation for the two peaks. They believed that the two endothermic peaks are
actually one peak separated by an exothermic peak, which is attributed to the crystallization of
the amorphous ice.137
Previous work has shown that DSC thermograms are a function of the water content in a
polymer, showing the melting endotherms of both loosely bound and free water. It is also
believed that at low hydration levels, only tightly bound water is associated with a polymer.
With an increase in the hydration level, loosely bound water is manifested first, followed by free
water. Tightly bound water can be correlated to the maximum amount of water for which there
is no melting endotherm.65,

127

However, it is very difficult to separate the two melting

endotherms of free and loosely bound water; thus, quantifying the states of water would be
ineffective. Quinn et al.128, 134, 138 have proposed a better mathematical technique to estimate the
distribution of each type of water. They showed that when the integrated change in enthalpy (per
gram of dry polymer) from a DSC thermogram is plotted against water content, the intercept
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identifies the tightly bound water. By subtracting the tightly bound water from the total water,
the combined content of the loosely bound water and free water can be obtained.
Yoshida et al. studied the different states of water from Nafion® samples in a Li+, Na+,
K+, NH4+ and alkylammonium counterion form using DSC.139 The presence of an exothermic
peak was observed during the cooling cycle. The peak width decreased with in the order of the
counterion, while the magnitude of the peaks increased with increasing water content. These
peaks were assigned as a result of the crystallization of water inside the membrane. In addition,
the presence of a single endothermic peak was observed for the heating curves, which broadened
and shifted to a lower temperature with decreasing water content. A similar study was also
conducted using ethanol instead of water.140
NMR relaxation (T2) experiments94, 135, 141, 142 have provided improved quantification of
the three states of water as reported by Whittaker et al.94 They showed that for a hydrophilic
polymer with three states of water, the decay in transverse relaxation magnetization of water can
be modeled to a tri- exponential function. The shortest component of the decay with the fastest
relaxation time corresponds to the tightly bound water having the shortest diffusive path length.
The intermediate component represents the loosely bound water, while the long component of T2
corresponds to the bulk or free water. The relative fractions of the coefficients of the exponential
terms are proportional to the respective types of water, allowing quantification of each.
The presence of different states of water and an investigation of molecular mobility was
undertaken by Boyle et al. using NMR techniques.143-146
147, 148

reported by McMillan et al.

1

H, 2H, and
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F NMR analysis was

with respect to low temperature molecular dynamics. A

change in the slope of the relaxation times was observed as a function of temperature.
The three states of water have been explored in proton exchange membranes using DSC
by Kim et al.103 A comparison of a series of DSC scans for two different membrane samples at
various levels of water content is shown in Figure (1-23).103 At low water contents, up to 3.9
weight % for Nafion® 117 and up to 20.1 weight % for BPSH 40 were observed. These scans
show no indication of thermal transitions occurring around 0 °C. At low water contents, the only
observable feature associated with the strongly bound water in the polymer was a depression in
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the glass transition temperature (Tg), as indicated by a short vertical dash. Thermal transitions of
freezable bound water (broad peaks) were observed at 11.7 weight % and 24.0 weight % for
Nafion® 117 and BPSH 40, respectively.

Nafion 117

BPSH 40

Figure 1-23 DSC comparison of Nafion® 117 and BPSH 40 at various water contents
showing the difference in the state of water for each membrane.
103

permission.

Reprinted with

Copyright 2003 American Chemical Society

In addition, evidence of bulk-like, free water (sharp peak) was observed in the DSC scans
for Nafion® at 24.8 weight % and for BPSH 40 at 36.4 weight %. In comparing the two
membrane samples and their thermal transition behaviors when hydrated, it is evident that the
water contained within each sample behaves differently. Specifically, the water contained in the
nano-phase structure of Nafion® is not as tightly bound as the water in the BPSH 40 structure.
The state of water in sulfonated copolymers clearly has a critical influence on the electrochemical properties of the membranes, which is very important for PEM fuel cells. For example,
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tightly bound water results in a Tg depression. Under hydrated conditions this indirectly affects
the proton conductivity of the sulfonated copolymers by influencing the temperature at which a
viscoelastic induced morphological relaxation occurs. The temperature at which this relaxation
occurs has important implications when the operating temperature of fuel cells is increased. The
free water content was found to influence the transport properties.

1.10

Design for next generation proton exchange membranes.

The challenge in designing next generation PEMs lies in how to modify the chemistry of
the polymers to obtain significant proton conductivity at low hydration levels, especially when
the self-diffusion coefficient of water may still be quite low due to its association with the acid
groups. One proposal for increasing proton conductivity in the absence of a large amount of
water is to develop the associated structure of the ionic groups at low hydration levels. This can
be achieved by increasing the ionic concentration, which in turn increases the degree of
sulfonation. This increase in the concentration of sulfonic groups may help to form associated
domain structures—even at low hydration levels—and may contribute to enhanced proton
conductivity. The major drawback of a higher degree of sulfonation is that the polymer will
experience excessive water uptake at higher water activities. This results in poor dimensional
stability and significant depression of the glass transition temperature.47 It has been reported that
for BPSH-xx copolymers, water uptake increases to a very high value after approximately 55%.
degree of disulfonation.36, 103, 149 This relatively high degree of disulfonation has been correlated
to the continuity of the hydrophilic phase, which varies depending on the polymer’s chemical
features. High conductivity at both low degrees of disulfonation and low hydration levels may
be possible if one can alter the sequential chemical structure of the polymer backbone to produce
block copolymers.
Block copolymers consist of two or more chemically dissimilar backbone segments (i.e.
blocks) that are chemically conjoined through covalent bonds in the same chain.150 In many
cases where the blocks are immiscible, improved morphological control can be achieved by
tailoring the chemical composition, molecular weight, and volume fraction of the blocks. Thus,
new materials with attractive properties can be created, which would not have been possible in a
single phase.151 Block copolymer ionomers can be obtained when one of the blocks is fully or
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partially modified with ion containing groups. In block ionomer proton exchange membranes,
the ionic groups act as proton conducting sites, while the non-ionic component provides
dimensional strength and, in the case of DMFCs, may serve as a barrier for methanol transport.
Among the most extensively studied block ionomers as potential PEMs are the sulfonated
polystyrene-based triblock copolymers.

Another example is sulfonated poly(styrene-

isobutylene-styrene) (SPSIS),74, 152 with varying block lengths and degrees of sulfonation of the
PS block, synthesized by living cationic polymerization.

Although these block copolymer

ionomers have been shown to have acceptable proton conductivity and fuel cell performance
characteristics,74,

152

their major disadvantage is the poor chemical stability of their aliphatic

backbones. This limits their applicability to low temperature and low power density devices.
Relatively few attempts have been made to develop block copolymer ionomers having
thermally and chemically stable aromatic backbones.153-155 Synthesizing this type of system is
possible via step growth polymerization whereby hydrophobic and hydrophilic telechelic
oligomers with appropriate end groups are copolymerized to obtain multiblock, or segmented,
copolymer ionomers. McGrath et al. have recently synthesized a series of multiblock ionomers
having highly fluorinated hydrophobic blocks and poly(arylene ether sulfone)s hydrophilic
blocks with a 100% degree of sulfonation.156 Unlike the BPSH-xx copolymers, where the
sulfonic acid groups are randomly distributed in pairs along the chain, the multiblock copolymers
feature an ordered sequence of hydrophilic and hydrophobic segments.

If connectivity is

established between the hydrophilic domains in these multiblock copolymers, they will not need
as much water to form a percolated structure. Hence, they will exhibit much better proton
conductivity than the random copolymers (with similar degrees of sulfonation, or IEC) under
partially hydrated conditions.
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Abstract
Partially disulfonated hydroquinone based poly(arylene ether sulfone) random
copolymers were synthesized and characterized for application as proton exchange
membranes. The copolymer composition was varied in degree of disulfonation. The
copolymers were characterized by 1 H NMR, FTIR, DSC and other analytical techniques.
The copolymer with a 25 % degree of disulfonation showed the best optimized balance
between water uptake and proton conductivity. The copolymers showed substantially
reduced methanol permeability compared to Nafion® and satisfactory DMFC
performance. The methanol selectivity improved significantly in comparison to Nafion®
117. At a given ionic composition, the hydroquinone based system showed higher water
uptake and proton conductivity than the biphenol based (BPSH-xx) poly(arylene ether
sulfone)s copolymers.
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2.1 Introduction
Fuel cells are defined as electrochemical devices that convert chemical energy
into electrical energy.

Fuel cells are classified according to the nature of their

electrolyte.1-4 Among the different types of fuel cells, alkaline fuel cells (AFCs), proton
exchange membrane fuel cells (PEMFCs), phosphoric acid based fuel cells (PAFCs),
molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) have all shown
promise.

PEMFCs can be further subdivided based on the nature of the fuel.

Specifically, the fuel may be non-volatile in nature—for example, H2 (H2/Air)—or
volatile as in the case of methanol, which is used in direct methanol fuel cells (DMFCs).
The typical operating temperature of a fuel cell is from 80-120 oC, and it requires the
presence of water for satisfactory performance.5, 6 The electrolyte employed is typically a
sulfonic acid containing polymeric membrane. The ionic groups in presence of water
provide the pathway for proton conduction and the chemical polymeric backbone
provides the mechanical support. The typical criteria for effective proton exchange
membranes are high proton conductivity, excellent oxidative and mechanical durability,
reduced fuel permeability, low water uptake, reduced swelling-deswelling characteristics,
ability to be fabricated to MEA, and overall cost effectiveness.5
Over the last several years, our group has been involved in the synthesis of 4,4’biphenol based disulfonated poly(arylene ether sulfone)s copolymers.5 These copolymers
(of varying degrees of molar disulfonation) are synthesized by the direct
copolymerization of disulfonated monomers.7 The corresponding acronym is known as
BPSH-xx, where BP stands for the biphenol, S for sulfone, H for the acid form, and xx
for the degree of disulfonation. The materials show very good proton conductivity at
higher degrees of disulfonation.

Comparable H2/Air fuel cell performance to the

commercially available Nafion® has been achieved.

The materials also display

significantly lower methanol permeability with improved DMFC performance than
Nafion®.8, 9
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In this paper, the current research has been extended towards the synthesis and
characterization of partially disulfonated hydroquinone based poly(arylene ether
sulfone)s. The corresponding acronym is defined as HQSH-xx, where HQ stands for
hydroquinone, S for sulfone, H for the acid form, and xx for the degree of disulfonation.
Hydroquinone with only one benzene ring is expected to impart less rigidity in the
copolymer compared to biphenol in BPSH-xx.

From an economic standpoint,

hydroquinone is also less expensive than biphenol, making it much more commercially
viable. In this paper, HQSH-xx copolymers with varying degrees of disulfonation were
synthesized and characterized using 1H NMR and FTIR spectroscopic techniques.10, 11 A
number of fundamental transport properties were evaluated to optimize the ionic content
for achieving the desired properties. Membrane electrode assemblies were constructed
for DMFC applications and fuel cell performance was evaluated.

2.2 Experimental
2.2.1

Materials

Highly purified 4,4’-dichlorodiphenylsulfone (DCDPS) was provided by Solvay
Advanced Polymers.

Hydroquinone (HQ) was obtained from Eastman Chemical

Company. All the monomers were dried under vacuum prior to use. The disulfonated
comonomer (SDCDPS) was synthesized according to the modified literature methods12
and dried under vacuum before copolymerization. The solvents N,N-dimethylacetamide
(DMAc, Fisher) and N-methyl-2-pyrrolidinone (NMP, Fisher) were vacuum-distilled
from calcium hydride onto molecular sieves. Potassium carbonate (Aldrich) was dried in
vacuum before copolymerization. Toluene, sodium chloride, 30% fuming sulfuric acid
and methanol were obtained from Aldrich and used as received. The fuming sulfuric acid
was further analyzed for active SO3 concentration.13 Nafion® 117 was obtained from
ElectroChem, Inc and used as received. BPSH-xx copolymers were used as controls.
The data presented for the BPSH-xx random copolymers in this paper were obtained
from previously reported studies.5, 7-9
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2.2.2

Synthesis of hydroquinone based partially disulfonated
poly(arylene ether sulfone) random copolymers (HQSH-xx)

The synthesis of disulfonated poly(arylene ether sulfone) copolymers was
successfully achieved via aromatic nucleophilic substitution as described previously.10-12
One typical copolymerization for a HQSH-40 copolymer was as follows: Hydroquinone
(10 mmole), 4,4’-dichlorodiphenylsulfone (6 mmole), and 3,3’-disulfonated-4,4’dichlorodiphenylsulfone (4 mmole) were charged to the flame dried 3-neck flask, which
was equipped with a mechanical stirrer, nitrogen inlet and a Dean-Stark trap. Potassium
carbonate (11.5 mmole) was added to the system. Dry NMP was introduced to afford
about a 20% solids concentration and toluene (NMP/toluene = 2/1 v/v) was used as an
azeotropic agent. The reaction mixture was heated under reflux at 150 ºC for 4 h to
remove the water. Then, the bath temperature was raised slowly to 180 ºC and reacted
for an additional 24 h. The viscous solution was cooled to room temperature, and then
diluted with NMP. The copolymer solution was filtered to remove the salt byproduct and
then isolated by precipitation in deionized water. The copolymer was separated by
filtration and dried in a vacuum oven at 120 °C for 24 h.

2.2.3

Membrane preparation

The salt form copolymers were redissolved in DMAc to afford transparent 5 wt %
solutions, which were then cast onto clean glass substrates. The films were slowly dried
for 2 days with infrared heat at gradually increasing temperatures, and then dried under
vacuum at 110 oC for 2 days. The membranes were converted to their acid form by
boiling in 0.5 M H2SO4 for 2 h, and were then boiled in deionized water for 2 h to
remove any residual acid. Membranes were stored in deionized water until used for
measurement.
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2.2.4
1

NMR, ATR-FTIR spectroscopy, DSC and intrinsic viscosity

H NMR analysis was conducted on a Varian Unity 400 spectrometer. All spectra

were obtained from a 10 % solution (w/v) in a DMSO.d6 solution at room temperature.
ATR-FTIR analysis was done in Dura Samp IR instrument.

DSC experiment was

performed on a TA instrument in presence of N2. The heating rate was 10 oC/min.
Intrinsic viscosities were determined in NMP at 25 oC using a Cannon Ubbelholde
viscometer.

2.2.5

Measurement of proton conductivity

Proton conductivity at 30 oC at full hydration (in liquid water) was determined in
a window cell geometry14 using a Solartron 1252 + 1287 Impedance/Gain-Phase
Analyzer over the frequency range of 10 Hz to 1 MHz following procedures reported in
the literature.15 Membranes were equilibrated at 30 °C in DI water for 24 h prior to the
determination of proton conductivity in liquid water at 30 oC.

2.2.6

Determination of water uptake, hydration number, density and
effective proton concentration (CH+)

The water uptake of all membranes was determined gravimetrically. First, the
membranes were soaked in water at 30 °C for 2 days after acidification. Wet membranes
were removed from the liquid water, blotted dry to remove surface droplets, and quickly
weighed. The membranes were then dried at 120 °C under vacuum for at least 24 h and
weighed again.

The water uptake of the membranes was calculated according to

Equation (2-1) where massdry and masswet refer to the mass of the dry membrane and the
wet membrane, respectively.

water uptake% =

mass wet − mass dry
mass dry

× 100

Equation 2-1
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The hydration number (λ), number of water molecules absorbed per sulfonic acid,
can be calculated from the mass water uptake and the ion content of the dry copolymer as
shown in Equation (2-2), where MWH2O is the molecular weight of water (18.01 g/mol)
and IEC is the ion exchange capacity of the dry copolymer in milliequivalents per gram.

λ=

(mass wet − massdry )/MWH 2O
IEC × massdry

…….

Equation 2-2

For density determination, the samples were equilibrated in water. The dried
dimensions were obtained by drying the wet membrane at 80 °C in a convection oven for
2 h. Density was calculated from the volume and weight of the dried membranes. An
average of 4 samples was taken for each measurement.

The effective proton

concentration was determined from the water uptake, density and IEC using the
following expression

+

CH =

IEC × Density
(1 + 0.01× wateruptake × Density )

Equation 2-3

2.2.7 Methanol permeability and DMFC performance
Methanol permeability of the membranes was determined by measuring the
crossover current in a DMFC under open circuit conditions. The measurement was
performed in an identical manner to that of Ren et al.16
DMFC performance or the VIR curves were obtained using Fuel Cell
Technologies test stand as described earlier.17 The methanol feed concentration was 0.5
M, air flow rate at cathode was 500 sccm at 90 °C and the cell temperature was 80 °C.
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2.3 Results and Discussion

2.3.1 Copolymer synthesis
Hydroquinone based disulfonated poly(arylene ether sulfone)s copolymers were
successfully synthesized by a nucleophilic aromatic substitution reaction. A series of
copolymers was prepared with varying degrees of disulfonation (SDCDPS content). The
high IV values suggest the formation of high molecular weight disulfonated copolymers.
The structure of the copolymers was confirmed by

1

H NMR spectroscopy.

representative spectrum for HQSH 25 is shown in Figure (2-2).

A

The degree of

disulfonation was calculated from the ratio of the protons associated with DCDPS to the
protons associated with SDCPDS monomer. The ion exchange capacity (IEC) is a
measure of the ionic content, which was calculated from the experimentally determined
degree of disulfonation using previously reported procedures.7 The values matched with
the target IEC for all the copolymers, which is shown in Table (2-1). ATR-FTIR analysis
(Fig. 2-3) confirmed the successful incorporation of sulfonate groups.

The strong

characteristic peaks at 1030 cm-1 and 1098 cm-1 were assigned to symmetric and
asymmetric stretching of the sulfonate groups, respectively.

Glass transition

temperatures were determined from the DSC measurements for the acidified form of the
samples. The Tg increased with increasing degree of disulfonation.
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Figure 2-2 1H NMR spectrum of HQS-25 random copolymer; only the aromatic
region is displayed
Table 2-1 Summary of the properties of HQSH-xx copolymers

HQSH-xx
sample (xx)

Target IEC
(meq/g)

IEC
from
1
H NMR

IV*
(dL/g)

Tg**
(oC)

20

1.2

1.1

0.8

220

25

1.4

1.3

1.6

227

30

1.6

1.6

1.1

230

35

1.8

1.8

1.5

237

40

2.0

2.1

1.0

240

* in NMP at 25 oC
** from DSC, N2, 10 oC/min
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SO3-K+

0.070
0.060
0.050
0.040
0.030
0.020

HQS35

0.010

HQS30
1600

1400

1200

1000

950

HQS 20

cm-1

Figure 2-3 ATR-FTIR spectra of HQS-xx copolymers confirming the presence of
sulfonate groups

2.3.2 Water uptake
Figure (2-4) depicts two plots for water uptake as a function of IEC for both the
HQSH-xx and BPSH-xx8 copolymers. As shown, water uptake increased with increasing
ion exchange capacity. Moreover, a sharp increase in water uptake is observed from IEC
1.6 to 1.8 for the HQSH-xx copolymers. A similar increase was observed for the BPSHxx copolymer over the IEC range of 1.7 to 2.0. AFM studies of the BPSH-xx systems,
associated this sharp increase to a morphological transition from a closed to an open
system where the hydrophilic system is the continuous phase.18 Similar explanations can
be drawn for the HQSH-xx copolymers as well. At a given IEC, the HQSH-xx absorbs
more water than the BPSH-xx copolymers, which indicates a more open structure for the
HQSH-xx copolymers. The rigidity of the backbone influences the water absorption
characteristics of these PEMs.
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Figure 2-4 Water uptake as a function of IEC for HQSH-xx and BPSH-xx random
copolymers

2.3.3 Proton conductivity
Proton conductivity values measured in liquid water at 30 oC are reported in Table
(2-2) along with hydration numbers and IEC results. The BPSH-xx copolymers are
included for comparative purposes.8, 19 Proton conductivity is a function of both proton
diffusivity and proton concentration.
conductivity scales with IEC.

For most of the random copolymers, proton

However, the proton conductivity of HQSH-xx

copolymers passes through maxima at an IEC of 1.6 meq/g and then decreases. This can
be explained in terms of effective proton concentration.

Although the proton

concentration increases with IEC, the increased water swelling in the membrane
decreases the effective charge or proton concentration. The calculated effective proton
concentrations (CH+) for the HQSH-xx and BPSH-xx copolymers are provided in Table
(2-2). The effective CH+ remains similar over the IEC range studied for the BPSH-xx
copolymers.

The increased water uptake for HQSH 35 (1.8 meq/g) significantly

decreases the CH+ value, which corresponded to a decrease in the overall proton
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conductivity for this copolymer. When comparing the two series of copolymers at a
given IEC (1.2 to 1.6) meq/g, the HQSH displays higher proton conductivity values over
the BPSH-xx copolymers, indicating a much favored and open morphology compared to
the BPSH-xx copolymers.

In addition to ionic content, the selectivity of proton

conductivity over the water absorption is a function of the chemical structure as well.

Table 2-2 Proton exchange membrane properties of HQSH-xx and BPSH-xx19
copolymers

Sample

IEC

Density

(meq/g)

(g/cc)

Hydration

Proton

Effective

number

conductivity*

CH+

(λ)

(S/cm)

(meq/cc)

Methanol
permeability
(10-6
cm2/s)**

HQSH-35

1.8

1.4

80

0.08

0.54

-

HQSH-30

1.6

1.3

29

0.103

1.00

1.1

HQSH-25

1.4

1.3

23

0.08

1.03

0.46

HQSH-20

1.2

1.3

13

0.06

1.11

0.34

BPSH-40

1.7

1.4

19

0.11

1.30

0.86

BPSH-35

1.5

1.3

14

0.07

1.37

0.56

BPSH-30

1.3

1.3

9

0.04

1.34

0.36

* measured in liquid water, 30 oC (± 5%), ** measured at 30 oC

2.3.4 DMFC performance and methanol permeability
Membrane electrode assemblies were fabricated for the HQSH-xx random
copolymers with varying IEC values using the methodologies outlined in the
experimental section. The composition of the electrode and the casting procedures were
the same for all the copolymers. Figure (2-5) compares the DMFC performance for the
HQSH-xx copolymers. The theoretical open circuit voltage for fuel cell is 1.23 V. A
significant decrease in OCV was observed due to the methanol crossover. Specifically,
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methanol permeates across the membrane to the cathode where it gets oxidized, thereby
reducing its overall potential. HQSH-xx copolymers with higher open circuit voltage
values suggest reduced methanol crossover. The membrane properties are known to
govern the fuel cell performance over a voltage range of 0.7 to 0.4 V. The lower the
slope of the curve, the lower is the membrane resistance. Conversely, electrode viability
controls the higher voltage range (1.0-0.7) V, while mass transport characteristics
dominate at the lower voltage range (0.4-0.2) V. The membrane fuel cell performance
increases with increasing degrees of disulfonation to 30 %. The high water uptake values
for HQSH 35 reduces the overall performance for the copolymer.
0.9
0.8
1.HQSH 35 5 mils

0.7
cell potential (V)

2.HQSH 30 4 mils

0.6

3.HQSH 25 6.3 mils

0.5

4.HQSH 20 6.4mils

1

0.4
0.3

3

2

0.2

4

0.1
0
0

50

100

150

200

250

300

2

current density (mA/cm )

Figure 2-5 DMFC performance of HQSH-xx random copolymers as a function of
degree of disulfonation; the thickness of the membranes in mils is provided in the
legend
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Figure 2-6 Methanol permeability as a function of temperature for the HQSH-xx
copolymers

The methanol permeability of the copolymers was determined using crossover
current measurements.17

Methanol permeates across the membrane from anode to

cathode and gets oxidized at the cathode. This process is associated with a reduction in
the open circuit voltage and decreased fuel efficiency. HQSH-xx copolymers showed
significantly lower methanol permeability compared to Nafion® 117 over a wide range of
temperature, as shown in Figure (2-6).

The aromatic backbone of the copolymers

restricts methanol diffusion and reduces methanol permeability. At a lower IEC, the
methanol permeability values for the HQSH-xx and BPSH-xx18 are similar (Table 2-2).
However, at a higher IEC (1.6 meq/g), the HQSH-xx has a slightly higher methanol
permeability value. A more open morphology at higher degrees of disulfonation for the
HQSH-30 facilitates the methanol transport to a small extent over the BPSH-xx
copolymers.
In proton exchange membranes, a tradeoff exits between methanol permeability
and proton conductivity. In other words, high proton conductivity is often associated
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with high methanol permeability. Thus, the key is finding a material with high selectivity
and low methanol permeability. Selectivity is defined as the ratio of proton conductivity
(in liquid water) to methanol permeability. And while DMFC performance is often a
function of the nature of the electrodes and many other variables, methanol selectivity is
a critical membrane property.
Figure (2-7) compares the methanol selectivity as a function of the methanol
permeability for the HQSH-xx, BPSH-xx and Nafion®117 copolymers.

All the

measurements were done at 30 oC. A clear linear relationship exists. Both BPSH-xx and
HQSH-xx copolymers display high selectivity at low methanol permeability compared to
Naifon® 117. On a comparative basis, both HQSH-xx and BPSH-xx copolymers show a
similar relationship between selectivity and methanol permeability. HQSH-20 showed
the highest selectivity at low methanol permeability.
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Figure 2-7 Aromatic copolymers display higher selectivity with lower methanol
permeability compared to Nafion® 117
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2.4 Conclusions

Partially

disulfonated

hydroquinone

based

poly(arylene

ether

sulfone)s

copolymers were synthesized for potential application as proton exchange membranes.
The copolymers were varied in degree of disulfonation to optimize the balance between
the various PEM properties. Both proton conductivity and water absorption increased
with increasing IEC. However, higher water uptake at higher IEC decreased the effective
proton concentration and, hence, proton conductivity. Copolymers with 25 % degree of
disulfonation afforded the best optimized balance between water uptake and proton
conductivity. The copolymers exhibited significantly reduced methanol permeability
compared to Nafion® and satisfactory DMFC performance.
Another objective of the study was to compare the properties of HQSH-xx
copolymers with existing biphenol based disulfonated poly(arylene ether sulfone)
(BPSH-xx) random copolymers. Because hydroquinone is less expensive than biphenol,
the HQSH-xx system has a distinct economic advantage over the BPSH-xx copolymers.
Moreover, the HQSH-xx system has similar IEC values when compared to those of the
BPSH-xx system, but with a much lower degree of disulfonation. At a given IEC, the
water absorption of HQSH-xx was higher than BPSH-xx, indicating the presence of a
more open morphology, which corresponds to higher proton conductivity and slightly
higher methanol permeability compared to BPSH-xx. For DMFC applications, a similar
relationship between selectivity and methanol permeability was observed for both series
of copolymers. The appropriate optimization of electrodes and MEA fabrication process
is expected to yield very similar performance results for the HQSH-xx copolymers
compared to the existing BPSH-xx copolymers.
The authors would like to thank the National Science Foundation “Partnership for
Innovation” Program (HER-0090556) and the Department of Energy (DE-FC3601G01086) for support of this research effort. The authors would also like to thank UTC
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Abstract
One of the integral parts of the fuel cell is the proton exchange membrane. Our research
group has been engaged in the past few years in the synthesis of several sulfonated
poly(arylene ether) random copolymers.

The copolymers were varied in both the

bisphenol structure as well as in the functional groups in the backbone such as sulfone
and ketones. To compare the effect of sequence length, multiblock copolymers based on
poly(arylene ether sulfone)s were synthesized.

This paper aims to describe our

investigation of the effect of chemical composition, morphology, and ion exchange
capacity (IEC) on the transport properties of proton conducting membranes. The key
properties examined were proton conductivity, methanol permeability, and water selfdiffusion coefficient in the membranes.

It was observed that under fully hydrated

conditions, proton conductivity for both random and block copolymers was a function of
IEC and water uptake.

However, under partially hydrated conditions, the block

copolymers showed improved proton conductivity over the random copolymers. The
proton conductivity for the block copolymer series was found to increase with increasing
block lengths under partially hydrated conditions.
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3.1 Introduction

Fuel cells are electrochemical devices that convert chemical energy directly into
electrical energy.1 Proton exchange membrane fuel cells (PEMFC) have shown promise
as alternative portable, automotive, and stationary power sources.1,

2

One of the

important components in a PEMFC is the proton exchange membrane (PEM), which
serves as the electrolyte that transfers protons from the anode to the cathode and separates
the fuel and oxidizer. The current state of the art PEMs are perfluorosulfonic acid
membranes such as Nafion® manufactured by DuPont. These membranes show excellent
chemical and electrochemical stability as well as high proton conductivity with relatively
low water uptake on a mass basis.

However, Nafion® suffers from disadvantages

including high cost, high methanol permeability (DMFCs), and limited operating
temperature (80°C)3, 4 due to its depressed hydrated α relaxation temperature.5
Our research group has been engaged in the past few years in the synthesis and
characterization of biphenol based partially disulfonated poly(arylene ether sulfone)
random copolymers as potential PEMs.6-11 This series of polymers are called BPSH-xx
[Fig.3-1(a)], where BP stands for biphenol, S is for sulfonated, and H denotes the proton
form of the acid where xx represents the degree of disulfonation. Along with the BPSH
series, hydroquinone based partially disulfonated poly(arylene ether sulfone)12 [HQSHxx – Fig. 3-1(b)] random copolymers and partially disulfonated poly(arylene ether
ketone) random copolymers13 [B-ketone-xx & PB-diketone-xx series – Fig. 3-1(c)] were
synthesized. The B-ketone-xx series has a mono ketone functional group per repeat unit
and the PB-diketone-xx series has a di-ketone functional group per repeat unit. In
addition to the random copolymers, a series of multiblock copolymers [Block BisAFBPSH(x:y)K series – Fig. 3-1(d)] was also synthesized.14 In the multiblock copolymer
series, BisAF (fluorinated bisphenolA) is the hydrophobic unit and BPSH with 100%
degree of disulfonation is the hydrophilic unit. Here x and y represent the block length in
g/mole of hydrophobic: hydrophilic units respectively.
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Figure 3-1 Copolymer chemical structures synthesized in this work (a) BPSH-xx;
(b) HQSH-xx, (c) B-ketone-xx & PB-diketone-xx, (d) Block BisAF-BPSH(x:y)K

The copolymers were varied in both chemical composition and ion concentration
to obtain desirable properties. The transport of water and protons in these systems is both
of fundamental interest in terms of structure/property relationships for proton exchange
membranes and technological importance in the design of new materials for fuel cells.
This paper aims to describe our investigation of the effect of chemical composition,
sequence length, morphology and ion concentration on the transport properties for proton
conducting membranes.

The key properties examined were proton conductivity,

methanol permeability and the self-diffusion coefficient of water in the membrane.

3.1.1 Proton conductivity

Proton transport in aqueous environments has been studied extensively and can be
described by two principal mechanisms.15-17 The first is the Grotthuss18 mechanism
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where the protons are transferred down a chain of correlated hydrogen bonds forming,
and reforming hydronium cations (H3O+).

The second mechanism as described by

Kreuer19 is referred to as the vehicle mechanism. It is believed to occur by bulk diffusion
of a proton and its associated water molecules or “vehicle” in an H3O+, H5O2+, or other
H2n+1On+ cation species.

Hence, the self-diffusion coefficient of water is of great

importance in understanding the transport behavior of protons as shown by both Kreuer,
et al.16 and Zawodzinski, et al.20 Both these reports have provided evidence for the
vehicle mechanism dominating at low water contents (or hydration number, λ) where the
diffusion coefficients of protons and water are similar: water and protons move in
concert. At high water contents, the Grotthuss mechanism dominates proton conduction
where the computed diffusion coefficient of protons is higher than that of the measured
water self-diffusion coefficients: Protons are moving faster across the membrane than the
water.
To understand the effect of chemical structure and chemical compositions of the
copolymer on proton transport, we have chosen to study proton transport over a range of
hydration levels. It has been reported in the literature that for Nafion®, both the water
self-diffusion coefficients and proton conductivity increase with increase in hydration
levels.20 Similar observations have been found for the BPSH type random copolymer
membranes.21

As reported earlier, sulfonic acid containing ionomers tend to phase

separate into a nano-phase separated hydrophilic and hydrophobic domain morphology
with an increase in hydration levels.7,

10, 22

In other words, the hydrated hydrophilic

domains interconnect to form an associated, percolated type morphology. However, at
low hydration levels most of the water is tightly associated with sulfonic groups and has a
low diffusion coefficient. This tends to form an isolated domain morphology. Thus,
although there may be significant concentrations of protons, the transport is limited by
the discontinuous morphological structure. With an increase in hydration levels, water
assisted percolated structure ensures proper connectivity between the ionic domains.
This is marked by the increase in diffusion coefficients of water as transport of water is
facilitated though the interconnected channels.
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The challenge lies in how to modify the chemistry of the polymers to obtain
significant proton conductivity at low hydration levels where the self-diffusion
coefficients of the water may still be quite low due to its association to the acid groups.
High conductivity at low degrees of disulfonation and low hydration levels may be
possible if one can alter the sequential chemical structure of the polymer backbone to
produce block copolymers.
Block copolymers23 consist of two or more chemically dissimilar backbone
segments (i.e. blocks) that are chemically conjoined though covalent bonds in the same
chain.

In many cases where the blocks are immiscible, this leads to improved

morphological control by tailoring the chemical composition, molecular weight, and
volume fraction of the blocks, and thus the creation of new materials with properties that
were not possible in a single phase. In a block ionomer proton exchange membranes, the
ionic groups act as proton conducting sites, while the non-ionic component provides
dimensional strength and, in the case of DMFCs, may serve as a barrier for methanol
transport.

Relatively few attempts have been made in the development of block

copolymer ionomers having thermally and chemically stable aromatic backbone.24-26
Synthesis of such systems is made possible by step growth polymerization, i.e.
hydrophobic and hydrophilic telechelic macromonomers with appropriate end groups
may be copolymerized to obtain multiblock, or segmented, copolymer ionomers. We
have recently synthesized a series of multiblock ionomers having highly fluorinated
hydrophobic blocks and poly(arylene ether sulfone) hydrophilic blocks with 100% degree
of sulfonation [Fig. 3-1(d)].14,

27

Unlike the BPSH-xx copolymers, where the sulfonic

acid groups are randomly distributed in pairs along the chain, the multiblock copolymers
will feature an ordered sequence of hydrophilic and hydrophobic segments.

If

connectivity is established between the hydrophilic domains in these multiblock
copolymers, they will not need as much water to form a percolated structure, and hence
may show much better proton conductivity than the random copolymers (with similar
ionic compositions) under partially hydrated conditions.
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3.1.2 Methanol permeability

Methanol permeability is a critical transport property when considering a new
proton exchange membrane for use in liquid-fed direct methanol fuel cells. Methanol
that is unoxidized at the anode can “cross over” though the membrane and be oxidized at
the cathode. This methanol short circuit decreases the fuel efficiency of the system,
lowers the cell voltage by causing a mixed potential at the cathode, and increases cell
heating.

Many novel PEMs have low methanol permeability, but their proton

conductivity tends to decrease as well.

Membranes with low crossover and high

conductivity are sought while still maintaining the ability to form robust junctions at the
membrane-electrode interface.
Two common methods for measuring the methanol permeability of PEMs are a
membrane separated cell28 and an open circuit electrochemical crossover measurements
in a DMFC.29 The two methods have been shown to be approximately equivalent.30

3.1.3 Self-diffusion coefficient of water

One of the most important techniques for measuring self-diffusion coefficients of
water is by pulsed-field gradient spin echo nuclear magnetic resonance (PGSE NMR).3135

One of the main advantages of this method is that the measured diffusion coefficients

can be related to the mean square displacement of the water molecule, or the effective
diffusion length scale31, 32, 36-38 because the time over which the diffusion measurement is
made is known. The displacement is given by Equation (3-1)

Δr =

2 D eff Δ

Equation 3-1

for a gradient in one direction. This will provide insight for probing the influence of the
restricted morphology on the transport properties.
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3.2 Experimental

3.2.1 Materials

Highly purified 4,4’-dichlorodiphenylsulfone (DCDPS) was provided by Solvay
Advanced Polymers. Biphenol (BP) and hydroquinone (HQ) was obtained from Eastman
Chemical. 4,4’-Hexafluoroisopropylidenediphenol (6F-BPA), received from Ciba, was
purified by sublimation. The ketone monomers: 4,4’-difluorobenzophenone (DFBP), and
1,4-Bis(p-fluorobenzoyl)benzene (PBFB) were purchased from Aldrich and used as
received. All these monomers were dried under vacuum prior to use. Disulfonated
comonomers (SDCDPS, SDFBP, SPBFB) were synthesized according to the modified
literature methods8 and dried under vacuum before copolymerization. The solvent N,Ndimethylacetamide (DMAc, Fisher) and N-methyl-2-pyrrolidinone (NMP, Fisher) was
vacuum-distilled from calcium hydride onto molecular sieves.

Potassium carbonate

(Aldrich) was dried in vacuum before copolymerization. Toluene, sodium chloride, 30%
fuming sulfuric acid and methanol were obtained from Aldrich and used as received. The
fuming sulfuric acid was further analyzed for active SO3 concentration.39 Nafion® 112
and Nafion® 117 were obtained from ElectroChem, Inc.

3.2.2 Synthesis of disulfonated poly(arylene ether) random copolymers
(BPSH-xx, HQSH-xx, B-ketone-xx and PB-diketone-xx)

Two series of disulfonated poly (arylene ether sulfone) random copolymers were
synthesized via aromatic nucleophilic substitution as reported earlier.8,

12

One typical

copolymerization for a BPSH-32 copolymer was as follows: The 4,4'-biphenol (1.8621g,
10 mmole), 4,4'-dichlorodiphenyl sulfone (1.9528g, 6.8 mmole), and 3,3’-disulfonated
4,4’-dichlorodiphenyl sulfone (1.5721g, 3.2 mmole) were copolymerized in dry DMAc
solvent under nitrogen. 1.15 equivalent potassium carbonate was added and toluene
(DMAc/toluene = 2/1 v/v) was used as an azeotropic agent to dehydrate the system. The
HQSH series copolymers were synthesized with hydroquinone instead of biphenol. The
two series disulfonate poly(arylene ether sulfone) copolymers were designated as BPSH-
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xx and HQSH-xx (acid form) [Fig. 3-1(a,b)]. The copolymerization procedures for
polyketones were similar to those of polysulfones, although the monomers’ reactivities
are different. The detailed procedure was also introduced in the literature.13 The PBdiketone-xx series [Fig.3-1(c)] copolymers were based on monomers 6F BPA, PBFB, and
SPBFB, while the B-ketone-xx series [Fig. 3-1(c)] copolymers were based on 6F BPA,
DFBP, and SDFBP. Because the fluorinated monomers have higher reactivity, high
molecular weight copolymers can be achieved within shorter reaction times.

3.2.3 Synthesis of the hydrophilic/hydrophobic multiblock copolymers:

The syntheses of hydrophobic and hydrophilic oligomers and multiblock
copolymers were carried out as reported earlier.14 A typical polymerization procedure
was as follows: BPA (1.174g, 5.142 mmol) was added to a three neck round bottom flask
equipped with a mechanical stirrer, a condenser, a nitrogen inlet and a Dean-Stark trap.
NMP (10 mL) was added and the mixture was stirred until dissolved. K2CO3 (1.183g,
7.20 mmol) and toluene (5 mL) were added and the system was dehydrated at 150 oC.
Then the reaction bath was cooled to 50 oC and decafluorobiphenyl (2.046g, 6.124mmol)
was added. The polymerization was allowed to proceed at 110 oC for 5 h. The reaction
mixture was isolated by precipitation into a H2O/methanol (50/50 v/v) mixture. Biphenol
(0.412g, 2.213 mmol), SDCDPS (0.912g, 1.856 mmol), and NMP (10 mL) were charged
to another three necked round bottomed flask. The mixture was stirred until dissolved,
then K2CO3 (0.430g, 3.12 mmol) and toluene (5 mL) were added. After dehydration at
150 oC the polymerization proceeded at 190 oC for 16 h. Then the reaction bath was
cooled to 80 oC, and the perfluorinated hydrophobic telechelic oligomer (1.050g, 0.350
mmol) was dissolved in NMP and added to the same reaction flask.

The bath

temperature was raised to 95 oC and kept at this temperature for 9 h. The reaction
mixture was precipitated into isopropanol to obtain a brownish fibrous polymer. A series
of block copolymers BisAF-BPSH(x:y)K (Figure 3-1d) were synthesized, differing in
IEC and block length. Here x and y are the molecular weights of the hydrophobic and
hydrophilic blocks respectively.
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3.2.4 Membrane preparation:

The salt form copolymers were redissolved in DMAc to afford transparent 5 wt
% solutions, which were then cast onto clean glass substrates. The films were slowly
dried for 2 days with infrared heat at gradually increasing temperatures, and then dried
under vacuum at 110 oC for 2 days. The membranes were converted to their acid form by
boiling in 0.5M H2SO4 for 2 h, and were then boiled in deionized water for 2 h to remove
any residual acid.

Membranes were stored in deionized water until used for

measurements.

3.2.5 Proton conductivity

Proton conductivity at 30°C at full hydration (in liquid water) was determined in a
window cell geometry20 using a Solartron 1252+1287 Impedance/Gain-Phase Analyzer
over the frequency range of 10 Hz - 1 MHz following the procedure reported in the
literature.40

In determining proton conductivity in liquid water, membranes were

equilibrated at 30 °C in DI water for 24 h prior to the testing. The temperature range
chosen for calculation of activation energy for proton transport was from 30-80°C. For
determining proton conductivity under partially hydrated conditions, membranes were
equilibrated in a humidity- temperature oven (ESPEC Corp., SH-240) at the specified RH
and 80°C for 6 h before each measurement.

3.2.6 Water uptake
The water uptake of the membranes was determined gravimetrically.10 The water
uptake of the membranes was calculated according to Equation (3-2) where massdry and
masswet refer to the mass of the wet membrane and the mass of the dry membrane,
respectively:
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water uptake % =

mass wet − mass dry
mass dry

× 100

Equation 3-2

The hydration number (λ), number of water molecules absorbed per sulfonic acid,
can be calculated from the mass water uptake and the ion content of the dry copolymer as
shown in Equation (3-3),

λ=

mass wet − mass dry / MWH 2O
IEC ⋅ mass dry

Equation 3-3

where MWH2O is the molecular weight of water (18.01 g/mol), and IEC is the ion
exchange capacity of the dry copolymer in equivalents per gram.

3.2.7 Methanol permeability

Methanol permeability of the membranes was determined by measuring the
crossover current in a DMFC at open circuit. The measurement was performed in an
identical manner to Ren et al.29

3.2.8 Pulsed-field gradient spin echo nuclear magnetic resonance
(PGSE NMR).

Water self-diffusion coefficients were measured using a Varian Inova 400 MHz
(for protons) nuclear magnetic resonance spectrometer with a 30 G/cm gradient diffusion
probe. A total of 16 points were collected across the range of gradient strength and the
signal to noise ratio enhanced by co-adding 4 scans. The standard stimulated-echo NMR
pulse sequence is shown in Figure (3-2).
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Figure 3-2 Pulse sequence schematic for PGSE NMR experiments

The measurement was conducted by observing the echo signal intensity (A) as a function
of the gradient strength. The diffusion coefficient (D) was determined by fitting the data
to the Equation (3- 4):31

A( g ) = A(o ) exp[−γ 2 Dg 2δ 2 (Δ − δ / 3)]

Equation 3-4

Where, A is the NMR signal intensity as a function of gradient strength, γ is the
gyromagnetic ratio (26752 radG-1s-1 for protons), δ is length of the gradient pulse, ∆ is
the time between gradient pulses.
Membrane samples of approximately 5 mm by 15 mm by 150 μm were
equilibrated in liquid water for at least 24 h. The samples were removed from the liquid
water, blotted to remove droplets, quickly inserted into the NMR tube, and immediately
measured over a span of about 5 minutes. Measurements were repeated by reimmersing
the sample in DI water, waiting at least 30 minutes, and then repeating the transfer and
measurement process.

Separate measurements were collected with different times

between the gradient pulses.
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3.2.9 NMR spectroscopy, gel permeation chromatography (GPC),
intrinsic viscosity and atomic force microscopy characterization
(AFM).
1

H and

19

F NMR analysis were conducted on a Varian Unity 400 spectrometer.

All spectra were obtained from a 10% solution (w/v) in a DMSO.d6 solution at room
temperature. GPC experiments were performed on a liquid chromatograph equipped with
a Waters 1515 isocratic HPLC pump, Waters Autosampler, Waters 2414 refractive index
detector and Viscotek 270 RALLS/ viscometric dual detector. NMP (containing 0.05 M
LiBr) was used as the mobile phase. The column temperature was maintained at 60 oC
because of the viscous nature of NMP. Both the mobile phase solvent and sample
solution were filtered before introduction to the GPC system. Molecular weights were
determined from universal calibration plot using polystyrene as standard.

Intrinsic

viscosities were determined in 0.05M LiBr NMP at 25 oC using a Cannon Ubbelholde
viscometer. AFM images were taken using Digital Instruments Dimension 3000 with a
micro fabricated cantilever. The force constant was 40N/m.

3.3 Results and Discussions

3.3.1 NMR spectroscopy, GPC, intrinsic viscosity and AFM
characterization of the multiblock copolymer

Figure 3(a) shows the 1H NMR spectra of the multiblock copolymer BisAFBPSH(8:8)K and the corresponding sulfonated hydrophilic telechelic oligomer.14 Figure
3-3(b) shows the

19

F NMR spectrum of BisAF-BPSH(8:8)K and that of the

corresponding fluorinated hydrophobic telechelic oligomer.

The number average

molecular weights of both telechelic oligomers can be calculated using end-group
analysis in the NMR spectra and were found to be in good agreement with the target
values. The end-group peaks that are present in the spectra of telechelic oligomers are
not observed in those of the multiblock copolymer.
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Figure 3-3 a 1H NMR spectra of hydrophilic telechelic oligomer( top) and
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F NMR spectra of hydrophobic telechelic oligomer( top) and

multiblock BisAF-BPSH(8:8)K (bottom) copolymer
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Figure 3-4 Tapping mode AFM height image(left) ,phase image(right)of block
BisAF-BPSH(5:5)K indicating nano-phase separation between hydrophilic and
hydrophobic domains

Table 3-1 Block lengths, IV, Mn, IEC, water uptake, and proton conductivity of the
multiblock BisAF-BPSH(x:y)K copolymers

Block
Polymer

lengthsa

IECb

IVc

(g/mol)
BisAFBPSH(3:3)K
BisAFBPSH(5:5)K
BisAFBPSH(8:8)K

Mn (g/mole) Water uptake
from GPC

(mass %)

Protond
conductivity
(mS/cm)

3k:3k

1.6

0.60

30K

71

130

5k:5k

1.4

0.54

30K

58

104

8k:8k

1.1

0.53

37K

42

90

a

Block lengths are expressed in the form hydrophobic: hydrophilic

b

Measured from 1H NMR, cMeasured at 25 °C in 0.05M LiBr NMP:

d

Measured in liquid water at 30 °C
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This confirms the high conversion in the block copolymerization. The molecular
weights of the multiblock copolymers were confirmed by GPC and intrinsic viscosity
data as given in Table (3-1).
Figure (3-4) shows the tapping mode AFM images of BisAF-BPSH(5:5)K
multiblock copolymer, with the dark regions representing the hydrophilic domains.
Although no orientated morphology can be observed, there exist sharp nanophase
separated hydrophilic clusters which may be interconnected by narrow hydrophilic
channels.
3.3.2 Proton conductivity and water uptake

It has been widely reported in the literature that proton conductivity for
sulfonated polymers depends both on the water uptake and on the ion exchange capacity
(IEC) of the material.7 In addition to IEC, and water uptake on a mass basis, the
hydration number (λ) is widely used to compare membranes of different polymer
backbone architectures. Previous studies performed in our laboratory indicated that the
proton conductivity scales linearly with the IEC for the BPSH-xx copolymers at fully
hydrated conditions.6, 10 Similar trends were observed for HQSH-xx, PB-diketone-xx and
B-ketone-xx series as given in Figure (3-5) and Table (3-2).
The increase in proton conductivity can be explained on the basis of an increase in
the concentration of protons from the acid sites and corresponding increase in water
uptake. In addition to proton conductivity, it has also been reported that water uptake for
these sulfonic acid containing copolymers increases with an increase in IEC.5 It can be
argued that at higher water uptake, water facilitates proton transport either by an increase
in Grotthuss hopping (dynamic, long-range hydrogen-bonded water molecule chains) or
by promoting the formation of percolated structure. This is supported by the decrease in
activation energy for proton transport with an increase in IEC and λ as given in Table(32) The activation energies were calculated from the temperature dependence of proton
conductivity using a simple Arrhenius analysis. The temperature dependence plots of
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proton conductivity for the HQSH-xx and PB-diketone-xx series are shown in Figure (36) and (3-7) respectively.

Table 3-2 Water uptake, proton conductivity at 30 and 80 °C and activation
energies for proton transport for HQSH-xx, PB-diketone-xx, and B-ketone-xx
random copolymers

Sample

IEC
(meq/g)

Water
uptake
(λ)

Proton

Proton

Activation

conductivity

conductivity

energy Ea

(mS/cm)@

(mS/cm)@

(kJ/mole)

30°C

80°C

HQSH 30

1.6

29

100

170

8.6

HQSH 25

1.4

24

80

140

9.0

HQSH 20

1.2

14

70

122

10.6

PB-diketone 50

1.4

26

76

141

10.4

PB-diketone 40

1.2

12

40

90

14.8

PB-diketone 30

0.9

9

10

24

15.6

B-ketone 50

1.7

32

90

156

8.5

B-ketone 40

1.4

18

73

130

10.3

B-ketone 30

1.1

13

23

40

12.9

85
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Figure 3-5 Proton conductivity for HQSH-xx, B-ketone-xx and PB-diketone-xx
increases with increase in IEC
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Figure 3-6 Proton conductivity for HQSH –xx random copolymers follows
Arrhenius relationship with temperature
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In order to study the effect of the chemical structures on proton conductivity, the
proton conductivity for different polymers with the same IEC was compared.

The

families of copolymers in this study have similar sulfonic acid containing moieties and
hence the acidity of these copolymers is assumed to be similar. Figure (3-8) represents
the plots of proton conductivity versus hydration number for the BPSH-xx, HQSH-xx,
PB-diketone-xx and B-ketone-xx copolymers at an IEC of 1.4 meq/g. It is apparent from
the figure that the proton conductivity at fully hydrated conditions for the copolymers
with similar acidity is a function of hydration number. With increase in water uptake,
proton transport is facilitated irrespective of the IEC value. Thus the chemical structures
of these copolymers play a role in controlling the hydration levels which in turn
dominates the proton conductivity. Now let us consider the case of the multiblock
copolymers.

Table (3-1) shows the proton conductivity and water uptake for the

multiblock copolymers at different IECs and block lengths. It can be concluded that at
fully hydrated conditions, the chemical structure or the block length has little influence
on the proton transport. Similar to the random copolymers, proton conductivity increases
with increase in IEC and water uptake in a systematic fashion.
Until now, only the proton conductivity under fully hydrated conditions has been
discussed and the concentration of the ionic groups and hydration number were found to
be the primary effect in this regime. At partially hydrated conditions, proton conductivity
for BPSH11-xx and other random copolymers was found to be strongly dependent on the
hydration levels.
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Figure 3-9 Proton conductivity as a function of relative humidity for Nafion® 117,
HQSH-30 and PB-diketone-50 at 80 °C

Activation Energy for Proton Transport (kJ/mole)

60

50

40

30

20

10

0
0

20

40

60

80

100

120

Relative Humidity (%)

Figure 3-10 Activation energy for proton conduction for HQSH-30 random
copolymer decreases with increase in relative humidity over a temperature range of
30-80 °C
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Figure (3-9) shows the proton conductivity as a function of relative humidity
respectively for HQSH 30, PB-diketone 50 and Nafion® 117. Below 50%RH, the proton
conductivity decreases significantly for the random sulfonated aromatic copolymers. The
fact is supported by the decrease in activation energy for proton transport with an
increase in RH as shown in Figure (3-10) for HQSH 30. For Nafion®, the extent of
decrease in conductivity at low RHs is not as severe as that measured for random
copolymers. This is related to the unique chemical structure of the Nafion® which
consists of highly flexible side chain hydrophilic sulfonic acid groups and a hydrophobic
fluorinated flexible backbone. These chemical features apparently promote strong nanophase separation between distinctly hydrophilic and hydrophobic domains even in
random ionomers3 and allow proton transport between the interconnected hydrophilic
domains even at low hydration levels. Hence by synthesizing a predefined nano-phase
segregated ionomeric block copolymer using an aromatic backbone; one may obtain
improved proton conductivity under partially hydrated conditions.
Figure (3-11) shows the proton conductivity as a function of relative humidity for
the block BisAF-BPSH(x:y)K series with differing block lengths and Nafion® 117. The
proton conductivity of the block BisAF-BPSH(x:y)K series increases with increasing
block lengths under partially hydrated conditions. This is in contrast to fully hydrated
conditions where proton conductivity was a function of IEC and hydration number rather
than block length.

The block BisAF-BPSH(8:8)K sample has the highest proton

conductivity among the block BisAF-BPSH(x:y)K copolymers across the range of
relative humidity, but the lowest water uptake and IEC as shown in Table (3-1). With an
increase in block length, the extent of nano-phase separation and the connectivity
between the hydrophilic domains increases. This decreases the morphological barrier for
proton transport and as a result, the proton conductivity increased. Under partially
hydrated conditions, connectivity between the hydrophilic domains seems to be the
driving force for proton transport.
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Figure 3-11 Proton conductivity for block BisAF-BPSH(x:y)K under partially
hydrated condition increases with increase in block length at 80°C

3.3.3 Self-diffusion coefficient of water

The self-diffusion coefficients for water were measured by PGSE NMR. All of
the samples were measured under fully hydrated conditions at 30 °C. Figure (3-12)
shows the self-diffusion coefficients of water vs. IEC for the random and the multiblock
copolymers.

For the random copolymers, particularly for the HQSH-xx series, the

diffusion coefficient increases with an increase in ion exchange capacity and so with
water uptake.

Surprisingly, for the block BisAF-BPSH(x:y)K series, the diffusion

coefficient increased with an increase in block length irrespective of the IEC values. This
clearly emphasizes the importance of connectivity between the hydrophilic domains on
the transport properties.
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Figure 3-12 Self-diffusion coefficients for water as a function of IEC for the random
and block copolymers and Nafion® 112

Probing the morphology of the interconnected channels between the hydrophilic
domains will provide a better understanding about the transport mechanism.

As

mentioned earlier, measuring the self-diffusion coefficients of water by PGSE NMR
technique allows relating the self-diffusion coefficients of water to the mean square
displacement of the water molecules. The effective diffusion time (and hence the length
over which the diffusion coefficient is measured) can be varied by varying the (Δ-δ/3)
term in the NMR pulse sequence. It has been reported by Gebel and coauthors41 that the
self-diffusion coefficient of water in ion containing copolymers decreased with diffusion
time and became constant after a particular diffusion time. The restricted diffusion can
be related to a morphological barrier to the transport of water molecules over a length
scale given by Equation (3-1).
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Figure 3-13 Self-diffusion coefficient of water in the polymer samples as a function
of effective diffusion time indicating presence of a lower morphological barrier to
transport for Nafion®112 and block BisAF-BPSH(8:8)K.

Figure (3-130 shows the self-diffusion coefficients of water versus the effective
diffusion time for Nafion®112, block BisAF-BPSH(8:8)K, PB-diketone 50 and HQSH
25. The value for the diffusion coefficient is high at shorter diffusion times. With an
increase in diffusion time, the diffusion coefficient decreases. This is more pronounced
for the case of random copolymers, HQSH 25 and PB-diketone 50. For Nafion® and
block BisAF-BPSH(8:8)K the diffusion coefficient became constant with an increase in
diffusion time after a particular timescale. The water experiences less of a morphological
barrier to the translational motion for the case in the block copolymers than for random
copolymers. Presence of this low morphological barrier eases proton transport under
partially hydrated conditions for the block copolymers. It is to be noted that the diffusion
coefficient values for the block BisAF-BPSH(8:8)K is significantly higher than that of
Nafion® and the random aromatic copolymers.
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3.3.4 Methanol permeability

One of the major disadvantages of using Nafion® as a PEM in DMFC type fuel
cell is its high methanol permeability. In comparison to Nafion®, BPSH copolymers have
shown much lower methanol permeability.10 This is true in the case for HQSH-xx, Bketone-xx and PB-diketone-xx series also. Figure (3-14) shows methanol permeability as
a function of IEC for Nafion®117, HQSH-xx, B-ketone-xx and block BisAFBPSH(x:y)K series measured at 80 °C.

Similar to conductivity data, the methanol

permeability increases with an increase in IEC. Permeability is a function of both the
diffusion coefficient for methanol transport and its solubility in the membrane. At higher
IECs, greater water self-diffusion coefficients in the membrane may promote higher
methanol diffusion and higher methanol permeability.

Although a high diffusion

coefficient for water is desirable for high proton conductivity, it is not desirable for
lowered methanol permeability. There is a tradeoff between proton conductivity and
methanol permeability when designing a new PEM for DFMC applications.
The random copolymers with the aromatic backbone and low self-diffusion
coefficients of water particularly at lower IECs offer resistance to the diffusion of the
methanol.

This leads to lower methanol permeability than Nafion®, thus making

aromatic hydrocarbon membranes one of the most promising candidates for DMFC
applications.9 As discussed earlier, the block copolymers are found to have higher selfdiffusion coefficient of water at higher block lengths. However, this is not reflected in
the values for methanol permeability as given in Figure (3-14).
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Figure 3-14 Methanol permeability for HQSH-xx, B-ketone-xx, block BisAFBPSH(x:y)K series and Nafion®117 as a function of IEC at 80 °C

Like random copolymers, methanol permeability of the block copolymers tends
to depend more on the IEC and water uptake. Hence, the mechanisms of water and
methanol transport may be different in the case for block copolymers. Hydrophobic
segments present in the block copolymers offer resistance to the diffusion of methanol
and thus decrease the methanol permeability. In ionomeric block copolymers the hard
segments may lower the methanol permeability while the soft segments provide pathways
for water and proton transport.
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3.4 Conclusions

The main objective of the paper was to investigate the influence of the chemical
structures and compositions of novel proton exchange membranes on transport properties
for fuel cell applications. Disulfonated poly(arylene ether sulfone) and poly(arylene ether
ketone) based statistical or random copolymers were synthesized and the copolymers
were varied in their ionic content. To compare the effect of chemical structures and
sequence lengths, ion containing multiblock poly(arylene ether sulfone)s copolymers
were also synthesized. Proton conductivity, methanol permeability and the self-diffusion
coefficients of water were determined under different experimental conditions. Proton
conductivity when measured under fully hydrated conditions showed that for both the
random and block copolymers, the value increased with increase in IEC and water
uptake. This is consistent with the theory of vehicle mechanism for proton transport,
where water acts as a vehicle for proton transport. The influence of hydration levels in
these ion containing copolymers on proton transport is more evident under partially
hydrated conditions. For the random copolymers, the proton conductivity was found to
decrease drastically with a decrease in hydration level.

In the case of multiblock

copolymers and for Nafion®, the extent of decrease in proton conductivity with hydration
levels is not so severe. It was also observed that the proton conductivity under partially
hydrated conditions increased with sequence or block lengths.
Synthesizing ion containing nano phase separated block copolymers, one can
develop interconnected hydrophilic domains. This reduces the morphological barrier for
proton transport and hence proton transport though these interconnected channels can be
possible even in the absence of water. The extent of interconnectivity is expected to
increase with an increase in block lengths as evident from the self-diffusion coefficient
values of water. Measurements of the self-diffusion coefficients of water showed that for
the block copolymers, the value increases with an increase in block lengths irrespective
of decrease in IEC and water uptake values. However, for random copolymers, the value
increases with IEC and water uptake. Thus, there is a significant difference in proton and
water transport between block and random copolymers. Diffusion coefficient values
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were also measured as a function of diffusion time. For the random copolymers, the
value was found to decrease sharply with time suggesting a strong morphological barrier
to transport. Such a dependency was not observed for Nafion® and the blocks. The
diffusion coefficient reached a constant value after a particular diffusion time.
Methanol permeability was found to increase with an increase in IEC, water
uptake, and self-diffusion coefficients of water for the random copolymers.

For

multiblock copolymers, the value was not found to depend upon self-diffusion coefficient
of water. The hydrophobic segments present in the block copolymers offer resistance to
the diffusion of methanol and thus decreases the methanol permeability.

Thus in

ionomeric block copolymers, the “hard” hydrophobic segments lower the methanol
permeability while the “soft” hydrophilic segments provide pathways for water and
proton transport.
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Abstract
Disulfonated poly(arylene ether sulfone) random copolymers have shown promise as
potential candidates for proton exchange membranes. The chemical structure of these
copolymers has served as a basis for the molecular design of new random and multiblock
copolymers.

We have recently demonstrated a novel way to make a variety of

hydrocarbon hydrophobic-hydrophilic block copolymers. The copolymers are referred to
as BPSH-x-PI-y, and detailed synthetic procedures have been reported separately. The
major two variables in ionic multiblocks are the ionic content and the individual block
length. An increase in block length for a given series of block copolymer under same
ionic concentration has been associated with an increase in the self-diffusion coefficient
of water and improved proton conduction under partially hydrated conditions. For direct
methanol fuel cell (DMFC) applications, the block copolymers were also found to have
very low methanol permeability and very high selectivity. A novel structure property
relationship between transport properties and the volume fraction of the hydrophilic
phase has been achieved.
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4.1 Introduction

Over the last few years there has been a substantial amount of research in
developing new alternative materials for application as proton exchange membranes
(PEMs).1,

2

Proton exchange membrane fuel cells (PEMFCs) have been shown to be

promising for a variety of potential applications, including for use as low power portable
device as well as in high power applications.3 Recently, there has been profound interest
in PEMFCs for use in automotive applications to eventually replace the internal
combustion engine. One of the major challenges for such an application, however, is to
maintain high proton conductivity at low or partially hydrated conditions. In PEMFCs,
polymeric membranes with ionic groups (sulfonic) serve the function of proton
conduction in the presence of water. The commercially available state-of-the-art PEM,
Nafion®, has several advantages such as acceptable proton conduction at low relative
humidities (RH).4 However, Nafion® possesses some disadvantages including very high
gas and fuel permeability, reduced stability at high temperatures, and high cost.
Alternative aromatic hydrocarbon membranes, in contrast, have reduced gas crossover
leading to improved oxidative stability over Nafion®.5
The McGrath group has recently been synthesizing wholly aromatic hydrocarbon
based disulfonated poly (arylene ether sulfone)s copolymers, known as BPSH-xx,6 whose
structure is shown in Figure (4-1a). The copolymer has excellent oxidative, thermal and
chemical stability and significant lower oxygen permeability than Nafion®.5
While both Nafion® and BPSH-xx1, 6 show high proton conductivity under fully
hydrated conditions, proton transport is especially limited at low hydration levels for the
BPSH-xx random copolymers. Under partially hydrated conditions or low water content,
proton transport is believed to take place via the “vehicle mechanism,” with water acting
as the vehicle for proton transport.7,8 Under such conditions, the self-diffusion coefficient
of water has been reported to be equal to the proton-diffusion coefficient.9 In the case of
random copolymers, at low hydration levels most of the water is tightly associated with
sulfonic groups and has a low diffusion coefficient. This tends to encourage an isolated
domain morphology. Thus, although there may be significant concentrations of protons,
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transport is limited by the discontinuous morphological structure.10 In contrast, the low β
relaxation temperature of Nafion®11 allows the formation of nanophase separated, wellconnected hydrophilic domains, even at low water content. This associated domain
morphology decreases the morphological barrier, resulting in increased water and proton
transport.
Block copolymers12 consist of two or more chemically dissimilar backbone
segments (i.e., blocks) that are chemically conjoined through covalent bonds in the same
chain. In block ionomer proton exchange membranes, the ionic groups act as proton
conducting sites, while the non-ionic component provides dimensional strength.13-16 We
have recently demonstrated a novel way to make hydrophobic-hydrophilic block
copolymers that are almost completely hydrocarbon in nature. These copolymers are
referred to as BPSH-x-PI-y multiblocks, where x represents the block length in kg/mole of
the hydrophilic unit, and y represents the block length in kg/mole of the hydrophobic
unit.13, 17 The PI represents a six-membered polyimide hydrophobic unit. The associated
structure is provided in Figure (4-1b). Unlike the BPSH-xx random copolymers, where
the sulfonic acid groups are randomly distributed in pairs along the chain, the multiblock
copolymers feature an ordered sequence of hydrophilic and hydrophobic segments.17 If
connectivity is established between the hydrophilic domains in these multiblock
copolymers, it is anticipated that they would not need as much water as random
copolymers to form a percolated structure. Hence, they would display much better proton
conductivity than the random copolymers (with a similar degree of sulfonation or ionic
content) under partially hydrated conditions.
In Part A, the synthesis and preliminary characterization results for the BPSH-xPI-y multiblock copolymers were discussed.17 Morphological studies using AFM imagery
has demonstrated the formation of a well-ordered, phase separated morphology with
increasing block length, particularly for the BPSH-15-PI-15 copolymers. Measurements
of the self-diffusion coefficients of water using pulsed gradient spin echo (PGSE) NMR
methodology can further assess morphology within the hydrophilic domains.
Understanding the extent of connectivity between the hydrophilic domains as a function of
block length and morphology will elucidate the relationship between morphology and
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proton transport—especially under partially hydrated conditions. This paper will also
explore the influence of the differences between block copolymer and random copolymer
morphology on water, proton, and methanol transport.
a)

HO3S
O

SO3H

O
S
O

O

O

O
S
O

O

1-X n

X

b)

O

O
S
O

SO3H
O

O

O
S
O

SO3H

O

O

O

N

N

O

O

x HO3S

HO3S

O

O
S
O

O
O

O

N

N

O

O

*
y n

Figure 4-1 Chemical structures of a) BPSH-xx random copolymer, b) BPSH-x-PI-y
multiblock copolymer where x and y represent the molecular weight of the
hydrophilic and hydrophobic blocks respectively in kg/mole

4.2 Experimental

4.2.1 Materials

N,N-Dimethylacetamide

(DMAc),

N-methyl-2-pyrrolidinone

(NMP),

3-

methylphenol (m-cresol), and toluene were purchased from Aldrich and distilled from
calcium hydride before use. Monomer grade 4,4’-dichlorodiphenyl sulfone (DCDPS)
and 4,4’-biphenol (BP) were provided by Solvay Advanced Polymers and Eastman
Chemical Company, respectively, and vacuum dried at 110 °C prior to use. 1,4,5,8Naphthalenetetracarboxylic dianhydride (NDA) and fuming sulfuric acid (SO3 content
~30%), were used as received from Aldrich. Bis[4-(3-aminophenoxy)phenyl]sulfone (mBAPS) was purchased from TCI and purified by recrystallization from ethanol. 3Aminophenol (m-AP) was purchased from Aldrich and sublimed in vacuo before use.
Potassium carbonate, benzoic acid, ethanol, 2-propanol (IPA), and isoquinoline were
purchased from Aldrich and used without further purification. Nafion® 117 and Nafion®
112 were purchased from Electrochem Inc. and used as received.
synthesized using procedures reported elsewhere6 and used as a control.

BPSH-35 was
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4.2.2 Multiblock copolymer synthesis

A series of segmented disulfonated poly(arylene ether sulfone)-b-polyimide
copolymers based on hydrophilic and hydrophobic oligomers was synthesized. The
disulfonated hydrophilic oligomers were prepared via step growth polymerization using
different block lengths ranging from 5 kg/mol to 20 kg/mol. To produce the amine
telechelic functionality of the hydrophilic oligomers, m-aminophenol (m-AP) was used as
the endcapping reagent for the reaction. Anhydride-terminated polyimide hydrophobic
oligomers with the same molecular weight range as the hydrophilic oligomers were
synthesized via a high temperature one-pot imidization.

The anhydride end-group

functionality was achieved by adding stoichiometrically adjusted amounts of the
monomers. Synthesis of the multiblock copolymers was facilitated by an imidization
coupling reaction between the amine end-groups on the hydrophilic oligomers and the
anhydride end-groups on the hydrophobic oligomers, thereby producing high molecular
weight copolymers.

A detailed synthesis of the copolymers has been published

elsewhere,13, 17 according to which a series of multiblock copolymers with different block
lengths were synthesized and characterized.

4.2.3 Membrane preparation

The salt form copolymers were redissolved in NMP to afford transparent
solutions with 5% solids. The solutions were then cast onto clean glass substrates. The
films were dried for 2 days with infrared heat at gradually increasing temperatures, and
then dried under vacuum at 110 oC for 2 days. The membranes were converted to their
acid form by boiling in 0.5 M H2SO4 for 2 h, and were then boiled in deionized water for
2 h.

4.2.4 Measurement of proton conductivity

Proton conductivity at 30 oC at full hydration (in liquid water) was determined in
a window cell geometry18 using a Solartron 1252 + 1287 Impedance/Gain-Phase
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Analyzer over the frequency range of 10 Hz to 1 MHz following the procedure reported
in the literature.19 For determining proton conductivity in liquid water, the membranes
were equilibrated at 30 °C in DI water for 24 h prior to testing. For determining proton
conductivity under partially hydrated conditions, membranes were equilibrated in a
humidity-temperature oven (ESPEC, SH-240) at the specified RH and temperature for 5
h before each measurement.

4.2.5 Determination of water uptake

The water uptake of all membranes was determined gravimetrically. First, the
membranes were soaked in water at 30 °C for 2 days after acidification. The wet
membranes were removed from the liquid water, blotted dry to remove surface droplets,
and quickly weighed. The membranes were then dried at 120 °C under vacuum for at
least 24 h and weighed again. The water uptake of the membranes was calculated
according to Equation (4-1), where massdry and masswet refer to the mass of the dry
membrane and the wet membrane, respectively.

water uptake% =

mass wet − mass dry
mass dry

× 100

Equation 4-1

The hydration number (λ), which is the number of water molecules absorbed per
sulfonic acid, can be calculated from the mass water uptake and the ion content of the dry
copolymer as shown in Equation (4-2), where MWH2O is the molecular weight of water
(18.01 g/mol) and IEC is the ion exchange capacity of the dry copolymer in
milliequivalents per gram.

λ=

(mass wet − massdry )/MWH 2O
IEC × massdry

…….

Equation 4-2

The volume fraction of water (i.e., the hydrophilic phase) was determined from an
established formula20 (Equation 4-3),
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Equation 4-3

where Φ is the volume fraction of water, ρ is the density and EW is the equivalent weight
of the ionomer.

4.2.6 Determination of swelling ratio and density

The swelling ratio of all of the membranes was determined from the dimensional
changes from wet to dry states, both in-plane and through-plane. Initially, samples were
equilibrated in water and wet dimensions were measured. The dried dimensions were
obtained by drying the wet membrane at 80 °C in a convection oven for 2 h. Density was
also calculated from the volume and weight of the dried membranes. An average of 4
samples was used for each measurement.

4.2.7 Methanol permeability and DMFC performance

The methanol permeability of the membranes was determined by measuring the
crossover current in a direct methanol fuel cell (DMFC) under open circuit conditions, in
a manner identical to that of Ren et al.21 DMFC performance or the VIR curves were
obtained using a Fuel Cell Technologies test stand as described earlier.22 The methanol
feed concentration was 0.5M, the air flow rate at the cathode was 500 sccm at 90 °C, and
the cell temperature was 80 °C.

4.2.8 Pulsed-field gradient spin echo nuclear magnetic resonance
(PGSE NMR)

The self-diffusion coefficients of water were measured using a Varian Inova 400
MHz (for protons) nuclear magnetic resonance spectrometer with a 60 G/cm gradient
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diffusion probe. A total of 16 points was collected across a range of gradient strengths
and the signal–to-noise ratio was enhanced by co-adding 4 scans.

The standard

stimulated-echo NMR pulse sequence is shown in Figure (4-2).
90°

90°
δ

90°

g

Echo
δ

g

A

Δ

Figure 4-2 Stimulated echo pulse sequence schematic for PGSE NMR experiments

The measurement was calculated by observing the echo signal intensity (A) as a
function of gradient strength. The diffusion coefficient (D) was determined by fitting the
data to Equation (4-4): 23

A( g ) = A(o ) exp[−γ 2 Dg 2δ 2 (Δ − δ / 3)]

Equation 4-4

where, A is the NMR signal intensity as a function of gradient strength(g), γ is the
gyromagnetic ratio (26752 radG-1s-1 for protons), δ is length of the gradient pulse, ∆ is
the time between gradient pulses. The experimental procedures used were similar to
earlier reported procedures.24 The membranes were at a fully hydrated state and the
temperature of the experiment was 25 oC.

4.3 Results and Discussion

4.3.1 Multiblock copolymer synthesis

A series of multiblock copolymers was synthesized as described in Part A of a
previously reported article.17 These copolymers can be divided into subgroups on the
basis of their hydrophilic block lengths. For example, in the first series of BPSH-5-PI-y
copolymers, the hydrophilic block length (x) was kept fixed at 5 kg/mole and the
hydrophobic block length (y) was varied from (5, 10, 15 & 20) kg/mole. Similarly for
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the BPSH-10-PI-y, BPSH-15-PI-y & BPSH-20-PI-y copolymers, the hydrophilic block
lengths were kept constant at (10, 15 & 20) kg/mole, respectively. For each of these
multiblock copolymer series, the ion exchange capacity decreased with increasing
hydrophobic block length. The equal block length materials (5-5, 10-10, 15-15 & 20-20)
would theoretically have the same IEC. Therefore, studying the equal block length
materials would be appropriate in understanding the effect of block lengths on the
properties of copolymers at the same ionic content. The properties of the all copolymers
were evaluated under both fully hydrated conditions and partially hydrated conditions.

Fully Hydrated State

4.3.2 Water uptake, volume fraction, swelling and IEC

The water uptake, corresponding water volume fractions, and the titrated IEC
values are summarized in Table (4-1). The multiblock copolymers with high IECs
(around 2.0 meq/g) had extremely high water uptake and could not measured accurately.
Thus, those copolymers were not evaluated for this study. Water volume fractions were
calculated from density and water uptake measurements.
The relationship between water uptake and IEC for the three series of multiblock
copolymers (BPSH-5-BPS-y, BPSH-10-BPS-y and BPSH-15-BPS-y) is plotted in Figure
(4-3). The water uptake increased with increasing IEC values for the all the three series
of multiblock copolymers.

This is in agreement with earlier findings for the ionic

random copolymers, where water uptake is known to be a function of ionic content.24
However, at a given IEC water uptake was found to also be a function of hydrophilic
block length for the multiblocks. When compared at similar IECs, BPSH-15-BPS-y
multiblock copolymers swelled the most. More interestingly, for the equal block length
materials (5-5, 10-10 & 15-15) an increase in water uptake was observed with increasing
block length.
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Table 4-1 Summary of the properties of the BPSH-x-PI-y multiblocks
Water

Water

uptake

volume

(%)

fraction

1.6

55

0.46

0.090

1.09

1.6

22

0.26

0.018

0.80

0.78

1.6

15

0.19

0.010

BPSH5 – PI20

0.62

0.53

1.5

12

0.15

0.006

BPSH10 – PI5

2.10

1.98

-

-c

-

-c

BPSH10 – PI10

1.59

1.57

1.6

70

0.53

0.100

BPSH10 – PI15

1.20

1.17

1.6

40

0.39

0.073

BPSH10 – PI20

0.96

0.86

1.5

24

0.27

0.030

BPSH15 – PI5

2.38

2.12

-

-c

-

-c

BPSH15 – PI10

1.91

1.83

1.5

156

0.70

0.161

BPSH15 – PI15

1.51

1.55

1.5

85

0.56

0.110

BPSH15 – PI20

1.25

1.12

1.5

38

0.37

0.055

BPSH20 – PI5

2.58

2.20

-

-c

-

-c

BPSH20 – PI10

2.17

2.02

-

-c

-

-c

BPSH20 – PI15

1.78

1.71

1.4

97

0.58

0.092

BPSH20 – PI20

1.51

1.20

1.4

56

0.44

0.100

Target

Experimental

IEC

IEC

(meq g-1)

(meq g-1)a

BPSH5 – PI5

1.63

1.65

BPSH5 – PI10

1.13

BPSH5 – PI15

Copolymers

Density
(g/cc)

a

Determined by titration with NaOH.17

b

Measured in deionized water at 30 ºC (± 5%).

c

Not available due to poor mechanical strength of the hydrated film.

Conductivity
(S cm-1)b

111

160

BPSH-5-PI-y
BPSH-10-PI-y
BPSH-15-PI-y

Water Uptake (mass %)

140
120
100

15-15

80

10-10

60

5-5

40
20
0
0.8

1.0

1.2

1.4

1.6

1.8

2.0

IEC (meq/g)

Figure 4-3 Influence of block length and IEC on water uptake

To further investigate these important relationships, three-dimensional water
swelling behavior was determined (Fig. 4-4b) for the three equal block length materials,
along with an analysis of the associated atomic force microscopy images13, 17, 25 (Fig. 44a). The x, y represents the in-plane swelling and the z represents the through-plane
swelling. The dark region in the AFM images corresponds to the hydrophilic portions
and the lighter region the hydrophobic portions. An anisotropic increase in swelling
along the through-plane was observed with increasing block length. This, along with the
AFM images (Fig. 4-4 a),25 suggest the formation of an “associated,” well “ordered”
hydrophilic domain morphology with increasing block length.

This associated

hydrophilic domain morphology would be expected to absorb more water than an isolated
domain morphology.
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Figure 4-4 a) Tapping mode AFM images of the multiblocks. Reprinted with
permission from John Wiley & Sons, Inc.17 b) Water swelling in both in-plane and
through-plane as a function of the block lengths

4.3.3 Self-diffusion coefficient of water

The water absorption and AFM images indicate the formation of a phase
separated hydrophobic – hydrophilic domain morphology with increasing block lengths
at a given IEC. However, it is also important to investigate the extent of connectivity
within the hydrophilic domains as a function of block copolymer morphology. Wellconnected hydrophilic domains may reduce morphological barriers, thereby enhancing
proton transport under partially hydrated conditions. We propose that measuring the selfdiffusion coefficients of water through the hydrophilic domains will further elucidate the
impact of block copolymer morphology on transport properties.

The self-diffusion
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coefficient of water as measured by PGSE-NMR techniques is a weighted average of the
diffusion of the H+ ion and the associated water within a polymer. Theoretically, the
diffusion coefficient of a species is related exponentially to the free volume fraction of
the copolymer.9,

26

Free volume can be approximated to the volume fraction of the

solvent that a polymer absorbs—or in this case, the water volume fractions. A semi-log
plot showing the self-diffusion coefficients of water (25 oC) and the inverse of the
volume fractions of water for the multiblocks represented by a linear fit demonstrates a
similar principle (Fig. 4-5). At a given water volume fraction, copolymers with higher
self-diffusion coefficients of water demonstrate better facilitated water transport within
hydrophilic domains. When comparing the three series, values are higher for the higher
block length materials at similar water contents.
The multiblock copolymers were also compared with the commercially available
®

Nafion and the BPSH 35 random disulfonated copolymers. At similar water content,
the random copolymers showed a much lower diffusion coefficient value than both the
Nafion® and the multiblocks. This may indicate the presence of an isolated morphology
for the random copolymers. The equal block length materials (5-5, 10-10, 15-15) under
similar ionic and water content more clearly demonstrated the influence of block length
on water transport. A sharp increase in the water self-diffusion coefficient was associated
with the BPSH-15-PI-15 sample as compared to the 5-5 or 10-10 copolymer. The
observed phase separated morphology with increasing block length increased the
connectivity within the hydrophilic domains, thereby enhancing water transport.

2
Self-Diffusion Coefficient of Water (cm /s)
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Figure 4-5 Self-diffusion coefficients of water scale with the water volume fractions
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Figure 4-6 Self-diffusion coefficients of water as a function of the effective diffusion
time scale with the morphology of the block copolymer
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PGSE-NMR enables one to measure the diffusion coefficient as a function of the
effective diffusion time by varying the time between the two gradient pulses. This
technique facilitates a better understanding of the morphology within the hydrophilic
domains as a function of block lengths. Water diffusion within the hydrophilic domain as
a function of diffusion time can be modeled using Einstein random walk theory. The
distance traveled (Δ r) during diffusion transport at a given time (Δ) is represented by the
following Equation (4-5).27

Δr = 2 Deff Δ

Equation 4-5

As noted above, Figure (4-6) represents plots of the self-diffusion coefficients of
water as a function of effective diffusion time for the three equal block length materials
with similar IEC values. Nafion® 112 is used as a control. The self-diffusion coefficient
values decreased with increasing diffusion time for the BPSH-5-PI-5 and BPSH-10-PI-10
samples. This indicates that the water encounters a morphological barrier within the
hydrophilic domain. Interestingly, for the Nafion® and BPSH-15-PI-15 samples, the
measured diffusion coefficient value was independent of diffusion time.

The co-

continuous channel morphology of the BPSH-15-PI-15 sample resulted in lowering of the
morphological barrier within the hydrophilic domains.
These experimental results can be modeled to Equation (4-5), as shown in Figure
(4-7). Figure (4-7) plots the distance traveled by a water molecule within a hydrophilic
domain as a function of time traveled.

For the BPSH-5-PI-5 and BPSH-10-PI-10

multiblock copolymers, the distance traveled becomes constant after a specific point in
time, indicating the restricted diffusion phenomenon.27 However, for the BPSH-10-PI-10
sample, the distance traveled was greater than documented for the BPSH-5-PI-5 sample.
For both Nafion® and the BPSH-15-PI-15, the distance traveled by the water molecule
increased and plateaued with increasing time of travel. This phenomenon represents
classical tortuous or facilitated diffusion. Hence, with increasing block length it is
possible to induce a morphology that alters the nature of water transport from a restricted
to a tortuous type.
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Figure 4-7 Water diffusion changes from restricted to tortuous in nature with
increasing block length

4.3.4 Proton Conductivity
Proton flux for ion containing copolymers can be described by the Nernst Plank
equation 28
⎛ ∇C p
F∇ψ
− j p = D pC p ⎜
+ zp
⎜ C
RT
⎝ p

⎞
⎟
⎟
⎠

Equation 4-6

where jp is the proton flux, Cp is the concentration of the protons, Dp is the diffusion
coefficient of the protons, zp the proton charge, Ψ the electrostatic potential, R the gas
constant, and F the Faraday constant. For a membrane with constant thickness and a
proton charge of +1, proton flux can be related to proton conductivity (σ) via the
following Equation (4-7).
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σ ∝ j p ∝ D pC p

Equation 4-7

Thus, proton conductivity is a function of both the concentration and diffusion
coefficients of the protons (Eqn. 4-8).

σ = f (C , D )

Equation 4-8

The concentration value is governed by the ionic composition of the copolymer,
whereas the diffusion component depends more on the structure or the morphology. In
the case of random copolymers, proton conductivity under fully hydrated conditions
scales linearly with the concentration of protons or the IEC of the copolymer. However,
for multiblock copolymers no such linear relationship can be obtained between proton
conductivity and IEC. For example, for equal block length materials with the same IEC,
proton conductivity increases from 80 to 110 mS/cm.

The diffusion value, which

depends upon the morphology of the copolymer, may play a bigger role than the
concentration value. As discussed earlier, the diffusion of a species tends to scale more
with the volume fraction of water.
Earlier, Elabd et al.28 explained the relationship between proton transport and water
volume fraction using a percolated model theory. The percolated model, which was
applied to the BPSH-x-PI-y multiblocks, demonstrates a power law dependence of the
proton conductivity (liq. water, 30 oC) on the water volume fraction, as shown in Figure
(4-8). A better phase separated morphology results in a higher fraction of the associated
hydrophilic phase, thereby increasing proton conductivity.

In contrast to random

copolymers, morphology plays the dominant role in explaining proton transport behavior
in multiblock copolymers. One should note that at higher volume fractions of water,
significantly higher proton conductivity (up to ~160 mS/cm) can be achieved in the
multiblocks. By comparison, proton conductivity for Nafion® copolymers is 90 mS/cm
in liquid water at 30 °C.

Proton Conductivity (S/cm)
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Figure 4-8 Proton conduction under fully hydrated conditions at 30 oC is a function
of the water or hydrophilic volume fractions

4.3.5 Partially hydrated conditions: water absorption and proton
conduction

One of the major objectives of this research was to investigate the influence of the
morphology of ion containing copolymers for improving proton transport under partially
hydrated conditions. Among the multiblock copolymers synthesized, three equal block
length materials with similar IEC values were evaluated in order to eliminate the possible
influence of ionic concentration on proton transport at low RH.
Water absorption

Water sorption as a function of water activity was studied for the three block
copolymers; water uptake was normalized in terms of hydration number (λ) (Fig.4-9).
The hydration number is defined as the number of water molecules per sulfonic acid
group in a copolymer. At low water activity or at low RH, the hydration numbers for the
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three block copolymers were similar irrespective of the nature of the block length. As
observed, most of the water at low RH was tightly bound and depended more on the
nature of the sulfonic group or the chemical structure. However, at higher water activity
levels, the hydration number increased with increasing block length. This difference in
behavior indicates a change in the distribution of the different states of water in the
copolymer.29 The distinct phase separated morphology of BPSH-15-PI-15 copolymer
encouraged the formation of free water at high RH in the system, resulting in an overall
increase in the hydration number.
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Figure 4-9 Water absorption under partially hydrated conditions as a function of
the block length

Proton conduction

Proton conduction of the block copolymers under fully hydrated conditions was
found to be a function of the water volume fraction of the system. Comparing proton
conductivity for the multiblocks at a similar hydration level and ionic content normalizes
the influence of water content and ionic content on proton conductivity. This should
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highlight the true influence of morphology on proton transport.

Hence proton

conductivity was measured for the three equal block length materials over a wide range
of water volume fractions (Fig.4-10). The copolymers were equilibrated with different
water content and proton conductivity was measured at those hydration levels at 30 °C.
At a given water volume fraction, proton conductivity increased with increasing block
length. This effect was more pronounced at low water content or under partially hydrated
conditions.
At higher hydration levels, proton transport can be facilitated through water
assisted percolated hydrophilic domains. Under partially hydrated conditions, however,
there is an insufficient amount of water for developing essential connectivity between
these domains, resulting in an increase in the morphological barrier for proton transport.
Earlier diffusion coefficient experiments suggested the presence of low morphological
barriers for higher block length materials. In the present study, because IEC and water
content values were fixed, improved morphological connectivity between the hydrophilic
domains with increasing block lengths increased proton conductivity at low water
content.

Proton Conductivity (S/cm)
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Figure 4-10 Proton conduction vs. volume fraction of water as a function of block
length
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Proton conductivity performance as a function of relative humidity was evaluated
at 80 °C for the three equal block length materials, the Nafion® 112, and the BPSH 35
random copolymers (Fig.4-11). At higher RH, proton conductivity was similar for all the
copolymers; however, with decreasing RH, proton conductivity decreased sharply for the
BPSH 35 random copolymers. Among the block copolymers, the less phase separated
BPSH-5-PI-5 copolymers exhibited behaviors similar to the random copolymers,
indicating the presence of an isolated domain morphology. Performance under low RH
improved with increasing block length. The well-connected phase separated morphology
improved proton transport for the BPSH-15-PI-15 copolymers, which was comparable to
the state-of-the-art Nafion® 112, even at low RH.
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Figure 4-11 Proton conduction under partially hydrated conditions at 80 oC
increases with increasing block length or with the extent of phase separation in
multiblocks
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4.3.6 Methanol permeability and DMFC performance

Methanol permeability is one of the key factors controlling overall performance in
DMFC applications.

An ion containing proton exchange membrane allows the

permeation of methanol from anode to cathode. Methanol that is unoxidized at the anode
can “cross over” through the membrane and be oxidized at the cathode, thereby
decreasing fuel efficiency. And in fact, one of the major disadvantages of Nafion® as a
PEM in a DMFC-type fuel cell is its high methanol permeability. In comparison to
Nafion®117, BPSH-xx and the other aromatic random copolymers have shown much
lower methanol permeability.30 Similar to the random copolymers, the BPSH-x-PI-y
multiblock

copolymer

has

also

demonstrated

significantly

reduced

methanol

permeability. Methanol permeability as a function of ion exchange capacity measured at
80 oC is shown in Figure (4-12) for Nafion®117, HQSH-xx, PB-xx and the BPSH-x-PI-y
multiblock copolymers.25

As depicted, the increase in methanol permeability with

increasing IEC was quite significant for the random copolymers in contrast to the
multiblock copolymers.
One of the challenges in designing a new PEM for DFMC applications is the
tradeoff between proton conductivity and methanol permeability. At low IECs, random
copolymers are associated with both low methanol permeability and low proton
conductivity. For the multiblock copolymer systems, however, the higher block length
materials—even those with low ion exchange capacities—are associated with both high
proton conductivity and low methanol permeability.

This combination increases a

multiblock copolymer’s selectivity, which is defined as the ratio of proton conductivity to
methanol permeability, over the selectivity of a random copolymer.
Figure (4-13) shows the selectivity of the PEMs as a function of methanol
permeability at 30 oC. Among the various copolymers studied, the BPSH-20-PI-20
demonstrated the highest selectivity. This result can be interpreted to the preferential
selectivity of the hydrophobic and hydrophilic blocks towards methanol and water. In
other words, the hydrophobic segments present in the block copolymers offered
resistance to the diffusion of methanol and thus decreased methanol permeability. Thus,

123
in ionomeric block copolymers, it is suggested that the “hard” segments are capable of
lowering methanol permeability, while the “soft” hydrophilic segments provide enhanced
pathways for water and proton transport.
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Figure 4-12 Methanol permeability as a function of ion exchange capacity for
several systems at 80 °C Reproduced with permissions from ECS Transactions.25
Copyright [2007], The Electrochemical Society
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Figure 4-13 Phase separated morphology of multiblocks allows to achieve high
selectivity at low methanol permeability. Reproduced with permissions from ECS
Transactions.25 Copyright [2007], The Electrochemical Society

The DMFC performance characteristics of the BPSH-PI multiblock copolymers
were assessed using the fuel cell operating conditions provided in the experimental
section. Representative plots for the multiblocks and Nafion® 117 are given in Figure (414).

Both the BPSH-10-PI-10 and BPSH-20-PI-20 copolymers showed comparable

DMFC performance to Nafion® 117, but at less than 33% of the thickness.
DMFC performance results for the two multiblock copolymers and Nafion® 117
are reported in Table (4-2). The open circuit voltage (OCV) value in a DMFC is one of
the key factors in assessing the fuel efficiency of a cell. A major portion of OCV loss is
generally attributed to methanol crossover. Materials with low methanol permeability are
expected to have much higher OCV values. Hence, the multiblock copolymers showed
much higher open circuit voltage characteristics compared to Nafion®. High frequency
resistance (HFR), which is the sum of the resistances originating from the membrane, the
interfacial resistance between the electrodes and the membrane, as well as the resistance
of the gas diffusion layers, was also determined for the PEMs. For an identical set of
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electrodes and gas diffusion layers, HFR can be considered to be a membrane property.
Materials with higher HFR values offer higher resistance to proton transport across the
membrane and may also cause poor bonding with the electrodes. These two factors
affect both the overall and long-term performance of a PEM. One way to decrease HFR
is to use a thinner membrane. However, the disadvantage of using a thinner membrane is
higher methanol crossover, which is typically reported as the ζ
circuit limiting crossover current (ζ

lim, ocv)

lim, ocv

value. The open

is a measure of the amount of methanol

crossover from anode to cathode under open circuit voltage. This value increases with
decreasing membrane thickness, thereby lowering the OCV and fuel efficiency of a cell.
Hence, there is a tradeoff between the HFR and the crossover current.

Fuel cell

selectivity can be defined by Equation (4-9).
Selectivity =

1
HFR * ζ lim,ocv

Equation 4-9
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Figure 4-14 DMFC performances of Nafion®117 and BPSH-PI multiblock
copolymers, the membrane thicknesses (dried) are given along with the copolymer
names in the legend. Reproduced with permissions from ECS Transactions.31
Copyright [2007], The Electrochemical Society.
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Table 4-2 Summary of DMFC performance results for the copolymers studied.
Reproduced with permissions from ECS Transactions.31 Copyright [2007], The
Electrochemical Society.

Thickness

Sample

(dried)
(mils)

OCV

HFR

ζ lim, ocv

(V)

(Ώ cm2)

(mA/cm2)

MEA
relative*
selectivity

Nafion® 117

7

0.70

0.17

68

1.00

BPSH-10-PI-10

1.8

0.79

0.11

58

1.78

BPSH-20-PI-20

1.8

0.80

0.10

57

2.28

®

* Relative to Nafion 117

For Nafion®, its 7 mils thickness is normally found to afford the best selectivity
between HFR and limiting crossover current. Membranes of greater thickness have
higher HFR values, as documented in Table (4-2). This study confirms that it is possible
to synthesize much thinner multiblock copolymers while maintaining lower HFR values.
Even for a BPSH-PI multiblock of 1.8 mils, its crossover limiting current was well within
acceptable limits. It is suggested that on one hand, the connectivity between hydrophobic
units restricts the diffusion of methanol while maintaining dimensional stability, even at
lower thicknesses. On the other hand, the hydrophilic domains provide a pathway for
proton transport and decrease membrane resistance. The overall result is a membrane
with improved selectivity over Nafion® 117.

4.4 Conclusions

Novel proton exchange membranes based upon disulfonated poly (arylene ether
sulfone) copolymers were synthesized, and their chemical structures were varied to
produce random and multiblock copolymers. The transport properties of the BPSH-x-PIy multiblock copolymers were studied over a range of different block lengths and IECs.
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Novel structure–property relationships were achieved by modifying transport properties,
as well as the volume fraction of water of these materials. Under fully hydrated
conditions, proton conductivity was related more closely to the volume fraction of water
than to ion exchange capacity. This highlights the morphological relationship with
transport properties. Under partially hydrated conditions, proton conductivity was found
to be a function of block length. This was attributed to the decreasing morphological
barrier for transport with increasing block length, which was verified by water diffusion
coefficients experiments.

Multiblock copolymers displayed reduced methanol

permeability and very high selectivity. Similar DMFC performance to Nafion® 117 was
achieved with a three-fold reduction in thickness for the multiblocks over Nafion®. Thus,
for the multiblock copolymers studied, the hydrophilic domains provided a better
pathway for water and proton transport, while the hydrophobic domains apparently acted
as a barrier for methanol transport.
The authors wish to acknowledge Nissan Motor Company and Department of
Energy (DOE Contract # DE-FG36-06G016038) for support of this research.
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Abstract
Sulfonated copolymers studied in our laboratory phase separate to form nano-scale
hydrophilic and hydrophobic domain morphology. Water existing in these domains exits
in three different states, tightly bound, loosely bound and free water. The states of water
were characterized using DSC, NMR relaxation and TGA measurement techniques. The
chemical structure of the proton exchange membranes was varied in chemical
compositions, microstructures (random and block) and also the functional groups in the
polymeric backbone. A strong dependence of the types of water on the ion content and
morphology was observed. For the random copolymers, the formation of free water in
the system occurs after reaching a certain ionic content. For the blocks, in addition to the
ionic content, free water also develops with increasing block lengths. The formation of
continuous morphology in the copolymers was correlated to the onset of free water. The
influence of states of water on PEM properties will be reported separately in Part-B.
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5.1 Introduction

Fuel cells are electrochemical devices that convert chemical energy to electrical
energy.1

Among various types of fuel cells, proton exchange membrane fuel cells

(PEMFCs) are of major importance.

PEMFCs have a diverse field of applications

ranging from stationary, automotive to even portable power systems. Hydrogen air fuel
cells and direct methanol fuel cells (DMFC) are the two main types used for these
applications.2, 3 A typical operating principle for a PEMFC involve oxidations of the fuel
H2 at the anode to positively charged hydrogen ions and electrons. The hydrogen ions or
the protons are transported across the proton exchange membrane (PEM) to the cathode
and react with oxygen to form water. The integral part of the fuel cell is considered to be
the PEM and its primary demands are high proton conductivity and low water uptake. In
addition, the membrane should have both thermal and oxidative stability, good
mechanical properties, low permeability to fuels and dimensional stability under hydrated
conditions.4, 5 The current state of the art PEMs are perfluorosulfonic acid membranes
such as Nafion® manufactured by DuPont. These membranes show excellent chemical
and electrochemical stability as well as high proton conductivity with relatively low
water uptake on a mass basis. However, Nafion® suffers from disadvantages including
high cost, high methanol permeability (DMFCs), and limited operating temperature
(80°C)5, 6 due to its low hydrated α relaxation temeprature.7 Our research group has been
engaged in the past few years in the synthesis and characterization of biphenol based
partially disulfonated poly(arylene ether sulfone) (BPSH) random copolymers as
potential PEMs.4, 8-12
All of these sulfonated copolymers phase separate to form nano scale hydrophilic
and hydrophobic morphological domains. The hydrophilic phase containing the sulfonic
acid moieties causes the copolymer to absorb water. Water confined in hydrophilic pores
in concert with the sulfonic acid groups serve the critical function of proton (ion)
conduction in these systems.13 The transport of water and protons in these confined
systems are both of fundamental interest and technological importance in the design of
new materials. There are at least three states of water that have been associated with
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water residing in hydrophilic phases of polymers.14-17 The presence of these three states
can be defined by thermal properties. Non-freezing bound water is strongly associated
with the polymer and depresses its Tg, but the water shows no melting endotherm by
differential scanning calorimetry (DSC). Freezable bound water is weakly bound to the
polymer (or weakly bound to the non-freezing water), and displays broad melting
behavior around 0° C. Free water exhibits a sharp melting point at 0° C.
States of water for hydrophilic polymers have been characterized by various
methods including DSC and NMR relaxation measurements.14, 15, 18-21 Previous work has
shown that DSC thermograms are a function of water content for polymers, showing
melting endotherms of loosely bound water and free water.15 Tightly bound water can be
correlated to the maximum amount of water for which there is no melting endotherm.
Quinn et al.14 have proposed a better mathematical technique to estimate the distribution
of each type of water. They showed that if the integrated change in enthalpy (per gram of
dry polymer) from the DSC thermogram is plotted against water content, the intercept
gives the tightly bound water content. By subtracting the tightly bound water from the
total water, the combined content of the loosely bound water and free water can be
obtained. However, it is difficult to quantify the loosely bound and free water separately
using DSC as the two melting endotherms of free and loosely bound water overlap with
each other. Hence other experimental techniques in conjunction with DSC are needed for
proper quantification.
NMR relaxation (T2) experiments can provide improved quantification of three
states of water as reported by Whittaker et al.18 They showed that for a hydrophilic
polymer with three states of water, the decay in transverse relaxation magnetization of
water can be modeled to a tri- exponential function. The shortest component of the decay
with the fastest relaxation time corresponds to the tightly bound water having the shortest
diffusive path length. The intermediate component represents the loosely bound water
and the long component of T2 can be related to the bulk or free water. The relative
fractions of the coefficients of the exponential terms are proportional to the respective
types of water, allowing quantification of each.
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This paper (Part-A) proposes to quantify and characterize the states of water for
PEMs by DSC and NMR relaxation measurements. The influence of the distribution of
the three types of water on various transport and electrochemical properties of PEMs will
be discussed in Part-B.
Synthesis of controlled series of materials varying in ion content, chemical
composition and sequence lengths, structure/property relationships between the
functionality of the polymer backbone, the states of water, and the membrane transport
has been achieved. The chemical microstructure was varied from random morphology to
a phase separated multiblock morphology. It is hypothesized that this will have a large
influence on the states of water through the phase separation characteristics of the
polymers as well as direct interaction between the functional groups and water molecules.

5.2 Experimental

5.2.1 Materials

Highly purified 4,4’-dichlorodiphenylsulfone (DCDPS) was provided by Solvay
Advanced Polymers.

Hydroquinone (HQ) was obtained from Eastman Chemical

Company. 4,4’-Hexafluoroisopropylidenediphenol (6F-BPA), received from Ciba, was
purified by sublimation. The ketone monomer, 4,4’-difluorobenzophenone (DFBP) was
purchased from Aldrich and used as received. All these monomers were dried under
vacuum prior to use. Disulfonated comonomers (SDCDPS, SDFBP) were synthesized
according to the modified literature methods8 and dried under vacuum before
copolymerization. The solvent N,N-dimethylacetamide (DMAc, Fisher) and N-methyl-2pyrrolidinone (NMP, Fisher) were vacuum-distilled from calcium hydride onto molecular
sieves. Potassium carbonate (Aldrich) was dried in vacuum before copolymerization.
Toluene, sodium chloride, 30% fuming sulfuric acid and methanol were obtained from
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Aldrich and used as received. The fuming sulfuric acid was further analyzed for active
SO3 concentration.22 Nafion® 112 and 117 were obtained from ElectroChem, Inc.

5.2.2 Synthesis of partially disulfonated poly(arylene ether) random
copolymers (HQSH-xx and B-ketone-xx)

Synthesis of disulfonated poly(arylene ether sulfone) copolymers was
successfully achieved via aromatic nucleophilic substitution as described previously.8, 23
One typical copolymerization for a HQSH-40 copolymer was as follows. Hydroquinone
(10 mmole), 4,4’-dichlorodiphenylsulfone (6 mmole), and 3,3’-disulfonated-4,4’dichlorodiphenylsulfone (4 mmole) were charged to the flame dried 3-neck flask, which
was equipped with a mechanical stirrer, nitrogen inlet and a Dean-Stark trap. Potassium
carbonate (11.5 mmole) was added to the system. Dry NMP was introduced to afford
about a 20% solids concentration and toluene (NMP/toluene = 2/1 v/v) was used as an
azeotropic agent. The reaction mixture was heated under reflux at 150 ºC for 4 h to
remove the water. Then, the bath temperature was raised slowly to 180 ºC and reacted
for an additional 24 h. The viscous solution was cooled to room temperature, and then
diluted with NMP. The copolymer solution was filtered to remove the byproduct salt and
then isolated by precipitation in deionized water. The copolymer was separated by
filtration and dried in a vacuum oven at 120 °C for 24 h.
The copolymerization procedures for polyketones were similar to those of
polysulfones, although the monomers’ reactivities are different. The detailed procedure
was also introduced in the literature.24 The B-ketone-xx series [Fig. 5-1(c)] copolymers
were based on 6F BPA, DFBP, and SDFBP. Because the fluorinated monomers have
higher reactivity, high molecular weight copolymers can be achieved within shorter
reaction times.
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5.2.3 Synthesis of disulfonated poly(arylene ether sulfone)-b-polyimide
(BPSH-x-PI-y) multiblock copolymers

A series of segmented disulfonated poly(arylene ether sulfone)-b-polyimide
copolymers based on hydrophilic and hydrophobic oligomers was synthesized. The
disulfonated hydrophilic oligomers were prepared via step growth polymerization using
different block lengths ranging from 5 kg/mol to 20 kg/mol. To produce the amine
telechelic functionality of the hydrophilic oligomers, m-aminophenol (m-AP) was used as
the endcapping reagent for the reaction. Anhydride-terminated polyimide hydrophobic
oligomers with the same molecular weight range as the hydrophilic oligomers were
synthesized via a high temperature one-pot imidization.

The anhydride end-group

functionality was achieved by adding stoichiometrically adjusted amounts of the
monomers. Synthesis of the multiblock copolymers was facilitated by an imidization
coupling reaction between the amine end-groups on the hydrophilic oligomers and the
anhydride end-groups on the hydrophobic oligomers, thereby producing high molecular
weight copolymers.
25, 26

elsewhere,

A detailed synthesis of the copolymers has been published

according to which a series of multiblock copolymers with different block

lengths were synthesized and characterized.
5.2.4 Membrane preparation
The salt form copolymers were redissolved in DMAc to afford transparent 5 wt %
solutions, which were then cast onto clean glass substrates. The films were slowly dried
for 2 days with infrared heat at gradually increasing temperatures, and then dried under
vacuum at 110 oC for 2 days. The membranes were converted to their acid form by
boiling in 0.5 M H2SO4 for 2 h, and were then boiled in deionized water for 2 h to
remove any residual acid. Membranes were stored in deionized water until used for
measurement.
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5.2.5 Differential scanning calorimetry (DSC) and nuclear magnetic
resonance (NMR) and thermo gravimetric Analyzer (TGA)

The DSC experiments were performed in a TA DSC instrument using liquid
nitrogen as cooling medium for subambient operation. The samples were equilibrated in
a relative humidity oven (ESPEC SH240) to achieve desired hydration levels. The
samples were placed in thermally sealed pans capable of withstanding pressure of 100
atm. Samples were cooled to -70 °C and then heated at a rate of 5 °C per min under a N2
atmosphere.
The proton spin relaxation time, T2, was measured in a Varian Inova 400
spectrometer using Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. The 90° pulse
was of 13.8 µs and the 180° pulse of 27.6 µs. A total of 200 decay points was collected
over 8 ms. Samples were equilibrated at room temperature in water. Just before the
experiment, they were removed from water, blotted to remove the surface water and
placed in the NMR probe. The fitting procedure was performed using a non-negative
least square analysis by Matlab software. The goodness of the fits was determined by
comparing the statistical parameters (RMSE and SSE). The relative fractions of the
coefficients of the exponential terms are proportional to the weighed average of the
respective types of water, allowing quantification of each. The spin lattice relaxation
time, T1 was measured using the inversion recovery method and sequence. The 90° pulse
was of 13.8 µs and the 180° pulse of 27.6 µs. A total of 14 points was collected and the
d1 was kept 3 s.
TGA experiments were conducted on a TA instrument for the fully hydrated
sample. Just before the experiment, they were removed from water, blotted to remove
the surface water and placed in the TGA sample pan. Air was the atmosphere and 10
o

C/min was the heating rate.
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5.3 Results

5.3.1 Model copolymers

Our research group has been engaged in the past few years in the synthesis and
characterization of wholly aromatic, biphenol based partially disulfonated poly(arylene
ether sulfone) random copolymers as potential PEMs.4, 8-12 This series of copolymers are
called BPSH-xx [Fig. 5-1(a)], where BP stands for biphenol, S is for sulfonated, and H
denotes the protonated form of the acid where xx represents the degree of disulfonation.
Similar to the BPSH series, hydroquinone based partially disulfonated poly(arylene ether
sulfone)23 [HQSH-xx – Fig. 5-1(b)] random copolymers and partially disulfonated
poly(arylene ether ketone) random copolymers24 [B-ketone-xx Fig. 5-1(c)] were
synthesized. In addition to the random copolymers, a series of multiblock copolymers
[BPSH-x-PI-y – Fig. 5-1(d)] was also synthesized. In the multiblock copolymers, x and y
represent the block lengths in kg/mol of hydrophilic:hydrophobic units, respectively. The
IECs of the multiblocks were kept similar (1.5~1.6 meq/g). The individual molecular
weights of the hydrophobic and hydrophilic blocks were kept similar to each other and
the molecular weight was varied from 5000, 10000 to 15000 g/mole.
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Figure 5-1 Copolymer chemical structures: (a) BPSH-xx; (b) HQSH-xx, (c) Bketone-xx, (d) BPSH-x-PI-y multiblocks
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5.3.2 Water uptake

Water uptake in proton exchange membranes is considered to be one of the most
important properties. On one hand, proton conductivity is a strong function of the water
content of the polymer and increases with increasing water content.27 On the other hand,
a low water swelling for the membrane is desired for improved fuel cell performance and
durability. Figure (5-2) represents the water uptake values as a function of IEC for the
random, multiblock and Nafion® 117 copolymers. A sharp increase in the water uptake is
observed after reaching a particular IEC for the random copolymers. Previous reports
from our laboratories have related this IEC to the percolation limit for the water uptake.12
A morphological transition from closed to open structure is believed to be the reason as
supported by AFM studies.28
180

Water Uptake (mass %)

160
140
120

HQSH-xx
B-ketone-xx
BPSH-x-PI-y
Nafion 112

100
80
60
40

Increasing
Block Length

20

0
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

IEC (meq/g)

Figure 5-2 Influence of IEC and block lengths on water uptake at fully hydrated
conditions

The three multiblock copolymers had similar IECs. Therefore, studying the equal
block length materials would be appropriate in understanding the effect of block lengths
on the properties of copolymers at the same ionic content. A sharp increase in water
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uptake is associated with increasing block lengths from 5-5, 10-10 to 15-15. Unlike the
random copolymers, where the isolated sulfonic acid groups are randomly distributed in
pairs along the chain, the multiblock copolymers feature a sequence of hydrophilic and
hydrophobic segments. Although the ionic content for the three multiblocks is similar,
the chemical incompatibility between the individual blocks results in increasing phase
separation with increasing block length. AFM studies revealed the formation of a cocontinuous morphology with increasing block length, particularly for the BPSH-15-PI15.25 The morphological transition induced sharp water absorption.
The above study was conducted under fully hydrated conditions.

It is also

important to investigate the influence of IEC and morphology on the water uptake over a
wide range of water activity. Here the water activity is defined by the Equation (5-1).
Also, to normalize the effect of IEC, water uptake values for the copolymers are hereafter
reported as hydration numbers. The hydration number (λ) is defined as the number of
water molecules present per sulfonic acid group (Eqn. 5-2).

Water Activity = % RH/100

λ=

(masswet − massdry ) / MWH 2 O
IEC ∗ massdry

Equation 5-1

Equation 5-2

Figure (5-3a) shows the influence of water activity on water uptake for the
random HQSH-xx copolymers with varying IEC and Figure (5-3b) shows the same for
BPSH-x-PI-y multiblocks with increasing block lengths. At low water activity levels, the
hydration numbers for all of the random copolymers were similar. This is true for the
multiblocks also. At low water activity, the nature of the water tends to depend more on
the nature of the sulfonic groups and the chemical backbone. A sudden increase in
hydration number after a certain water activity (~0.8) is observed for both random and
multiblock copolymers. This effect is more pronounced for random copolymers with
higher IEC and for multiblocks with higher block lengths. The increasing ionic content
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in random copolymers and the increasing block lengths for multiblock copolymers are
inducing morphological changes within the copolymers altering the types of water. This
phenomenon will be examined in depth using DSC and NMR relaxation measurements.
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Figure 5-3 a) Water absorption under partially hydrated conditions for the random
HQSH-xx copolymers as a function of IEC
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Figure 5-3 b) Water absorption under partially hydrated conditions for the block
copolymers BPSH-x-PI-y as a function of the block length
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5.3.3 DSC results

The influence of degree of disulfonation on the melting endotherms of the
freezing water present in the HQSH-xx copolymers under fully hydrated conditions is
shown in Figure (5-4a). The DSC thermograms show an overlapping set of peaks for free
water (expected at 0 °C) and loosely bound water from -30 to 10 °C. The areas under the
peaks increased with increasing degrees of disulfonation. The increasing area under the
peak suggests the presence of increased amount of freezing water with increasing ionic
content. Similar results were obtained for the other copolymers. Studies conducted on
the multiblocks indicated a strong influence of morphology or the block lengths on the
melting endotherm peaks. In spite of having similar ionic concentrations, the area under
the peak increased with increasing block lengths as shown in Figure (5-4b). Hence in
addition to ionic content, morphology of the copolymer is also influencing the freezing
water content.
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Figure 5-4 b) Melting endotherms of the freezing water in BPSH-x-PI-y
multiblock copolymers as a function of block length under fully hydrated condition

The influence of water content on the endothermic peaks and glass transition
temperatures (Tg) for the HQSH 35 and BPSH-15-PI-15 copolymers is shown in Figure
(5-5a) and (5-5b). At fully hydrated conditions, the sharp melting endotherm of water
is observed at around 0 °C (Tm).

The measured Tm of freezing water for the

copolymers is provided in Table (5-1). The area under the melting endotherm peak
broadens and decreases with a decrease in water content (represented within
parenthesis) in the membranes for both HQSH 35 (42%) and BPSH-15-PI-15 (56%)
copolymers. This indicates a presence of higher fraction of loosely bound freezable
water over the free water at this hydration level for each of the two copolymers.
However, with further decrease in water content, no endothermic peak was seen in the
DSC traces. The amount of water present at this hydration level in the copolymers is
non freezable and can be correlated to the amount of tightly bound water in the
membranes. In order to get a more accurate estimation of the tightly bound water
content, a quantitative analysis described earlier in this paper is followed.

The

integrated change in enthalpy (per dry g of polymer) is plotted as a function of
hydration number in Figure (5-6) for the HQSH-xx series.
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Figure 5-6 Normalized enthalpy changes of water as a function of the hydration
number for HQSH-xx random copolymers; the intercepts are the tightly bound
water contents

All the HQSH copolymers irrespective of the degree of disulfonation showed a
similar intercept or an identical nonfreezing, tightly bound water content. Subtracting the
value from the total water content gives the respective freezing and nonfreezing (tightly
bound) water content in the membranes. Similar analyses for all the copolymers were
conducted. NMR relaxation measurements were used to quantify the freezing water to
loosely bound and free water, as discussed later on.
Water, known to act as a plasticizer with Tg around -139 oC, depresses the Tg of
the copolymer. The hydrated Tg of all the copolymers measured under fully hydrated
conditions are reported in Table (5-1).

The hydrated Tg restricts the upper use

temperature for fuel cell operations. The depression in Tg with increasing water content
within the copolymer is seen from Figure (5-5a and 5-5b) for the HQSH 35 and the
BPSH-15-PI-15 respectively. Kim et al.15 were able to scale this depression in Tg more
precisely with the tightly water content than with the total water content in the
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membranes.15 The areas under the melting endotherms were normalized to obtain the
ΔHfus / g of the freezing water. ΔHfus / g increased with increasing ionic concentration for
the random copolymers and with block lengths for the multiblocks. Nafion® has the
highest ΔHfus / g among the studied copolymers. Qualitatively the ΔHfus / g can be
related to the nature of the water–water interaction. Higher value represents better waterwater interactions or decreased water –polymer interactions, indicating presence of more
free water concentration in the system.
Table 5-1 Summary of copolymer properties

IEC

Sample

(meq/g)

Water

Hydration

ΔH (J/g

Hydrated

Tm (°C)

uptake

number

of

Tg

(fully

(mass %)

(λ)

water)

(°C)

hydrated)

Nafion 117

0.9

27

17

210

99

2.0

HQSH-35

1.8

160

50

180

108

4.6

HQSH-30

1.6

83

29

128

107

2.2

HQSH-25

1.4

60

23

110

107

1.9

HQSH-20

1.2

29

14

45

110

-6.0

B-ketone-50

1.7

95

32

120

104

3.3

B-ketone-40

1.4

45

18

90

118

1.1

B-ketone-30

1.1

25

13

5

99

-1.4

BPSH-5-PI-5

1.6

55

18

33

110

-10.0

BPSH-10-PI-10

1.6

70

24

81

118

1.0

BPSH-15-PI-15

1.5

85

31

172

121

2.0

5.3.4 NMR relaxation measurements (T2 and T1)

To quantify the freezing water content to loosely bound and free water content, T2
NMR relaxation experiments were conducted for all the copolymers. The mechanism for
the T2 relaxation in sulfonic acid containing polymers is believed to be an exchange

147
process between the water molecules and the exchangeable protons in sulfonic acid
groups.19 The water molecules (tightly and loosely bound) associated with the sulfonic
acid groups relax faster than the ones (free water) which are not. However for the
copolymers studied, T2 data cannot distinguish the shortest and the intermediate
components from each other. Loosely bound and tightly bound water are believed to
exist in the same hydrophilic domain and fast exchange occurs in between the two
environments. Specifically, for the copolymers having water absorption below the sharp
inflection point or the percolation threshold (Fig. 5-2), the relaxation nature fits well with
monoexponential decay function. In those cases, it was hard to distinguish the loosely
and tightly bound water separately from NMR only and DSC was utilized to quantify the
two types of water. Only for the copolymers with open or co-continuous morphology i.e.
high IEC random copolymers and higher block length multiblocks, a distinct longer
relaxation component was detected and was assigned to the free water. The free water
content was quantified from NMR, tightly bound from DSC. Subtracting the free and
tightly bound from total water content, allows to properly estimating the loosely bound
water content. Thus the NMR in conjunction with DSC experiments allowed proper
quantification of the states of water in the copolymers as shown in Table (5-2).
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Figure 5-7 Influence of disulfonic acid concentrations on 1H T2 decays for the Bketone-xx copolymers. The markers represent actual experimental data and the
lines represent the fitted functions
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The mechanism for T1 relaxation is known to be different than T2 relaxations.19
T1 or the longitudinal NMR relaxation provides an idea of the nano-viscosity of the
sulfonic acid domains and the state of water present in those domains. The inverse of the
T1 relaxation times can be related to the correlation time (τc) for molecular motion. A
high 1/T1 value indicates a fast exchange process and restricted molecular mobility for
the water molecules. 1/T1 relaxation times for the copolymers are reported Table (5-2).
The water molecules associated with low IEC random copolymers have very high 1/T1 or
low T1 relaxation values. This fast exchange process between the water molecules and
the sulfonic acid groups indicates high water–polymer interactions and presence of
mostly tightly bound water. At a given IEC, the poly(arylene ether ketone) copolymers
have higher 1/T1

values for water in compared to poly(arylene ether sulfone)

copolymers. The ketone group being more polarizable interacts more with the water than
sulfone and is more tightly bound. The 1/T1 value decreased with increasing IEC for the
random copolymers and at high IECs, the value approaches similar to Nafion®. The low
1/T1 value corresponds to an increased water molecular mobility or better rotational
dynamics, suggesting appearance of free and loosely bound water in these copolymers.
In addition to IEC, the rotational dynamics of water is also influenced by the morphology
of the copolymers.
multiblocks.

The 1/T1 value decreased with increasing block length for the

The co-continuous hydrophobic-hydrophilic domain morphology

influenced the rotational dynamics of water and would expect to influence the
translational dynamics or the diffusion coefficients of water also.
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Table 5-2 Quantification of the different states of water and the 1/T1 relaxation time

Non
Sample

Freezing water

IEC

Total

freezing

Loosely

(meq/g)

water (λ)

water

bound

(λ)

(λ)

1/T1
Free

(s-1)

(λ)

Nafion 117

0.9

17

3

9

5

4.7

HQSH-35

1.8

50

9

27

14

3.6

HQSH-30

1.6

29

9

11

8

6.6

HQSH-25

1.4

23

9

10

4

47.6

HQSH-20

1.2

14

9

5

0

-

B-ketone-50

2.1

32

8

21

3

95.2

B-ketone-40

1.7

18

8

10

0

250.0

B-ketone-30

1.3

13

8

5

0

333.3

BPSH-5-PI-5

1.6

18

14

4

0

166.0

BPSH-10-PI-10

1.6

24

14

8

2

111.0

BPSH-15-PI-15

1.5

31

15

11

5

25.0

Quantification of the three states of water was successfully achieved from a
combination of DSC and NMR relaxation measurements. Apart from these two, an
independent type of measurement will broaden the scope for this paper. This paper
proposes to study the different states of water using thermo gravimetric analysis (TGA).
In the light of the DSC and the NMR relaxation experiments, a difference in water –
polymer interaction can be predicted for the different states of water. Hence the retention
of water as a function of temperature may be different for different types of water.
Figure (5-8) represents the weight loss or retention of water as a function of temperature

150
for the HQSH-xx and Nafion® copolymers. An initial quick loss in hydration number is
seen for all the copolymers upto 50 to 60 °C. The water lost in this temperature regime
can be related to the type of water which has the lowest interaction with the copolymer.
After this temperature regime, the rate of loss of water is found to be very slow over a
wide temperature range. Hence the residual water in the membrane seems to resemble
the tightly bound water content and can be easily calculated from the ordinate value.
Both for the HQSH-xx series and Nafion®, the tightly bound water content, calculated
from TGA (9 and 2 respectively) are found to be similar to the DSC and NMR results.
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Figure 5-8 Retention of water as a function of temperature for the HQSH-xx and
Nafion® copolymers

5.4 Discussion and Conclusions

The quantified values of the three types of water as a function of IEC and block
lengths are given in Table (5-2). For the random copolymers, the loosely bound water
and free water comprising the freezing water increase with increasing IEC.

The

increasing free water content influenced the thermodynamic and rotational properties of
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water in PEMs. This is in agreement with the increasing ΔHfus and decreasing 1/T1
relaxation trends with IECs, as seen from the DSC and NMR measurements. It is
important to note that the free water develops in random copolymers only after reaching a
particular IEC. This particular IEC also corresponds to the characteristic non linear
increase in water uptake (Figure 5-2).
The question arises that what is the reason behind the origination of free water in
these copolymers. The random copolymers containing sulfonic acid groups are also
known to also phase separate into hydrophobic and hydrophilic domains with increasing
ion exchange capacity and water uptake.11 In other words, at a higher sulfonic acid
concentrations, the hydrated hydrophilic domains interconnect with each other to form
associated, percolated type morphology. At this point it is debatable that whether the
percolated phase separated morphology or the higher ionic content is responsible for the
origin of free water.

Keeping the IEC similar, varying the morphology and

understanding its effect on free water content will elucidate the reason behind the origin
of free water. Multiblock copolymers studied are of ideal choice. The IEC being similar,
morphology is the function of the block lengths only. Both loosely bound and free water
content increase with increasing block lengths or with the extent of microphase
separation. The sharp increase in the area under the melting endotherm correlates with
the origin of the free water inside co-continuous ordered hydrophilic domains for the
BPSH-15-PI-15 copolymer.

Thus microphase separation between hydrophilic and

hydrophobic domains or the connectivity between hydrophilic domains seems to be one
of the major factors behind the origin of free water.
The tightly bound water content determined from DSC measurements depends
more on the nature of the sulfonic acid groups or the strength of the conjugate base and
the chemical back bone. On a quantitative basis, the Nafion® has the least amount of
tightly bound water followed by the random copolymers and then the block copolymers.
The unique chemical structure of the Nafion® consists of highly flexible side chains
bearing the hydrophilic sulfonic acid groups and a highly hydrophobic fluorinated
flexible backbone. The perflurosulfonic acid being a very strong acid, the conjugate base
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is much weaker with reduced effective charge density. The weak conjugate base and the
presence of highly hydrophobic back bone lowers the water coordination number or
precisely the tightly bound water content in Nafion®.
In contrast, for the random copolymers, the sulfonic acid groups are directly
attached to the main polymer chain backbone. This results in a restricted morphological
structure. Also compared to Nafion®, the sulfonic acid groups are of lower acidity or
alternatively, the conjugate base is stronger. A stronger conjugate base increases the
negative charge density and hence increases the tightly bound water content.

The

normalized tightly bound water content per sulfonic groups was independent of the
overall ionic content in the copolymers.
In the multiblock copolymers, the nature of the sulfonic group is similar with the
aromatic random copolymers studied. However unlike the random copolymers, where
the sulfonic acid groups are distributed through out the copolymer, in multiblocks,
sulfonic acid groups are arranged in a concerted array network. As a result, the local
effective negative charge density is higher in multiblocks compared to that of random
copolymers. This increased the tightly bound water content in multiblocks.
The study revealed a strong relationship of the morphology, chemical structure
and compositions with the different types of water. In part-B, the distribution of these
states of water in the copolymer will be related to the fundamental transport properties.
The states of water investigation coupled with transport property measurements will be
instrumental in developing a novel structure property relationship for PEMs.
The authors would like to thank the National Science Foundation “Partnership for
Innovation” Program (HER-0090556) and the Department of Energy (DE-FC3601G01086) for support of this research effort. The authors would also like to thank
Sandia National Laboratories for their support.
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Abstract
The influence of chemical composition and morphology on states of water in PEMs was
investigated in Part A. A relationship between transport properties and different types of
water was established. Transport properties, which include proton conductivity, the selfdiffusion coefficient of water and methanol permeability, scaled well with the free water
content.

Although the presence of free water was required to achieve high proton

conductivity, high free water content in random copolymers reduced methanol
permeability and the selectivity of the membrane. In contrast, the multiblock copolymers
showed lower methanol permeability even with higher free water content. Aromatic
copolymers with higher amounts of non-freezing water demonstrated promise for
improved transport at both high and freezing temperatures.
morphology to different states of water was reinvestigated.

The relationship of
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6.1 Introduction

Water in hydrophilic polymers exists in three different states; tightly bound,
loosely bound and free.1, 2 The nature and the distribution of these types of water are all
influenced by the chemical structure, microstructure and chemical composition of the
membranes.3, 4 In proton exchange membranes, the membranes are hydrophilic in nature
due to the presence of sulfonic acid groups. Water confined in hydrophilic pores, in
concert with the sulfonic acid groups, are critical for proton (ion) conduction in these
systems.5

In Part A, the different states of water in different copolymers were

characterized and quantified using DSC, NMR relaxation and TGA analytical techniques.
The chemical architecture of the copolymers was varied from random to phase separated
multiblocks.

A relationship between morphology and the nature of the water was

revealed. A distinct phase separated hydrophobic-hydrophilic domain morphology in a
polymer was responsible for the development of the free water in the system. The
strength of the acid or the effective charge density of the copolymer controlled the
content of the tightly bound water. The objective of this paper, therefore, is to investigate
the influence of the states of water on different transport properties for proton exchange
membranes.
Among the various transport properties for proton exchange membranes, proton
conductivity, methanol permeability and the self-diffusion coefficient of water are of
greatest importance. Earlier research from our laboratories has confirmed the importance
of states of water on the various transport properties of proton exchange membranes.
Kim et al.4 reported the importance of free water with respect to proton transport. The
nature of water at different hydration states for PEMs and their influence on transport
properties are of great relevance to this study. As discussed in Part A, at low hydration
states most water molecules associated with sulfonic acid groups are tightly bound. As a
result, very low self-diffusion coefficients of water and reduced proton conductivity are
reported for PEMS at low hydration levels.6 At higher hydration levels, loosely bound
water appears first, followed by free water. This corresponds to the increase in both
proton conductivity and the diffusion coefficients of water, as observed for Nafion® by
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Kreuer et al.7 and Zawodzinski et al.5 Hence, a strong relationship exists between the
nature of water and transport properties over a wide range of water activity. This study
will also highlight the influence of chemical structure on proton transport at low
hydration levels.
Methanol permeability is another important transport property to be considered
when liquid methanol is the fuel of choice. Ren et al.8 reported that for DMFCs,
unoxidized methanol at the anode tends to cross over through the membrane and undergo
oxidation at the cathode. This causes the generation of mixed potentials at the cathode,
which lowers the voltage and fuel efficiency of the cell. Methanol permeability has also
been associated with increasing free water, facilitating methanol diffusion through the
membrane.

Although high proton conductivity is always desirable, high methanol

permeability is unwanted. Thus, to achieve better selectivity of proton conductivity over
methanol permeability, a clearer understanding of the relationship between chemical
structure and states of water in hydrophilic membranes is critical. This knowledge,
coupled with states of water experiments, essential transport measurements, and chemical
structure of the copolymers, will provide a fundamental picture of how the chemical
nature of a phase separated copolymer influences transport properties.

6.2 Experimental

6.2.1 Materials
The synthesis of the copolymers used in this study was discussed in Part A of this
paper. The random copolymers studied include biphenol-based partially disulfonated
poly(arylene ether sulfone)9 [BPSH-xx – Fig. 6-1(a)], hydroquinone-based partially
disulfonated poly(arylene ether sulfone) [HQSH-xx – Fig. 6-1(b)]4,

10, 11

and partially

disulfonated poly(arylene ether ketone) random copolymers12 [B-ketone-xx Fig. 6-1(c)].
In addition to the random copolymers, a series of multiblock copolymers [BPSH-x-PI-y –
Fig. 6-1(d)] was also investigated.13, 14 In the multiblock copolymers, x and y represent
the block lengths in kg/mol of hydrophobic and hydrophilic units, respectively. The ion
exchange capacity of the multiblocks was the same (1.5~1.6 meq/g), and the individual
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molecular weights of the hydrophobic and hydrophilic blocks were similar to each other.
The molecular weights of the individual blocks were varied from 5000, 10000 and 15000
g/mole. Nafion® 112 and 117, which were purchased from Electrochem Inc., were used
as controls and used as received. The proton conductivity, self-diffusion coefficient of
water and methanol permeability data for the copolymers were obtained from earlier
publications.4, 10, 14-19

6.2.2 Pulsed-field gradient spin echo nuclear magnetic resonance
(PGSE NMR).

The self-diffusion coefficients of water were measured using a Varian Inova 400
MHz (for protons) nuclear magnetic resonance spectrometer with a 30 G/cm gradient
diffusion probe. A total of 16 points was collected across a range of gradient strengths
and the signal-to-noise ratio was enhanced by co-adding 4 scans. Measurements were
obtained by observing the echo signal intensity (A) as a function of the gradient
strength(g). The diffusion coefficient (D) was determined by fitting the data to Equation
(6-1):20

A( g ) = A(o ) exp[−γ 2 Dg 2δ 2 (Δ − δ / 3)]

Equation 6-1

where, A is the NMR signal intensity as a function of gradient strength, γ is the
gyromagnetic ratio (26752 radG-1s-1 for protons), δ is length of the gradient pulse, and ∆
is the time between gradient pulses. Membrane samples of approximately 5 mm by 15
mm by 150 μm were equilibrated in liquid water for at least 24 h. The samples were then
removed, blotted to eliminate droplets, quickly inserted into an NMR tube, and
immediately imaged over a span of about 5 minutes. For measurements done under subzero conditions, the sample was first cooled to -80 °C. The temperature was then raised
to a specific point (e.g., -60 °C), and then held there for an optimized time period, which
was determined by the time needed for the diffusion coefficient to become constant
(usually 15-30 min). Similar methods were followed at other temperatures.
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6.2.3 Thermogravimetric analysis (TGA)
Prior to conducting TGA experiments on the fully hydrated samples, they were
removed from the water, blotted to remove any surface water, and placed in the TGA
pan. Experimental conditions featured an air atmosphere and a heating rate of 10 °C/min.
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Figure 6-1 Copolymer chemical structures: (a) BPSH-xx; (b) HQSH-xx, (c) Bketone-xx, (d) BPSH-x-PI-y multiblocks

6.3 Results and Discussion

6.3.1 Proton conductivity
The single most important requirement for a proton exchange membranes is high
proton conductivity. Proton transport, particularly under hydrated condition, is primarily
a function of water content and the acidity of the membrane. The current study aims to
go in more details in establishing the relationship between the proton transport with
individual types of water.

Earlier studies from our group identified a qualitative

relationship between the free water and the proton conduction for the BPSH-xx random
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copolymers with varying ionic content.10, 19 In this paper, the study is extended to other
copolymers varying in chemical compositions, structure and sequence length distribution
covering a wide range of structural and morphological variables. It should be noted that
for the following discussion, proton conductivities were determined in liquid water at 30
°C.
The plot displayed in Figure (6-2) represents proton conductivity as a function of
free water content for the HQSH-xx, ketone-B-xx, BPSH-xx, multiblock BPSH-x-PI-y
and Nafion® copolymers (The free water content for each of these copolymers was
obtained as described in Part A). Regardless of the nature of the copolymer and ionic
compositions, the onset of free water was found to be extremely important in achieving
high conductivity over 80 mS/cm. This highlights the importance of the presence of free
water on proton transport for the PEMs. However, with further increasing free water
content, proton conductivity increases modestly. Higher free water content reduces the
effective proton concentration and levels off the increasing trend for proton conductivity.
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Figure 6-2 Influence of free water content on proton conductivity in liquid water at
30 oC
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The effect of free water content on the activation energy for proton transport
under fully hydrated conditions is shown in Figure (6-3). Activation energy is related to
the ease of the transport process and/or a measure of the associated morphological
barrier. The activation energy decreased with increasing free water content for all the
copolymers.

Hence, the presence of free water in the system reduced the barriers

associated with proton transport, indicating a strong relationship between the presence of
free water and the morphology of the copolymer.
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Figure 6-3 Activation energy for proton transport decreases with increasing free
water content

As noted in Part A, the origin of the free water is related to the formation of cocontinuous, phase separated hydrophilic-hydrophobic domain network within the
membrane. The presence of free water improves the connectivity between the sulfonic
acid groups through the formation of a water-assisted percolated hydrophilic domain
morphology. This is more prominent for the random copolymers. Thus, the onset of free
water can be considered as a morphological transition from an isolated to an associated
hydrophilic domain morphology. This associated domain morphology in the presence of
free water reduces the morphological barrier for transport and improves proton
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conductivity. This explains why proton conductivity increases significantly with the
onset of free water in the system.
However, free water develops only at higher water activities. Thus, the absence
of free water under partially hydrated conditions results in the formation of isolated
domains and a loss of connectivity. This is especially true for random copolymer, as
reflected by a sharp fall in proton conductivity under partially hydrated conditions. In
contrast, the multiblock BPSH-15-PI-15 copolymers, with a similar IEC to the random
HQSH 35 copolymers, demonstrate better performance under partially hydrated
conditions at 80 oC, as shown in Figure (6-4).

Unlike random copolymers, phase

separation in multiblocks is a function of the chemical incompatibility between the two
individual blocks and their molecular weights. Connectivity between the hydrophilic
domains can exist even at low water content, which facilitates proton transport at partially
hydrated conditions.
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Figure 6-4 Proton conductivity as a function of the relative humidity for multiblock
and random copolymers at 80 oC

6.3.2 Self-diffusion coefficient of water
The self-diffusion coefficient of water is an important property in understanding water
transport behavior within PEMs, and is indicative of the morphology of the copolymer.
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Classically the diffusion of a species within a polymer scales with the free volume or the
volume fraction of the solvent (water) in the polymer. Although DSC and other methods
can detect the presence of the three types of water, the diffusion coefficient of water
measured by PGSE is expected to be a weighted average of the three types. The free
water with the longest relaxation time contributes significantly to the signal at longer
time scales. Representative plots of the intensity of NMR signal vs. gradient strength
were shown to be mono-exponential, as depicted in Figure (6-5) and Figure (6-6). The
self-diffusion coefficients of water measured at 25 oC under fully hydrated conditions
was correlated with the free water content in the copolymers (Fig. 6-7). Moreover, it was
observed that the morphology of the copolymer significantly influenced transport
properties. At a given free water content, the water self-diffusion coefficient of the
multiblock BPSH-15-PI-15 was significantly higher than that of the random copolymers.
The co-continuous phase separated morphology for the BPSH-15-PI-15 copolymer more
efficiently facilitated water transport within the hydrophilic domains compared to the
random copolymers. With increasing free water content, however, the self-diffusion
coefficient of water leveled off. This is attributed to the fact that confining a large
volume fraction of water molecules within a fixed volume of the hydrophilic domains

Intensity

restricted overall transport.

Gradient strength

Figure 6-5 Intensity of the water signal as a function of gradient strength in an ideal
PGSE experiment; a mono exponential relationship was observed
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Figure 6-7 Self-diffusion coefficients of water as a function of free water content;
multiblock copolymers at 25 oC show better water transport than random
copolymers at a given free water content
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6.3.3 Methanol permeability
Similar to proton and water transport, methanol transport within hydrophilic
domains can be modeled with the free water content. Methanol permeability (P) is
defined by the following Equation (6-2), where D is the methanol diffusion coefficient
and H is the solubility or the partition coefficient.

P = DH

Equation 6-2

While D (methanol diffusion coefficient) is a morphology-related term, H
(solubility/partition coefficient) is a structure-related term. Figure (6-8) represents the
plot of methanol permeability with free water content for the copolymers studied. Unlike
proton transport, methanol permeability increased linearly—particularly for the random
copolymers.

For DMFC applications, however, very low methanol permeability is

desired. To have the best selectivity between the proton conductivity and methanol
permeability, a random copolymer with 1-3 free water content per sulfonic acid group is
desired.
The multiblock copolymers studied showed significantly reduced methanol
permeability at 30 oC at given free water content compared to random copolymers. The
following possible explanations are suggested. Multiblock copolymers, particularly the
BPSH-15-PI-15, phase separate distinctly into hydrophobic and hydrophilic phases. Each
of the blocks retains their individual properties. The hydrophobic unit is a rigid sixmember polyimide and has a very low interaction parameter with the methanol. The
hydrophobic unit acts as a barrier to methanol transport, while the hydrophilic unit
provides a pathway for proton transport.

In addition to this, the difference in the

morphological structures of the multiblock and random copolymers at high free water
content may play a significant role. The random copolymers with higher free water
content represent a more open morphological structure. Because the hydrophilic phase is
the continuous phase, methanol can easily diffuse through, resulting in increased
methanol permeability. In contrast, because the morphological structure of the BPSH-15PI-15 copolymer is a co-continuous hydrophilic and hydrophobic structure, the
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hydrophilic units are constrained by the hydrophobic blocks, thereby reducing methanol
permeability.
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Figure 6-8 Methanol permeability at 30 oC increases with increasing free water
content

6.3.4 Importance of bound water on freezing and high temperature
transport processes
Over the last several years, there has been significant interest in using PEMs for
automotive applications. One of the major challenges of using PEMs in this way is to
maintain sufficient proton transport at both high and sub-ambient temperatures. Unless
externally humidified, water loss from the membrane as a result of evaporation at high
temperatures reduces overall performance. Conversely, under freezing conditions, most
of the water inside the PEM will freeze and proton transport will be restricted. Moreover,
the ice-water transitions during freezing-thaw cycles will generate structural stresses
within the polymeric membrane.
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As discussed earlier, water in a hydrophilic polymer can exist in three different
states: free, loosely bound, and tightly bound. Tightly bound water is nonfreezing water
which shows no melting endotherm of water, as characterized from DSC.
Thermodynamically, tightly bound water has the strongest interaction with sulfonic acid
groups and represents the first shell of hydration. Unless the glass transition temperature
of the copolymer is exceeded, it is difficult to remove tightly bound water from the
polymeric network. Thus, it can be hypothesized that presence of tightly bound water
inside a membrane at both low and high temperatures is possible and will contribute to
proton transport.
In Part A of this paper, TGA was used to measure the retention of water as a
function of temperature. All the copolymers studied retained their tightly bound water
even at higher temperatures. Random and the multiblock copolymers with higher tightly
bound water content retained higher amounts of water at elevated temperature compared
to Nafion® (Fig.6-9).

This is expected to improve their performance compared to

Nafion® at elevated temperatures.
The self-diffusion coefficients of water were measured at sub-ambient
temperatures to probe the transport behavior of non-freezing water. As plotted in Figure
(6-10), the self-diffusion coefficients of water were measured for both HQSH 30 and
Nafion®112 over a temperature range of -40 to 40 °C.

For the HQHS 30 sample

featuring 9 tightly bound water units per sulfonic acid group, it was possible to obtain
diffusion coefficient values even at -40 °C. Because the water was non-freezing, it was
able to contribute to the transport process. A sharp increase in diffusion coefficient
values was observed near 0 °C, which corresponds to the contribution from the free and
loosely bound water as it melted from the ice form.

Under similar experimental

procedures and NMR pulse sequences, no signal intensity was obtained for Nafion®112.
By designing a new pulse sequence, it may be possible to obtain diffusion coefficients
value for Nafion®112, even at low temperature. However, at this point, this is beyond the
scope of our study.

Nafion®112 with very low tightly bound water content (3) is

expected to have significantly lower water transport capabilities at freezing temperatures
compared to the copolymers with higher tightly bound water content.
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6.4 Conclusions

In Part A of this study, the different states of water was quantified as a function of
the chemical structure and morphology of proton exchange membranes. In this segment,
the quantified results have been related to the various transport processes in PEMs. The
onset of free water, which was correlated to the formation of phase separated
morphology, is extremely important in achieving high proton conductivity.

The

activation energy for proton transport decreased with increasing free water content. For
most of the aromatic random copolymers, water-assisted phase separation occurred after
reaching a certain increase in IEC. Hence, high proton conductivity was only achieved at
high IECs for the random copolymers.

In contrast, phase separation in multiblock

copolymers was observed to be a function of the individual molecular weight and the
chemical structure of the individual blocks. Therefore, by tailoring the chemistry, it is
possible to achieve phase separation at very low IECs with increased free water content
and proton conductivity. A strong influence of morphology on water transport was also
observed. At a given free water content, the multiblock morphology resulted in much
higher water self-diffusion coefficients values over both Nafion®112 and the random
copolymers.

Similar to proton conductivity, the self-diffusion coefficient of water

leveled off at high free water content. Further investigations on this restricted transport
phenomena at high free water content would be desirable for designing new generation
membranes with improved performance. This study also proved that methanol transport
was facilitated with increasing free water content for the random copolymers. For DMFC
applications, random copolymers having two to three free water molecules per sulfonic
groups are expected to afford the best selectivity between proton and methanol transport.
In contrast, the multiblock copolymers showed lower methanol permeability even with
higher free water content.
A strong influence of the non-freezing water content on both high and freezing
temperatures was observed. Specifically, the aromatic sulfonic acid groups containing
backbones for the multiblock and the random copolymers retained significant amounts of
tightly bound water at high temperature (>140 oC).

Investigation of the proton

conductivity at this temperature for the copolymers is ongoing. At freezing temperatures,

172
the presence of tightly bound or the non-freezing water contributed to the water transport
process for the HQSH 30 random copolymers. Similar studies are ongoing for the
multiblocks and other copolymers. This study was proof of the importance of nonfreezing water content for PEM applications at freezing and high temperatures.
In summary, the states of water experiments, coupled with transport property
measurements, reinforce the critical influence of chemical structure, composition, and
microstructure on resulting PEM properties.
The authors would like to thank the National Science Foundation “Partnership for
Innovation” Program (HER-0090556) and the Department of Energy (DE-FC3601G01086) for support of this research effort. The authors would also like to thank UTC
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7.0 Hydrophilic-Hydrophobic Multiblock Copolymers based on
Poly(arylene ether sulfone)s as Novel Proton Exchange
Membranes-Part-B
Abhishek Roy, Hae-Seung Lee & James E. McGrath
Macromolecules and Interfaces Institute
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Abstract

There has been growing evidence, both experimental and theoretical, that block
copolymer systems with well-defined sulfonated regions may provide enhanced proton
transport, especially at low relative humidity. We have recently demonstrated a novel
way to make hydrocarbon hydrophobic-hydrophilic block copolymers.

While the

chemical structure and chemical compositions are very similar to random BPSH
copolymers, the microstructure and the morphology are very different. The self-diffusion
coefficients of water, as measured by PGSE NMR techniques, have indicated a
significant improvement in water transport after reaching a particular block length. At
that block length, the multiblocks display better proton conductivity under partially
hydrated conditions than the random copolymers. The presence of increased free water
content in the multiblocks with increasing block lengths was confirmed by states of water
analysis. A significant change in the distribution of three types of water was also
observed compared to the random copolymers. This paper will discuss the structure
property relationships of these multiblock copolymers for potential application as proton
exchange membranes.
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7.1 Introduction

Ions containing polymeric membranes have been widely used as proton exchange
membranes in fuel cells. The nature of the ionic groups, chemical composition, and
copolymer microstructure all play important roles in controlling the desired properties.
One important criterion for a PEM is to have sufficient proton conductivity under
partially hydrated conditions. Nafion®, a commercially available PEM developed by
DuPont, has met that criterion to a certain extent. However, it has several disadvantages
such as high cost, reduced performance at elevated temperatures. More importantly,
Nafion®

displays high gas and methanol cross-over rates.1

Sulfonic acid group

containing hydrocarbon based random copolymers have been proposed as alternative
membranes.2

Our research group had been engaged over the past several years in

synthesizing and characterizing biphenol based partially disulfonated poly(arylene ether
sulfone) (BPSH) random copolymers as potential PEMs.2-5

The copolymers have

demonstrated superior performance at elevated temperatures and higher hydration levels
when compared to Nafion®. However, the random architecture results in the formation of
isolated domains which significantly restricts proton transport at low hydration levels.
Ion containing block copolymers with better phase separated microstructures are
reported to have better performance than random copolymers at low hydration levels.
Recently, our group has synthesized thermally stable multiblock copolymers with varying
chemical structures and compositions.6-10 These have included highly fluorinated and
partially fluorinated systems, as well as hydrocarbon based copolymers—all of which
feature the same hydrophilic units. Transport properties have scaled with the block
lengths of the copolymers, irrespective of the nature of the backbone. An increase in
block length for a given series of block copolymers under the same ionic concentration
has been associated with an increase in the self-diffusion coefficients of water, as well as
improved proton conduction under partially hydrated conditions, especially when
compared to BPSH-xx random copolymers.

Nanophase separation or the extent of

connectivity between the hydrophilic domains, which has been shown to be a function of
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block lengths, lowers the morphological barrier for transport.10 However, the chemical
structure of the multiblock copolymers studied was different from the random BPSH-xx
copolymer.

Hence a true understanding of the influence of block copolymer

microstructure on the properties is yet to be achieved.
We have recently demonstrated a novel way to make hydrocarbon hydrophobichydrophilic block copolymers.

The detailed synthesis and fundamental polymer

characterization studies have been reported separately.11

In contrast to random

copolymers, the block copolymer chemistry involves decaflurobiphenol as a coupling
agent to facilitate a low temperature coupling reaction between the hydrophilic and
hydrophobic blocks. The decaflurobiphenol unit is present in very small amounts, only
about 1-2 % on a weight basis; hence, the chemical structure will be very similar to
BPSH-xx3 random copolymers. However, the microstructure and the morphology are
very different. In this paper, BPSH-xx random copolymers of varying ionic compositions
will be compared with BPSH block copolymers of varying block lengths and ionic
compositions. This will provide a better understanding of the effect of the differences in
random and block copolymer morphology on the transport properties under both fully
and partially hydrated conditions.
The McGrath group established earlier that the nature of water, i.e., the different
states of water existing in the hydrophilic domains, is of great fundamental importance in
understanding the influence of chemical structure on transport properties.12,

13

As has

been documented, there are at least three states of water that have been associated with
water residing in the hydrophilic phases of polymers.13-16 The presence and nature of
these three states are defined by the thermal properties. Non-freezing bound water, also
referred to as tightly bound water, is firmly bound to the polymer and depresses its Tg,
but the water shows no melting endotherm by differential scanning calorimetry (DSC).
Freezable bound water is weakly bound to the polymer (or loosely bound to the nonfreezing water), and displays a broad melting behavior around 0 °C. Free water exhibits
a sharp melting point at 0 °C. A strong relationship between the states of water and
transport properties is known to exist.

In this paper, the characterization and
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quantification of the different types of water will be reported as a function of block and
random copolymer morphology. A fuller understanding of the relationships between
chemical composition, microstructure, states of water, and transport properties will lead
to synthesizing tailored PEMs with improved performance capabilities.

7.2 Experimental

7.2.1 Materials
Highly purified 4,4’-dichlorodiphenyl sulfone (DCDPS) was provided by Solvay
Advanced Polymers. Biphenol (BP) was obtained from Eastman Chemical. All these
monomers were well dried under vacuum prior to use and dried under vacuo before
copolymerization. Decaflurobiphenyl (DFBP) was obtained from Lancaster and used as
received. Disulfonated derivatized comonomer (SDCDPS) was synthesized according to
modified literature methods17 and dried under vacuo before copolymerization.

The

solvent N, N-Dimethylacetamide (DMAc, Fisher) and N- Methyl-2-pyrrolidinone (NMP;
Fisher) were vacuum-distilled from calcium hydride onto molecular sieves. Potassium
carbonate (Aldrich) was dried in vacuo before copolymerization.

Toluene, sodium

chloride, 30% fuming sulfuric acid and methanol were obtained from Aldrich and used as
received. The fuming sulfuric acid was further analyzed for active SO3 concentration.18
Nafion® 112 and Nafion® 117 were obtained from ElectroChem, Inc.

7.2.2 Multiblock and random copolymer synthesis
A series of segmented disulfonated multiblock copolymers based on poly(arylene
ether sulfone) were synthesized.

The multiblock copolymers were prepared by a

coupling reaction between phenoxide terminated fully disulfonated poly(arylene ether
sulfone) (BPSH100) and decafluorobiphenyl (DFBP) end-capped unsulfonated
poly(arylene ether sulfone) (BPS00) as hydrophilic and hydrophobic blocks, respectively.
BPSH100 hydrophilic oligomers with phenoxide end-groups were prepared with varying
block lengths ranging from 3 kg/mol to 20 kg/mol via step growth polymerization.
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DFBP end-capped unsulfonated BPS00 hydrophobic oligomers were prepared via a twostep reaction. First, phenoxide terminated BPS00 oligomers with the same molecular
weight range of the hydrophilic oligomers were synthesized. Second, the oligomers were
end-capped with DFBP. Synthesis of the multiblock copolymers was facilitated by a
nucleophilic substitution coupling reaction between the phenoxide end-groups on the
hydrophilic oligomers and the fluorine containing end-groups on the hydrophobic
oligomers, producing high molecular weight multiblock copolymers.

A detailed

synthesis for producing these copolymers has been published elsewhere.11

Random

BPSH-xx copolymers were synthesized using the procedures described earlier.3

7.2.3. Membrane preparation
Salt form copolymers were redissolved in NMP to afford transparent solutions
with 5% solids, then the solutions were cast onto clean glass substrates. The films were
dried for 2 days with infrared heat at gradually increasing temperatures, and then dried
under vacuum at 110 oC for 2 days. The membranes were converted to their acid form by
boiling in 0.5 M H2SO4 for 2 h, and were then boiled in deionized water for 2 h.

7.2.4. Measurement of proton conductivity
Proton conductivity at 30 oC and at full hydration (in liquid water) was
determined in a window cell geometry19 using a Solartron 1252 + 1287 Impedance/GainPhase Analyzer over the frequency range of 10 Hz to 1 MHz following literature
procedures.20 For determining proton conductivity in liquid water, membranes were
equilibrated at 30 oC in DI water for 24 h prior to testing. In order to determine proton
conductivity under partially hydrated conditions, membranes were equilibrated in a
humidity-temperature oven (ESPEC, SH-240) at the specified RH and temperature for 5
h before each measurement.
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7.2.5. Determination of water uptake
The water uptake of all membranes was determined gravimetrically. First, the
membranes were soaked in water at 30 °C for 2 days after acidification. Wet membranes
were removed from the liquid water, blotted dry to remove surface droplets, and quickly
weighed. The membranes were then dried at 120 oC under vacuum for at least 24 h and
weighed again.

The water uptake of the membranes was calculated according to

Equation (7-1) where massdry and masswet refer to the mass of the dry membrane and the
wet membrane, respectively.

water uptake% =

masswet − massdry
massdry

× 100 ……..

Equation 7-1

The hydration number (λ), namely, the number of water molecules absorbed per
sulfonic acid group, can be calculated from the mass water uptake and the ion content of
the dry copolymer. This is shown in Equation (7-2), where MWH2O is the molecular
weight of water (18.01 g/mol) and IEC is the ion exchange capacity of the dry copolymer
in equivalents per gram.

λ=

(mass wet − mass dry )/MWH 2O
IEC × mass dry

…….

Equation 7-2

The volume fraction of water or the hydrophilic phase was determined from the
given expression,21
⎛
M H 2O / ρ H 2O
⎜ M H O / ρ H O + EW / λρ ionomer
2
2
⎝

φ =⎜

[

]

⎞
⎟
⎟
⎠

Equation 7-3

where Φ is the volume fraction of water, ρ is the density, and EW is the equivalent
weight of the ionomer.
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7.2.6.

Determination of swelling ratio and density

The water swelling ratio of all of the membranes was determined from the
dimensional changes from wet to dry states both in-plane and through-plane. Initially,
samples were equilibrated in water and the wet dimensions were measured. The dried
dimensions were obtained by drying the wet membrane at 80 oC in a convection oven for
2 h. Density was also calculated from the volume and weight of the dried membranes.
An average of 4 samples was obtained for each measurement.

7.2.7.

Determination of self-diffusion coefficient of water

The self-diffusion coefficients of water were measured using a Varian Inova 400

MHz (for protons) nuclear magnetic resonance spectrometer with a 60 G/cm gradient
diffusion probe. Corresponding experimental procedures were reported earlier.10

7.2.8.

Differential scanning calorimetry (DSC) and nuclear magnetic

resonance (NMR)

The DSC experiments were performed in a TA DSC instrument using liquid
nitrogen as cooling medium for subambient operation. The samples were equilibrated in
a relative humidity oven (ESPEC SH240) to achieve desired hydration levels. The
samples were placed in thermally sealed pans capable of withstanding pressure of 100
atm. Samples were cooled to -70 °C and then heated at a rate of 5 °C per min under a N2
atmosphere.
The proton spin relaxation time, T2, was measured in a Varian Inova 400
spectrometer using Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. The 90° pulse
was of 13.8 µs and the 180° pulse of 27.6 µs. A total of 200 decay points was collected
over 8 ms. Samples were equilibrated at room temperature in water. Just before the
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experiment, they were removed from water, blotted to remove the surface water and
placed in the NMR probe.

7.3. Results and discussion

7.3.1 Summary of the copolymers synthesized
The multiblock copolymers examined in this study are listed in Table 7-1. The
copolymers are identified as BPSH-BPS(A:B) multiblocks, where A represents the
hydrophilic (BPSH) block lengths in kg/mole, and B represents the hydrophobic (BPS)
block length in kg/mole. The hydrophilic block is a 100 % disulfonated system. The
multiblock copolymers are classified in two different categories. The first one represents
an equal block length series with lower and similar IEC values as shown in Table (7-1).
The second category represents multiblocks of unequal block lengths. The hydrophilic
block lengths were purposefully synthesized to be longer than the hydrophobic segments
in order to achieve higher IEC values. The multiblocks were then compared to the
random copolymers with very similar chemical structures represented by BPSH-xx,
where xx stands for the degree of disulfonation. The random copolymers were varied in
terms of ionic compositions. Nafion® 112 was used as a control for the study. The
structures of the BPSH-BPS (A:B) and BPSH-xx are given in Figure (7-1).
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Table 7-1 Summary of the properties of copolymers

Self-

Ion
Copolymer

exchange

Water

Water

capacity

uptake

volume

(IEC)

(%)

fraction

diffusion

Proton

coefficients conductivity b
of water

Density

(S/cm)

(g/cc)

(10-6cm2s-1)a

(meq/g)
Nafion® 112

0.90

25

0.30

4.0

0.09

2.1

BPSH-BPS(3:3)

1.33

30

0.28

1.9

0.065

1.3

BPSH-BPS(5:5)

1.39

33

0.32

2.2

0.088

1.4

BPSH-BPS(10:10)

1.28

60

0.45

9.1

0.095

1.4

BPSH-BPS (10:5)

1.83

100

0.60

-

0.160

1.5

BPSH-BPS(15:10)

1.71

90

0.57

-

0.140

1.5

BPSH-BPS(20:15)

1.71

70

0.49

-

0.120

1.4

BPSH40

1.73

60

0.45

5.1

0.100

1.3

BPSH35

1.50

36

0.33

3.1

0.070

1.3

BPSH30

1.34

29

0.22

1.6

0.04

1.2

a. Measurements were conducted in fully hydrated state at 25 oC, ± 10%
b. Measurements were conducted in water at 30 ºC, ± 5%

7.3.2 Physical properties: IEC, density, water uptake and water volume
fraction
The titrated ion exchange capacity (Table 7-1) values were similar for each of the
three equal block length materials. Because the ionic compositions were similar, any
change in properties with increasing block length would inevitably result from either the
extent of phase separation or the morphology. Water uptake values increased with
increasing block length.

The observed increase in the water volume fraction with

increasing block length indicates the formation of distinct phase separated and associated
hydrophilic domains. This is consistent with TEM findings which revealed the formation
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of an ordered co-continuous lamella-like morphology with increasing block length—
BPSH-BPS (10:10).22 The multiblock copolymers with unequal blocks and higher IECs
showed significantly higher water uptake. In addition to the morphology effect, higher
IEC values corresponded to increased water uptake. For the random copolymers, water
uptake was mainly a function of the ion exchange capacity as shown in Table (7-1). In
comparing the random copolymers and the multiblocks at similar IEC values, the
multiblocks with higher block lengths absorbed more water than the random copolymers.
The higher water uptake and volume fraction for the multiblocks as compared to the
random copolymers indicate a better phase separated and associated hydrophilichydrophobic domain microstructure for the multiblocks.
Distinct anisotropic swelling was observed for the multiblock copolymers in
comparison to the random BPSH 35 copolymers, as shown in Figure (7-2). The x,y
represents in-plane swelling and z represents through-plane swelling. All the multiblock
copolymers showed similar in-plane swelling. However, the through-plane swelling
increased significantly for the BPSH-BPS (10:10) copolymers.11 The increase in water
uptake and through-plane swelling with increasing block lengths again supports the
formation of ordered hydrophilic domains within the copolymer. This is consistent with
our earlier findings in other multiblock systems.
70

X
Y
Z

60

Swelling (%)

50
40
30
20
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0
Nafion 112

3-3

5-5

10-10

BPSH 35

Figure 7-2 In-plane and through plane swelling ratios for the copolymers;
multiblock copolymers show anisotropic swelling after a certain block length

185

Microstructural difference were clearly observed from the self-diffusion
coefficient of water values measured at 25 oC under fully hydrated conditions between
the multiblocks with equal block lengths and the random copolymers (Table 7-1).
Specifically, for the multiblocks, a significant five-fold increase in diffusion values was
observed with increasing block lengths.

In addition to the TEM study, the higher

diffusion coefficient value for the BPSH-BPS(10:10) copolymer confirms the presence of
co-continuous

hydrophobic-hydrophilic

morphological

network

with

a

lower

morphological barrier for transport. In contrast, at similar IECs, the random copolymers
with significantly lowered water transport values represent an isolated morphological
structure with higher a morphological barrier for transport.

Understanding these

microstructural differences is important in addressing the proton transport issue under
partially hydrated conditions.
Proton conductivity for the multiblocks in liquid water at 30 oC was determined
and the resulting values are listed in Table (7-1). For the random copolymers, proton
conductivity normally scales with ion exchange capacity. For the multiblocks, however,
an increase in conductivity values with both block lengths and IEC was observed. The
increased phase separated morphology with increasing block lengths is expected to
increase the available volume fraction for transport. As a result, proton transport in
multiblock copolymers seems to be dependent on the volume fraction of the water or the
hydrophilic phase (Figure7-3). This clearly emphasizes the importance of morphology
on proton transport. In addition, the BPSH-BPS (5:5) multiblock copolymers showed
much higher proton conductivity at lower water uptake than the random BPSH 35
copolymers. Although the chemical structures and compositions are fairly similar, the
differences in the microstructure and morphology make the multiblock copolymers more
selective.
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Proton Conductivity (S/cm)
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Figure 7-3 Proton conductivity scales with the volume fraction of water

The activation energy for proton transport in liquid water was studied over a
temperature range of 30-80 oC for the equal block length materials. Because the equal
block length materials all had similar IEC values, any change in the activation energy
would essentially be a function of morphology. Figure (7-4) depicts plots of temperature
vs. conductivity for the three equal block length copolymers and the random BPSH 35
copolymer. The slopes represent activation energy and value is given within the box as
units of kJ/mole. A significant decrease in activation energy was observed as block
lengths increased from 5000g/mole to 10,000 g/mole. The activation energy of the
BPSH-BPS (10:10) multiblock copolymer was significantly lower than the BPSH 35
random multiblock copolymer.

The morphological transition taking place over that

particular block length regime decreased the morphological barrier, thereby lowering the
activation energy for proton transport.
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(1) BPSH-BPS (10:10)
(2) BPSH-BPS (5:5)
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(4) BPSH-BPS (3:3)
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Figure 7-4 Influence of temperature on proton conductivity as a function of block
length; activation energy in kJ/mole represented within boxes decreases with
increasing block length

Proton conductivity as a function of relative humidity (RH) at 80 oC was studied
and the results are displayed in Figure (7-5). As shown, proton conductivity dropped
significantly at lower RH values for the BPSH-35 random copolymers.

Random

copolymers show acceptable performance under fully hydrated conditions since there are
sufficient water molecules to provide proton transport. Due to the scattered hydrophilic
domains in the copolymer, however, they lack the connectivity among sulfonic acid
groups for proton transport under partially hydrated conditions.

In contrast, the

performance of the multiblock copolymers under partially hydrated condition improved
with increasing block lengths.

The performance of the BPSH-BPS(10:10) was

comparable to that of commercially available Nafion® 112.

This performance

improvement is related to the formation of long, co-continuous channels at higher block
lengths, through which protons can be transported along with the sulfonic acid groups
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and water molecules. The distinct phase separated co-continuous hydrophilic domain
morphology, as supported by the diffusion coefficient, TEM and water sorption studies,
lowers the morphological barrier for proton transport and improves the proton transport at
low water content. Although the multiblocks and random copolymers have identical
chemical structures, the difference in their chemical microstructures, particularly at
higher block lengths, improves proton transport under partially hydrated conditions.

Proton Conductivity (mS/cm)
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Figure 7-5 Proton conductivity under partially hydrated conditions increases with
increasing block lengths at 80 oC

Proton conductivity was measured for the unequal block length materials as a
function of relative humidity as shown in Figure (7-6). Both the higher IEC values and
the higher volume fraction of hydrophilic units were expected to improve connectivity
within the hydrophilic domains compared to the lower IEC materials. Performance was
improved significantly and was shown to be better than the benchmark Nafion®112.
However, the copolymers exhibited higher water uptake.
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Figure 7-6 Proton conductivity as a function of relative humidity for the
multiblocks with higher IECs at 80 oC

This study confirmed that although morphology is a highly significant factor for
performance, the other important variable is water content. To normalize the water
content effect, the proton conductivity values of the multiblocks and the random BPSH
35 copolymers were compared over a wide range of water volume fractions.

The

copolymers were equilibrated with different water contents, after which proton
conductivity was measured at 30 °C.
It follows that even under similar water content level; proton transport is a
function of block length, which is confirmed in Figure (7-7). Although the multiblock
copolymers showed improved proton conductivity over a wide range of water content
compared to the BPSH 35 random copolymers, the effect was more pronounced in lower
water content regions.

Interestingly, the BPSH-BPS (10:10) with the best phase

separated morphology required the least amount of water to achieve similar proton
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conductivity results.

Hence, the microstructural difference between the block and

random copolymer is the primary factor for controlling proton transport at low water

Proton Conductivity (mS/cm)
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Figure 7-7 Proton conductivity as a function of volume fraction of water in the
copolymers at 30 oC; morphology dominates transport at low water content

7.3.3 States of water
The states of water of the BPSH-BPS (A:B) multiblock copolymers were
characterized and quantified using DSC and NMR T2 relaxation methods. Our earlier
investigations of the states of water of BPSH random copolymers indicated a strong
relationship between ionic content and the nature of water.13 Free water was found to
develop within the BPSH random copolymers after attaining a particular IEC value. In
case of the ion containing multiblock copolymers studied so far, the nature of water has
been found to be a function of morphology as well. Specifically, an increase in block
length has been associated with increasing free water.12 This paper will extend this
analysis to the BPSH-BPS block copolymers.
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7.3.3.1 Water absorption
Water uptake values expressed in terms of a hydration number were measured over a
wide range of water activity levels for the multiblocks with equal block lengths.
Nafion®112 and BPSH 35 were included for comparison (Fig.7-8). At low water activity,
the BPSH-BPS (10:10) and the random BPSH 35 showed similar absorption
characteristics. However, after 0.7 water activity, a sharp increase in water absorption
was observed for the BPSH-BPS (10:10) in contrast to the random copolymers. This
suggests that the observed change in the type or state of water for the multiblock was
influenced by the morphology of the copolymer. The higher hydration value for the
BPSH-BPS (10:10) compared to all the other copolymers at higher water activity levels
indicates the presence of more free water. The multiblock copolymers with lower block
lengths, i.e. BPSH-BPS (5:5) and BPSH-BPS (3:3), showed very similar water absorption
tendencies compared to the random copolymers. Hence, the distribution of the types of
water is thought to be similar in these systems.
18
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Figure 7-8 Water absorption of copolymers under partially hydrated conditions
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7.3.3.2 DSC studies
The melting endotherm of water as a function of block length was characterized
from DSC experiments as shown in Figure (7-9). A significant increase in the area under
the curve was observed for the BPSH-BPS (10:10) multiblock as block lengths were
increased from 5000 g/mole to 10,000 g/mole. It should be noted that the IEC values of
the multiblocks were comparable.

A similar effect of block length on the melting

endotherm of water was observed earlier for the BPSH-PI multiblocks.12 The increased
area under the peak with increasing block lengths corresponds to increased freezing water
(free and loosely bound water) content. The co-continuous, ordered, phase separated
morphology for the BPSH-BPS (10:10) multiblocks allows the retention of more loosely
bound water and, more importantly, the retention of free water in the system. The
calculated Δ Ηfus values from the melting endotherm peaks are given in Table (7-2). A
higher Δ Ηfus value represents better water–water interactions. This increased value
complements a similar water/proton transport trend with increasing block length.
However, with decreasing block length—particularly for the BPSH-BPS (3:3) sample—
the melting endotherm peak shifted towards to the left or to a lower temperature. This
indicates the water is more bound to the sulfonic groups, as evidenced by the
significantly decreased Δ Ηfus values.

As discussed earlier, DSC can be used to quantify the types of water present in
copolymers.12

For example, tightly bound water content can be determined quite

accurately in this way. Previous work has shown that DSC thermograms are a function
of water content for polymers, showing the melting endotherms of both loosely bound
water and free water. Tightly bound water can be correlated to the maximum amount of
water for which there is no melting endotherm.13 Quinn et al.15 proposed a better
mathematical technique to estimate the distribution of each type of water. They showed
that if the integrated change in enthalpy (per gram of dry polymer) from the DSC
thermogram is plotted against total water content, the intercept corresponds to the amount
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of tightly bound water. By subtracting the tightly bound water from the total water, the
combined content of the loosely bound water and free water can be obtained.

BPSH-BPS (10:10)

BPSH-BPS (5:5)
BPSH-BPS (3:3)

Figure 7-9 DSC thermograms of the melting endotherm of water as a function of
block lengths

Figure (7-10) depicts representative plots of DSC thermograms for BPSHBPS(10:10) multiblocks with increasing water content. The percentages in the figure
represent the respective water uptake on a mass basis. The thermogram corresponding to
maximum water uptake represents the fully hydrated state. A sharp and broad melting
endotherm was observed, indicating the presence of both loosely and free water content.
When the water uptake was decreased to 27%, the area under the peak decreased, as did
the percentage of free water content. However, no melting endotherm was observed
when water uptake was decreased to 18 %. This corresponds to the presence of only
tightly bound water in the system and can be quantify easily. It should be noted that it
was difficult to quantify the loosely bound and free water separately only using DSC.
This is due to the fact that the two melting endotherms of free and loosely bound water
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overlapped with each other. Hence, other experimental techniques should be used in
conjunction with DSC to properly quantify the states of water.

6%
9%
18 %
27 %
60%

Figure 7-10 DSC thermograms of BPSH-BPS (10:10) multiblock at various water
content, the numbers represent the water uptake on mass basis

7.3.3.3 NMR relaxation measurements
In order to quantify the loosely bound and free water content, T2 NMR relaxation
experiments were conducted. The mechanism for the T2 relaxation in sulfonic acid
containing copolymers is believed to be an exchange process between the water
molecules and the exchangeable protons in the sulfonic acid groups.23 Hence, the water
molecules (tightly and loosely bound) associated with the sulfonic groups will relax faster
than the ones (free water) which are not associated. However, for the copolymers
studied, T2 data could not distinguish between the shortest and the intermediate
components. Loosely bound and tightly bound water are believed to exist in the same
hydrophilic domain, and a rapid exchange can occur in between the two environments.
For the BPSH-BPS (3:3) and BPSH-BPS (5:5) multiblock copolymers, the T2 relaxation
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was found to follow a mono exponential decay function. No free water was detected in
these materials. By subtracting the tightly bound water content from the total water
content, it was possible to determine the content of loosely bound water.
However, for the BPSH-BPS (10:10) multiblocks, the T2 relaxation was
triexponential in nature (Fig.7-11). A unique, longer relaxation time was associated with
the presence of free water in the system. The relative proportion of the corresponding
coefficient of the exponent term allowed the quantification of the free water component.
The sharp peak observed in the melting endotherm of the BPSH-BPS (10:10), multiblock
as evidenced by DSC also supports the presence of free water. The free water content
was then quantified by NMR, while the tightly bound water was quantified by DSC.
Subtracting the free and tightly bound water from total water content allows proper
estimation of loosely bound water content. Hence, the use of NMR in conjunction with
DSC allows one to accurately quantify the states of water, as shown in Table (7-2).
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Figure 7-11 1H NMR T2 relaxation (tri-exponential fit) behavior of BPSH-BPS
(10:10) multiblock copolymer

The three different types of water quantified for the multiblocks, along with the
Δ Ηfus of water, are given in Table 7-2. The data for BPSH-xx were obtained from our
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earlier publications. 13 The method used to quantify the states of water was similar to the
methods described in this paper. Nafion® 112 was used as the control.

Table 7-2 States of water quantification for the BPSH-BPS (A:B) multiblocks and
BPSH- xx random13 copolymers

Sample

Total

Tightly

IEC

water

bound

(meq/g)

content

water

(λ)

(λ)

Loosely

Free

bound

water

water (λ)

(λ)

Δ Ηfus water
(J/g of
water)

Nafion® 112

0.90

17

3

9

5

210

BPSH-BPS(3:3)

1.33

12

7

5

0

151

BPSH-BPS(5:5)

1.39

13

8

5

0

42

BPSH-BPS(10:10)

1.28

26

10

8

8

14

BPSH 50

2.18

33

5

24

4

-

BPSH 40

1.73

18

5

11

2

-

BPSH 30

1.34

12

4

8

0

-

The content of tightly bound water was found to be higher in the multiblocks than
in the random copolymers. And while free water content developed after reaching a
particular IEC for the random copolymers, for the multiblock copolymers it developed
with increasing block length without having any increase in the IEC. In comparing the
multiblock copolymers to the random copolymers at a given IEC (1.3), the BPSHBPS(10:10) multiblock copolymer displayed significantly higher free water content than
the random copolymer.

As reported earlier, free water content impacts transport

properties. Hence, in spite of their lower IEC values, the presence of free water in the
BPSH-BPS (10:10) copolymers enhanced their performance as compared to the random
copolymers. Earlier investigations have associated the origins of free water with the
formation of a phase separated, co-continuous hydrophilic-hydrophobic domain
morphology.12

The higher ionic content in the random copolymers induced
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microstructural changes, leading to the formation of water-assisted phase separated
morphology. Hence free water develops in random copolymers only at higher IECs. In
contrast, the chemically phase separated morphology of the multiblocks is responsible for
the formation of free water even at a low IEC. As a comparison, Nafion® also has higher
free water content at low IEC, indicating a similar phase separation characteristic to the
multiblock copolymers.

7.4 Conclusions

The influence of microstructure/sequence distribution on the performance
properties of proton exchange membranes was investigated.

The BPSH-xx random

copolymers and the BPSH-BPS (A:B) multiblock copolymers have a similar chemical
structure. At a same IEC, the acidity and the concentration of sulfonic groups are similar
in these two systems. They differ only in microstructure or sequence distribution. The
microstructure of the multiblocks was varied by changing the molecular weights of the
individual blocks. The random copolymer morphology resulted in lower water uptake
and reduced proton and water transport. The lower block length multiblocks displayed
properties similar to the random copolymers at a given IEC. However, proton and water
transport increased significantly with increasing block length as observed for the BPSHBPS (10:10) multiblock copolymers. The observed transition behavior corresponds to the
formation of a co-continuous hydrophilic-hydrophobic morphology with enhanced phase
separation as seen from TEM and swelling studies.
The enhanced phase separated morphology of the multiblocks improved the
desired proton conductivity under partially hydrated conditions. Thus, one can conclude
that under partially hydrated conditions proton transport is controlled by the morphology
and not by the acidity of the system. Hence, by changing the chemical architecture from
a random to a phase separated domain network, significant improvements in PEM
properties can be achieved.
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Fundamental morphological differences between the random and multiblock
architectures were also investigated by states of water analysis. Significant differences
were observed between the two systems in the distribution of the three types of water.
Specifically, a random morphology resulted in lower free water content, suggesting a
closed, isolated morphological structure. Phase separated morphology in the block
copolymer encouraged the formation of free water, even at lower IEC values. Free water
content and the Δ Ηfus of water increased with increasing block length under similar ionic
concentrations.

All these facts support the presence of a “favored or facilitated”

morphology in the multiblocks, which is conducive to improved proton and water
transport.
The authors wish to acknowledge Nissan Motor Company and Department of
Energy (DOE Contract # DE-FG36-06G016038) for support of this research.
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8.0 Influence of Microstructure and Chemical Composition
on Proton Exchange Membrane Properties of SulfonatedFluorinated, Hydrophilic-Hydrophobic Multiblock
Copolymers
Abhishek Roy, Xiang Yu, Stuart Dunn & James E. McGrath
Macromolecules and Interfaces Institute, Virginia Polytechnic Institute and State
University, Blacksburg, Virginia, 24061

Abstract
Nanophase separated ionic-hydrophobic block copolymers have shown promise as proton
exchange membranes than random copolymers.

A series of multiblock copolymers

composed of alternating segments of fully disulfonated poly(arylene ether sulfone)s and
highly fluorinated poly(arylene ether sulfone)s were evaluated for their potential as
proton exchange membranes. Block length and chemical composition were the two
major structural variables influencing the properties. Significantly, higher water and
proton transport were observed for the higher block length materials. Water uptake was
controlled by controlling the ratio between the hydrophobic and hydrophilic block
lengths. These ion containing multiblock copolymers showed promise as some of the
more selective PEMs in terms of achieving both high proton conductivity and low water
uptake. Detailed structure-property relationships are provided in the paper.
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8.1 Introduction

Sulfonic acid containing polymeric membranes are known to phase separate into
hydrophilic and hydrophobic domain morphologies. The extent of phase separation has
been identified as one of the major factors for achieving proton conduction, particularly
under partially hydrated conditions.1 In aromatic random copolymers the extent of phase
separation, and thus membrane performance, is primarily a function of water content. As
a result, the proton conductivity decreases significantly under partially hydrated
conditions, as seen for the random copolymers. Therefore, the challenge lies in altering
the chemical architecture for synthesizing copolymers such that phase separation will
mainly be a function of copolymer microstructure. One such approach is to synthesize
nanophase separated ion containing block copolymers.
Block copolymers consist of two or more chemically dissimilar backbone
segments (i.e. blocks) that are chemically joined through covalent bonds in the same
chain.10 When one of the blocks is fully or partially modified with ion containing groups,
ion containing block copolymers can be obtained. Over the last few years our group has
synthesized thermally stable multiblock copolymers with varying chemical structures and
compositions.1-8 Irrespective of the nature of the backbone, the transport properties
scaled with the block lengths of the copolymers. An increase in block length for a series
of block copolymers with the same ionic concentration was associated with an increase in
the self-diffusion coefficients of water, as well as with improved proton conduction under
partially hydrated conditions over the random copolymers.1,

9

While the hydrophilic

segments of these materials were identical, the chemical structure of the hydrophobic unit
was varied from highly fluorinated to partially fluorinated to hydrocarbon based
multiblock copolymers. It is anticipated that the difference in hydrophobicity would also
influence overall phase separation. The higher the hydrophobicity of the hydrophobic
blocks, the sharper is the phase separation. Because hydrophobicity is a function of the
nature of the repeat units in the hydrophobic block, a fully hydrocarbon block would be
less hydrophobic than a partially fluorinated block.
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We have been engaged in the synthesis of ion containing multiblock copolymer
with partially fluorinated hydrophobic block. The structures of these blocks are shown in
(Figure 8-1), where X represents an isopropylidene unit (Figure 8-1 a), a
hexafluoroisopropylidene unit (Figure 8-1 b), or a sulfone group (Figure 8-1 c). The
corresponding copolymers are termed BisAF-BPSH(x:y), 6FBisAF-BPSH(x:y), and
BisSF-BPSH(x:y), respectively. We have previously published some work on the first
two types of multiblock copolymers.10-12

The synthesis details of the BisSF-BPSH

multiblocks are reported separately.13 In this work, the characterization of the BisSFBPSH(x:y) series copolymers will be reported.

The presence of fluorine in a

hydrophobic block is expected to impact the extent of phase separation, and therefore
PEM properties.
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Figure 8-1 Structures of sulfonated-fluorinated multiblock copolymers

One of the major challenges in optimizing structure-property relationships for
PEMs is to design a system with high proton conductivity and low water uptake.
Theoretically, proton conductivity is a function of both diffusion (i.e., the ionic mobility
of the protons) and the concentration of the available protons.

Because increased

swelling in the membrane lowers the effective proton concentration and therefore proton
conductivity, maximizing proton concentration is essential. In addition to this, high
swelling in the membrane results in significant cathode flooding and a loss of both
dimensional and mechanical properties at higher hydration levels. In the typical fuel cell
environment, membranes often are subjected to significant RH cycles, subjecting the
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membrane to repeated swelling-deswelling.

A very low swelling deswelling ratio,

particularly along the in-plane direction, is desired for better mechanical durability.
Several strategies for reducing water uptake in membranes have been attempted in
the past. For random copolymers, reducing ionic content is associated with both reduced
water uptake and proton conductivity, but with only nominal improvements in selectivity.
The addition of inorganic materials to polymeric membranes has shown great promise in
significantly reducing water uptake.

The mechanical properties of these inorganic

polymeric composites also improved substantially.14

However, because proton

conduction depends strongly on water content, maintaining proton conduction at low
water contents has been a significant challenge. The addition of inorganic particles has
also been shown to decrease the available volume fraction for transport and hence
reducing the proton conductivity. Alberty et. al.15 reported the use of ionic inorganic
fillers to counter the loss in proton conductivity. Crosslinking materials with higher ion
exchange capacity (IEC) values is another viable approach. Introducing thermally stable
crosslinks within high IEC materials is expected to reduce the swelling of the membrane.
At the same time, the high IEC of the copolymer may provide a way of maintaining
reasonable proton conductivity.

However, synthesizing thermally stable crosslinked

ionic polymeric networks while maintaining the ductility of the membrane have been a
serious challenge. Recently, Riffle et al.16 have reported the synthesis of thermally stable
epoxy–crossslinked disulfonated poly(arylene ether sulfone) copolymers which have
shown promise.
In our study of various multiblocks, a strong relationship between water uptake
and block length has been observed.1,9 Particularly for the equal block length materials
having similar IECs, water uptake increased with increasing block length or in
association with the extent of phase separation. Hence altering the morphology can also
change the water uptake property. In random copolymers, morphology is mainly a
function of ion exchange capacity. In the case of multiblock copolymers, however,
morphology depends both on IEC and block length, which can be equal or unequal. In
this paper, the influence of these three major variables (IEC, equal block lengths, and
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unequal block lengths) on block copolymer properties will be investigated with the goal
of improving the selectivity between the water uptake and proton conductivity.

8.2 Experimental

8.2.1 Materials
4,4’-Dihydroxydiphenyl sulfone (Bisphenol-S) and decafluorobiphenyl were
obtained from Aldrich and dried under vacuum before use. 4,4’-Dichlorodiphenylsulfone
(DCDPS) was obtained from Solvay Advanced Polymers and used as received. 3,3’Disulfonated-4,4’-dichlorodiphenylsulfone (SDCDPS) was synthesized from DCDPS
according to a process reported elsewhere.17 4,4’-Biphenol was obtained from Eastman
Chemical and used as received.

N-methyl-2-pyrrolidone (NMP), purchased from

Aldrich, was vacuum-distilled from calcium hydride and stored under nitrogen.
Nafion®112 was purchased from Electrochem Inc and used as recieved. NRE® 211 was
donated by Nissan Motor Company.

8.2.2 Synthesis

BisSF-BPSH(x:y) multiblock copolymers were synthesized by procedures similar
to those reported earlier.12 Fluorinated BisSF oligomers were prepared by polymerizing
decafluorobiphenyl and 4,4′-dihydroxy diphenyl sulfone (bisphenol-S).

3,3′-

Disulfonated-4,4′-dichlorodiphenyl-sulfone (SDCDPS) was polymerized with biphenol to
synthesize the BPS100 hydrophilic oligomers. Calculated amounts of BisSF oligomer
were added to BPS100 to initiate the block copolymerization. The salt form of the
BisSF-BPS100 multiblock copolymer was obtained and cast according to reported
procedures.12 Acidifying the film in 0.5 M boiling sulfuric acid for 2 h and then in
boiling deionized water for 2 h yielded the BisSF-BPSH(x:y) multiblock copolymer. A
series of block copolymers BisSF-BPSH(x:y) was synthesized, which varied in ion
exchange capacity (IEC) and block length.
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8.2.3 NMR spectroscopy
1

H NMR analysis was conducted on a Varian Unity 400 spectrometer. All spectra

were obtained from 10% solutions (w/v) in DMSO d6 solution at room temperature.

8.2.4 Proton conductivity
Proton conductivity at 30 °C at full hydration (in liquid water) was determined in
a window cell geometry18 using a Solartron 1252+1287 Impedance/Gain-Phase Analyzer
over the frequency range of 10 Hz -1 MHz following procedures reported in the
literature.19 Membranes were equilibrated at 30 °C in DI water for 24 h prior to testing.
The temperature range chosen for calculating activation energy for proton transport was
from 30-80 °C. For determining proton conductivity under partially hydrated conditions,
the membranes were equilibrated in a humidity-temperature oven (ESPEC Corp., SH240) at a specified RH and at 80 °C for 5 h before each measurement.

8.2.5 Water uptake
The water uptake of the membranes was calculated gravimetrically,10 according to
Equation(8-1) where massdry and masswet refer to the mass of the wet membrane and the
mass of the dry membrane, respectively.

water uptake % =

masswet − massdry
massdry

× 100

Equation 8-1

The hydration number (λ), which is the number of water molecules absorbed per
sulfonic acid group, can be calculated from the mass water uptake and the ion content of
the dry copolymer as shown in Equation (8-2),

λ=

(mass wet − mass dry )/MWH 2O
IEC × mass dry

Equation 8-2
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where MWH2O is the molecular weight of water (18.01 g/mol), and IEC is the ion
exchange capacity of the dry copolymer in milliequivalents per gram.
The volume fraction of water or the hydrophilic phase was determined from the
given expression20 (Equation 8-3),

⎛
M H 2O / ρ H 2O
⎜ M H O / ρ H O + EW / λρ ionomer
2
2
⎝

φ =⎜

[

]

⎞
⎟
⎟
⎠

Equation 8-3

where Φ is the volume fraction of water, ρ is the density and EW is the equivalent weight
of the ionomer.

8.2.6 Determination of swelling ratio and density
The swelling ratio of all the membranes was determined from dimensional
changes observed from wet to dry states, both in-plane and through-plane. Initially,
samples were equilibrated in water and wet dimensions were measured.

The dry

dimensions were obtained by drying the wet membrane at 80 °C in a convection oven for
2 h. Density was also calculated from the volume and weight of the dried membranes.
An average of 4 samples was taken for each measurement.

8.2.7 Pulsed-field gradient spin echo nuclear magnetic resonance
(PGSE NMR)
The self-diffusion coefficients of water were measured using a Varian Inova 400
MHz (for protons) nuclear magnetic resonance spectrometer with a 60 G/cm gradient
diffusion probe. A total of 16 points was collected across the range of gradient strength,
and the signal-to-noise ratio was enhanced by co-adding 4 scans.
stimulated-echo NMR pulse sequence is shown in Figure (8-2).

The standard
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Figure 8-2 Pulse sequence schematic for PGSE NMR experiments

Measurements were obtained by observing the echo signal intensity (A) as a
function of the gradient strength. The diffusion coefficient (D) was determined by fitting
the data to Equation (8-4), 21

A( g ) = A(o ) exp[−γ 2 Dg 2δ 2 (Δ − δ / 3)]

Equation 8-4

where, A is the NMR signal intensity as a function of gradient strength, γ is the
gyromagnetic ratio (26752 radG-1s-1 for protons), δ is length of the gradient pulse, ∆ is
the time between gradient pulses. The experiment and sample preparation were similar to
earlier reported methods.1

8.3 Results and discussion

8.3.1 Multiblock synthesis and structural variables
As

described

earlier,22

BisSF-BPSH(x:y)

multiblock

copolymers

were

synthesized, where x refers to the molecular weight of the hydrophobic (BisSF) blocks in
kg/mole, and y refers to the hydrophilic (BPSH) blocks in kg/mole. The hydrophilic unit
was 100% disulfonated. The structural variables, i.e., IEC and block length (both equal
and unequal) were varied to synthesize a wide range of multiblocks varying in chemical
composition. For all the unequal block length materials, the hydrophobic unit was kept
longer.
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For our systematic study, the synthesized multiblocks were categorized into two
different series. In the first one, the IEC was kept fixed at a value close to 1.3 meq/g, and
the block length was varied from equal (5-5, 10-8 and 15-15) to unequal (15-10, 17-12
and 25-12). In the second series, the block length (17-12 and 25-16) was kept constant,
and the IEC was varied from 1.1 to 1.5 meq/g. BPSH 35 random copolymers and
Nafion® 112 were used as controls. The block length, molar feed ratio, density and ion
exchange capacity of the BisSF-BPSH(x:y) copolymers are summarized in Table (8-1).
As reflected in the molar ratios, an excess of the BisSF hydrophobic oligomer was used
in the syntheses of all the multiblock copolymers. Thus, both feed ratio and block length
are variables that can be tailored to a certain extent to control IEC.

Influence of block lengths at constant IEC
8.3.2 Water uptake and hydration number
The multiblock copolymers were characterized on the basis of water uptake,
volume fraction of water, proton conductivity and self-diffusion coefficients of water.
Table (8-1) summarizes these properties as a function of block length. For the first series
of multiblocks studied, the IEC was similar for all the copolymers. Thus, any property
change reflects the effects of block length.
For the equal block length materials, the water uptake increased with increasing
block length, which is comparable to our previous observations.9, 23 The water volume
fractions, calculated from water uptake and density of the copolymers, can be
approximated with the volume fraction of the associated hydrophilic phase.

The

increased volume fraction of water (i.e., the hydrophilic phase) indicated a sharper phase
separation with increasing block length. The sharpness of the phase separation or the
morphology controls the water absorption in the multiblocks. It is possible to alter the
sharpness of the phase separation by altering the individual block length ratio. In this
case, by increasing the hydrophobic block length over the hydrophilic block length, one
can constrain the hydrophilic phase and restrict swelling. The unequal block length
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multiblocks showed significant reduction in water uptake. The extent of reduction was
empirically related to the ratio of the hydrophobic to hydrophilic block lengths. In other
words, the higher the difference between the hydrophobic and hydrophilic block lengths,
the greater the reduction in swelling. The BisSF-BPSH (25:12) materials showed the
lowest water uptake among all the multiblocks with similar IECs. Hence, it is possible to
reduce water uptake by controlling the morphology while keeping the IEC constant.

Table 8-1 Summary of properties for BisSF-BPSH (x:y) copolymers with IEC 1.3
meq/g
Hydrophobic:
Hydrophilic

IEC
1

Molar

Density

Water

Water

Proton

uptake

volume

conductivity

(%)

fraction

(mS/cm)*

Self-Diffusion
coefficient of

H

charge

NMR22

ratio22

Nafion 112

--

-

2.1

25

0.30

90

4.0

5K : 5K

1.3

1:0.59

1.6

31

0.33

90

2.9

10K : 8K

1.3

1:0.74

1.6

52

0.45

120

8.6

15K : 15K

1.4

1:0.63

1.5

78

0.54

140

12.0

15K : 10K

1.3

1:0.82

1.6

47

0.42

130

8.0

17K : 12K

1.3

1:0.77

1.7

38

0.39

130

7.0

25K : 16K

1.3

1:0.85

1.7

40

0.39

120

6.4

25K: 12K

1.3

-

1.7

25

0.26

42

-

Block Length
(g/mol)

(g/cc)

* liq. water, 30 oC, ±5%, ** fully hydrated 25 oC, ±5%,

water
(10-6cm2s-1)**
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8.3.3 Self-diffusion coefficient of water and proton conductivity
Ion-containing copolymers are known to phase separate into hydrophilic and
hydrophobic domains. The degree of phase separation governs proton transport, which
increases with increasing block length as observed in the case of other ionic block
copolymers.5, 7, 22 Higher water self-diffusion coefficient values indicate a more distinct
phase separated morphology and presence of lower morphological barrier.1

Under

partially hydrated conditions, the self-diffusion coefficients of water scales with the
diffusion coefficients of proton for Nafion®112.24, 25 This underlines the importance of
water self-diffusion coefficient on proton transport particularly under partially hydrated
conditions. For the copolymers studied in this research, the self-diffusion coefficients of
water measured at 25 oC were found to increase with increasing block length—with the
BisSF-BPSH (15:15) sample showing the highest value (Table 8-1). A significant threefold increase in this value was observed when compared to Nafion®112.
Varying the (Δ–δ/3) term in the NMR pulse sequence demonstrated the
dependence of Deff on effective diffusion time, which is directly related to the length over
which Deff is measured. Figure (8-3) depicts the plots of self-diffusion coefficients of
water vs. effective diffusion time for the multiblock copolymers, the BPSH 35 random
copolymer, and Nafion®112. Due to the confinement of water molecules within the
isolated hydrophilic domains, water transport in polymers normally decreases with
increasing time, as has been observed for the BPSH 35 random copolymers. The lower
block length materials demonstrated similar behaviors, which represents a morphology
close to that of the random copolymers. However, for the higher block length materials,
the diffusion is independent on the time scale of the experiment. Particularly for the
BisSF-BPSH (15:15) materials, the nature of diffusion was similar to that of normal
liquid diffusion. This indicates the presence of a co-continuous channel morphology
through which water can be easily transported without encountering any morphological
barriers. By synthesizing ion containing multiblock copolymers with improved phase
separation, the connectivity within hydrophilic domains can be established.

-6
2
Self-Diffusion Coefficient of Water (10 cm /s)
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Figure 8-3 Self-diffusion coefficients of water vs. the effective diffusion time
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Figure 8-4 Influence of temperature on self-diffusion coefficients of water
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The self-diffusion coefficient of water was studied as a function of temperature
for the multiblock copolymers (Figure 8-4).
increased with increasing temperature.

As expected, water transport initially

However, the diffusion coefficient dropped

significantly after a particular temperature which was unique to each copolymer. This
drop is related to the loss of water from the system. The temperature at which water loss
occurs depends on the morphology of the proton exchange membrane. For example, the
onset of water loss for the BisSF-BPSH (15:15) and BisSF-BPSH (15:10) samples
occurred at 80 ºC, while for the BisSF-BPSH (5:5) materials, water loss began at 60 ºC.
This can be attributed to the high volume fraction of the hydrophilic phase in the BisSFBPSH (15:15) copolymers, wherein the sulfonic acid groups along the channels attracted
and retained water molecules.
Proton conductivity measured in liquid water at 30 oC (Table 8-1) showed a
comparable trend when compared to water uptake. Although the ionic concentration was
kept constant, proton conductivity increased with increasing block length, and scaled
with the volume fraction of water. The enhanced nanophase separation in higher block
length materials resulted in higher proton conductivity than Nafion®112 and BPSH 35. It
was interesting, however, to observe the effects of unequal block length on proton
conduction.

Specifically, no significant loss in conductivity was detected for the

multiblocks as long as the difference between block length was maintained within 10
kg/mole. A further increase may offset the continuity among the hydrophilic domains as
seen for the BisSF-BPSH (25:12) sample.

Although water uptake was reduced

significantly for BisSF-BPSH (25:12), proton conductivity also went down. The effect of
temperature on proton conductivity for the BisSF-BPSH (x:y) multiblocks was studied, as
shown in Figure (8-5). The BisSF-BPSH (x:y) multiblock copolymers exhibited higher
proton conductivity than Nafion®112 in liquid water, with the BisSF-BPSH (15:15)
showing the highest proton conductivity at 80 ºC. The activation energy (represented
within the boxes) decreased with increasing block length.

This in addition to the

diffusion coefficient experiments also suggests the formation of a co-continuous
hydrophilic channel morphology at higher block length, which decreases the barrier for
proton transport.
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Figure 8-5 Influence of temperature on proton conductivity as a function of block
lengths; activation energy in kJ/mole represented within boxes decreases with
increasing block length

The proton conductivity of BisSF-BPSH (x:y) multiblock copolymers as a
function of relative humidity (RH) is shown in Figure (8-6). This figure depicts the
effects of morphology on proton conductivity under partially hydrated conditions. For
the random copolymer BPSH-35, proton conductivity drops significantly at lower RH
values. Random copolymers show decent performance under fully hydrated conditions
since there are sufficient water molecules to provide proton transport. However, due to
the scattered hydrophilic domains in the membranes, they lack the connectivity among
sulfonic acid groups for proton transport under partially hydrated conditions. In contrast,
the performance of the multiblocks under partially hydrated conditions increases with
increasing block lengths, particularly for the equal block length materials. The increased
connectivity at higher block lengths as supported by the diffusion coefficient
experiments, improves the proton conduction under partially hydrated conditions. The
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BisSF-BPSH (15:15) multiblock copolymers exhibited higher proton conductivity than
Nafion®112 at all RH values. Although proton conductivity improved significantly under
partially hydrated conditions for the BisSF-BPSH (15:15) sample, the water uptake of the
membrane was much higher. In contrast, the unequal block length materials had much
lower water uptake and similar proton conductivity under fully hydrated conditions.
However, under partially hydrated conditions, the performance of the BisSF-BPSH
(17:12) material was reduced compared to the BisSF-BPSH (15:15) copolymer. As
confirmed, the connectivity between hydrophilic domains is an important factor
controlling proton transport under partially hydrated conditions.

The increased

hydrophobic block lengths may have constrained the hydrophilic domains resulting in a

Proton Conductivity (mS/cm)

reduction in the connectivity and the performance under low RH.
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Figure 8-6 Influence of block length on proton conduction under partially hydrated
conditions at 80 oC for the BisSF-BPSH multiblocks at similar IECs

Influence of IEC
The connectivity between hydrophilic domains is related to the extent of phase
separation between the hydrophilic and hydrophilic domains. Phase separation for ionic
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multiblock copolymers is a function of both block length and the ionic content. Unequal
block length materials, BisSF-BPSH (17:12) and BisSF-BPSH (25:16), were synthesized
with varying IEC values ranging from 1.1 to 1.5 meq/g. The effect of IEC on the
multiblock properties can be well understood from these two series of multiblock
copolymers with constant block lengths.

It is hypothesized that increasing the

hydrophilic content may improve the connectivity between the domains, improving the
performance under low RH while the higher hydrophobic block length will keep the
water uptake controlled. The water uptake, water volume fraction, proton conductivity
under fully hydrated conditions, and self-diffusion coefficients of water for BisSF-BPSH
(x:y) multiblock copolymers with varying IECs are shown in Table (8-2). As the IEC
was increased from 1.1 to 1.3, an increase in water uptake was observed both for the
BisSF-BPSH (17:12) and BisSF-BPSH (25:16) materials. However after going from 1.3
to 1.5 IEC, no further significant increase was observed.
Table 8-2

Summary of the properties for BisSF-BPSH (x:y) multiblocks with

varying IECs

Hydrophobic
:

Self-Diffusion

Water

Water

Proton

uptake

volume

conductivity

(%)

fraction

(mS/cm)*

1.6

42

0.38

120

7.0

1:0.77

1.7

38

0.40

130

7.0

1.1

1:0.64

1.7

25

0.30

70

2.0

25K-16K

1.5

1:1.04

1.6

48

0.43

130

7.0

25K-16K

1.3

1:0.85

1.6

40

0.39

120

6.4

25K-16K

1.1

1:0.65

1.6

24

0.28

40

2.0

IEC

Molar

by 1H

charge

NMR

ratio

17K-12K

1.5

1:1.02

17K-12K

1.3

17K-12K

Hydrophilic
Block
Length

Density
(g/cc)

coefficient
of water
(10-6cm2s-1)**

(g/mol)

* liq. water, 30 oC, ±5%, ** fully hydrated 25 oC, ±5%,
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The influence of unequal block length on water absorption was further
investigated using water swelling measurements across the two planes of the membranes
(Fig. 8-7). The x and y represent the in-plane swelling and z represents the through-plane
swelling. NRE211 is the commercially available Nafion®112 membrane, which was used
as the control. Significant anisotropic swelling was observed for the multiblocks, and
through-plane swelling increased with increasing IECs. However, the in-plane swelling
was shown to be only modestly impacted by ion exchange capacity, which was
significantly lower than both NRE211 and BPSH35.

The higher block length

hydrophobic blocks constrained the hydrophilic domains along the in-plane direction,
reducing water swelling.
X
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Z
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Figure 8-7 Multiblock copolymers display reduced in-plane swelling; the numbers
in the parenthesis represent IEC in meq/g

More recently, in-plane swelling has been identified as a factor impacting the
mechanical durability of a membrane during low relative humidity cycling operations. In
general, very low in-plane swelling is desirable for extended membrane lifetime.
Multiblock copolymers show significant promise in that regard.
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Both proton conductivity and self-diffusion coefficient of water showed similar
dependency on IEC. The increase in the property was more significant from IEC 1.1 to
1.3 (meq/g) than from IEC 1.3 to 1.5 (meq/g). As under fully hydrated conditions proton
conduction is mainly a function of the water content, it scaled with the water content in
the copolymers.
The influence of IEC on proton transport under partially hydrated conditions was
investigated. As shown in Figures (8-8) and (8-9), proton conductivity under partially
hydrated conditions improved significantly with increasing IEC for both the BisSF-BPSH
(17:12) and BisSF-BPSH (25:16) multiblocks.

The increased hydrophilic segments

associated with the increase in ion exchange capacity serve to reestablish the connectivity
between the hydrophilic domains for the unequal block length copolymers. This reduces
the morphological barrier and allowed improved proton conduction at low water contents.
The performance characteristics of BisSF-BPSH (17:12) with an IEC of 1.5 meq/g were
comparable to those of the equal block length BisSF-BPSH (15:15) material—but with a
significantly lower water uptake (45 %) compared to BisSF-BPSH (15:15) (70%). By
creating the correct balance between ionic content and block length, one can tailor the
morphology of PEMs for improved performance at low RH with reduced water uptake.
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Figure 8-8 Proton conductivity as a function of relative humidity for the BisSFBPSH (17:12) with varying IECs; the number after the parenthesis represents IEC
in meq/g
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Figure 8-9 Proton conductivity as a function of relative humidity for the BisSFBPSH (25:16) with varying IECs; the number after the parenthesis represents IEC
in meq/g
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8.3.4 Selectivity
.
As discussed earlier, one of the major challenges in designing a proton exchange
membrane is to achieve both high proton conductivity and low water uptake. Normally
there is a trade off between the two properties and can be explained mathematically in
terms of selectivity (Ψ), as shown in the following Equation (8-5).

Ψ =σ /λ

Equation 8-5

Here, σ is proton conductivity measured in liquid water at 30 oC, and λ is the hydration
number. High selectivity at low hydration number is desired. A plot of selectivity vs.
hydration (Figure 8-10) illustrates the various structure-property relationships for the
BisSF-BPSH (x:y) copolymers, BPSH-35 and Nafion®112. In spite of having the same
hydration number, the BPSH 35 random copolymers showed less selectivity than
Nafion®112 due to lower proton conductivity.

At a similar hydration number, the

multiblock BisSF-BPSH (17:12) sample with an IEC of 1.5 meq/g demonstrated the
highest selectivity—even higher than the state-of-the-art material, Nafion®112. The high
hydrophilic block length provides higher proton conductivity, while the increased
hydrophobic/hydrophilic block length ratio (17:12) may have contributed to its low water
uptake.

Changing the hydrophobic/hydrophilic block length balance from equal to

unequal increased the selectivity of the multiblock copolymers.
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Figure 8-10 Selectivity of PEMs as a function of hydration number

8.4 Conclusions

The structure property relationships for the BisSF-BPSH (x:y) multiblock was
achieved. To summarize, the sequence length of the copolymers appears to dominate
proton conductivity both in liquid water and under partially hydrated conditions. Water
uptake generally increased with increasing block length, but at similar IECs, the ratio of
hydrophobic to hydrophilic block length, besides the absolute values, can also play a role.
Keeping the hydrophobic block length longer than the hydrophilic block, significant
reduction in water uptake and in-plane swelling was achieved. Importantly, no noticeable
changes in proton conductivity under fully hydrated conditions were observed. Various
optimized combinations of IEC, hydrophilic and hydrophobic sequence lengths, all of
which can be readily controlled by synthesis, have yielded materials that are more
selective than Nafion®112.
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Under partially hydrated conditions, multiblock copolymers with higher block
lengths showed better performance with regard to proton conductivity as a function of
relative humidity, presumably due to their more distinct nanophase separation and better
connectivity among the ionic domains. The self-diffusion coefficient of water followed
the same trend as the conductivity and is a measure of proton transport under partially
hydrated conditions.
One of the major challenges was to develop a system with both low water uptake and
improved proton conductivity at low RH. In ion containing multiblock copolymers,
however, there is often a trade off between these two factors. Nonetheless, by tailoring
block length and IEC values, these two important properties were achieved. A longer
hydrophobic block length than the hydrophilic one reduced the water uptake. At the
same time, by only modestly increasing the ion exchange capacity, connectivity was
improved between the hydrophilic domains, which enhanced proton conductivity at low
RH.
The authors wish to acknowledge Nissan Motor Company and Department of
Energy (DOE Contract # DE-FG36-06G016038)) for support of this research.
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9.0 Investigation of Proton Transport Phenomenon in Phosphoric
Acid Doped Poly(arylene ether sulfone)-b-polybenzimidazole
Copolymers
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Abstract

A series of phosphoric acid doped multiblock copolymers based on poly(arylene ether
sulfone) and polybenzimidazole (PBI) with different block lengths were studied and
evaluated as a high temperature proton exchange membrane (PEM).

The proton

conductivity performance was evaluated over a wide temperature range of 100-200 oC.
The proton conductivity of the doped samples showed significant dependency on
temperature, doping level, water content and more importantly the microstructure of the
copolymers.

Activation energy decreased with increasing doping levels.

Proton

conductivity was found to increase with increasing block lengths at a given doping level.
The effect was more prominent at a low doping level of 6-7. The proton conductivity
evaluated under partially hydrated condition at 80 oC showed significantly higher value
than the commercial available Nafion® copolymer.

The developed phosphoric acid

doped multiblock copolymer system is a strong candidate for high temperature and low
relative humidity PEM applications.
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9.1 Introduction

The current operating temperature for proton exchange membrane fuel cells is
between 80-120 oC. However there has been a growing demand to raise the operating
temperature. A higher temperature operation is expected to have several advantages over
the current technology. Among the notable ones are the a) improved oxygen reduction
kinetics, b) improved electrode performance, c) reduced fuel impurities like CO and d)
improved heat and water management.1, 2 However the major challenge lies in achieving
high proton conductivity from the polymeric membranes at elevated temperature. The
commercially available Nafion® shows reduced performance at elevated temperature as it
passes through its α relaxation temperature.3

Aromatic copolymers with higher α

relaxation temperature have shown better promise than the perflurosulfonic acid Nafion®
copolymer.4 However, all these sulfonic acid containing copolymers require presence of
water for proton transport.

Unless adequate external humidification is applied, the

performance drops significantly at high temperatures.

The biggest challenge is to

maintain a high proton transport both at high temperature and at low relative humidity.
Several approaches have been taken to develop new systems with the improved
high temperature properties.

Our group is involved with the synthesis and

characterization of thermally stable sulfonic acid containing multiblocks. The enhanced
phase separated morphology has resulted in much improved performance, particularly
under partially hydrated conditions over the existing PEMs.5 Although the morphology
is ideal for enhanced proton transport, the thermal stability of the sulfonic acid group
limits high temperature application.
The inorganic acid doped polymeric membranes have also been studied for long
time.6-8

In these systems, inorganic acids act as proton conducting materials while

polymers, which typically possess basic moieties, immobilize the acid. Among various
inorganic acids, phosphoric acid (H3PO4) has been widely studied due to its excellent
thermal stability, low vapor pressure, and high proton conductivity even at anhydrous
conditions.9-13 For the matrix polymer, the polybenzimidazole (PBI) family, especially
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poly 2,2’-m-(phenylene)-5,5’-bibenzimidazole has been intensively studied due to the
ease of synthesis and commercial availability. Phosphoric acid doped PBI membranes
can be easily fabricated by immersing solvent cast PBI membranes in phosphoric acid
solution. The doping level which can be defined as the number of moles of phosphoric
acid per one repeat unit of PBI is controlled by using different concentrations of the
doping solution.14
In contrast to sulfonic acid based PEMs, the proton transport in phosphoric acid
doped systems under anhydrous conditions is believed to follow a proton hopping or
Grotthus mechanism.15 The mechanism is reported to depend strongly on acid doping
level, water content and temperature. At low doping levels, the proton transport is
reported to take place between the N-H sites of the polymer and phosphate anion.16, 17
The doping level is defined as the number of phosphoric acid per PBI unit. At higher
doping levels, the presence of “free” acid facilitates the enhanced transport from the more
rapid diffusion of additional phosphate anions. In the presence of water, H3O+ is also
involved as an additional proton carrier.

16, 17

At high temperatures in the condensed

phosphoric acid state, proton transport involving proton bodily diffusion via the vehicle
mechanism is also proposed.16 Generally, the proton conductivity of phosphoric acid
doped PBI increases along with the increased doping level and temperature. However,
doping levels higher than 5 are not desirable due to high swelling and deterioration of
mechanical properties.18
The morphology of the studied phosphoric acid based PBI was mostly similar to
random copolymer morphology. Little has been known on the effect of the morphology
on the proton transport for this system.

It can be hypothesized that significant

improvement in proton conductivity can be achieved from phosphoric acid doped PBI
having phase separated multiblock morphology. The enhanced phase separated, well
connected PBI network will improve the proton conduction and phosphoric acids will
allow proton conduction in absence of water at high temperature.
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In the present work, a series of multiblock copolymers was synthesized by a
coupling reaction between diamine terminated PBI oligomers and benzoic acid
terminated poly(arylene ether sulfone) oligomers.19 The PBI segments in the system will
facilitate proton conduction with doped H3PO4 while poly(arylene ether sulfone)(BPS)
segments maintain the dimensional and mechanical stability.

The acronym of the

multiblock is BPS-PBI(x-y) where x is the molecular weight of the polysulfone block
(BPS) and y is the molecular weight of the PBI block. This paper investigates the proton
transport mechanism and the influence of morphology, temperature, phosphoric acid and
water content on the proton conductivity for the phosphoric acid doped BPS-PBI
multiblocks.

9.2 Experimental

9.2.1 Materials

N,N-Dimethylacetamide (DMAc), N-methyl-2-pyrrolidinone (NMP) and toluene
were purchased from Aldrich and distilled from calcium hydride before use. Monomer
grade 4,4’-dichlorodiphenyl sulfone (DCDPS) and 4,4’-biphenol (BP) were provided by
Solvay Advanced Polymers and Eastman Chemical Company, respectively, and vacuum
dried at 110 °C prior to use. Potassium carbonate, 3-hydroxybenzoic acid (3-HBA),
isophthalic acid (99%), 3,3’-diaminobenzidine (99%) (DAB), phosphoric acid (85%) and
polyphosphoric acid (115%) were purchased from Aldrich and used without further
purification.
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9.2.2 Multiblock Copolymer Synthesis

The multiblock copolymers were synthesized via a coupling reaction between
benzoic acid terminated poly(arylene ether sulfone) (BPS) and diamine terminated
polybenzimidazole (PBI) by forming benzimidazole moieties (Fig.9-1). The molecular
weights of the BPS and PBI oligomers for the copolymer synthesis were 5, 10 and 15
kg/mol. The control of molecular weight and end-group functionality of both of the
oligomers was achieved by using stoichiometrically adjusted amounts of the monomers
for the synthesis. By the described synthetic route, three multiblock copolymers with
equal block lengths of BPS and PBI oligomers were synthesized in NMP (e.g., 5k-5k,
10k-10k, 15k-15k).
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Figure 9-1 Synthesis scheme of Poly(arylene ether sulfone)-b-polybenzimidazole
copolymers
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9.2.3 Film casting and H3PO4 doping

Multiblock copolymer membranes were prepared by solution casting from
DMAc. The copolymers were dissolved in DMAc (10% w/v), filtered through 0.45 μm
Teflon® syringe filters, and cast onto clean glass substrates. The solvent was evaporated
under an infrared lamp for 48 h at 50-70 °C, resulting in transparent, tough and flexible
films. The films were further dried in vacuo at 110 °C for 24 h to remove residual
solvent. The H3PO4 doped membranes were prepared by immersing the cast membranes
in various concentrations (3-14.6 M) of aqueous H3PO4 solution for 72 h at room
temperature.

9.2.4 Determination of proton conductivity

All conductivity measurements were made using a Solartron (1252A +1287)
impedance/gain-phase analyzer over the frequency range of 10 Hz - 1 MHz.

The

conductivity of the membrane was determined from the geometry of the cell and
resistance of the film which was taken at the frequency that produced the minimum
imaginary response. For the temperature sweep experiments, the conductivity cells with
the membranes were equilibrated at 100 °C for 4-5 h before the start of the experiment.
This was done to remove the excess water from the membranes. In situ measurements
were taken as a function of increasing temperature with the cells equilibrated in a
convection oven. Equilibration time at each temperature was kept fixed for 3 h. For
determining proton conductivity under partially hydrated conditions, membranes were
equilibrated in a humidity-temperature oven (ESPEC, SH-240) at the specified RH and
80 oC for 5 h before each measurement.
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9.3 Results and Discussion

9.3.1 Proton conductivity

Influence of temperature and doping levels of phosphoric acid on proton conductivity
The proton conductivities of the BPS-PBI copolymers were determined as a
function of temperature without any external humidification supply. The temperature
range was 100 to 200 °C. Figure (9-2) represents the temperature vs. conductivity plots
for BPS-PBI(15-15) doped with different concentrations of phosphoric acid (e.g., 3, 9,
12, and 14.6 M). A similar study was conducted for the BPS-PBI(5-5) and BPS-PBI(1010) samples as shown in Figures (9-3) and (9-4). The numbers within the brackets in the
legends refer to the doping levels of phosphoric acid in the samples.
In all cases, the proton conductivities increased with increasing temperature and
doping levels. However, the proton conductivities of the copolymers doped at higher
concentrations (e.g., 12 and 14.6 M) increased more rapidly with temperature than the
samples doped with lower concentrations (e.g., 3 and 9 M). For the membranes doped
with lower acid concentrations (3 and 9 M), the doping levels ranged from 4 to 5. As the
theoretical number of “bound” phosphoric acid units is 4, proton conduction at this
doping level can occur only through proton hopping between the N-H site and the
phosphate anion.

However when the membranes were doped with higher acid

concentrations (12 and 14.6 M), the doping levels were in between 6-12. The presence of
“free” phosphoric acid or the quickly diffusing H2PO4- anions increased the proton
conductivity significantly.
As discussed, proton conductivity measured as a function of temperature showed
an increasing trend for all samples. A change in slope, specifically for the higher doped
samples, was observed above 150 °C, which may be attributed to a change in the
conduction mechanism.
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It is known that “fused” phosphoric acid can be formed from the “free”
phosphoric acid at high temperatures and so the slope change may indicate a transition
from a hopping mechanism to a vehicle mechanism involving bodily diffusion of protons
as proposed by Hayamizu et al.16

The activation energy for proton transport was

determined for all samples over the temperature range from 100 °C to 150 °C. The
activation energy calculated showed a strong dependence on doping level as shown in
Figure (9-5). A significant drop in activation energy from 60 to 20 kJ/mole was observed
for the BPS-PBI(15-15) sample as the doping level was increased from 2 to 6. A similar
trend was also observed in the BPS-PBI(5-5) and BPS-PBI(10-10) samples. This sharp
decrease can be attributed to the involvement of the free phosphoric acid or the phosphate
anion in the transport process. A further increase in phosphoric acid content resulted in a
nominal decrease in the activation energy value. Among the copolymers, the highest
conductivity at 200 °C was 47 mS/cm from BPS-PBI(15-15) with a doping level of 11.5.
It is to be noted that the doping level of 11.5 of the BPS-PBI(15-15) did not cause any
dramatic swelling or softening behavior. This implies that the BPS-PBI samples can
utilize higher doping levels (e.g., >5) to attain higher proton conductivity. These levels
were previously impractical for the conventional phosphoric acid doped PBI systems due
to significant deterioration of their mechanical properties.17
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Figure 9-2 Influence of temperature on proton conductivity for BPS-PBI(15-15)
samples at varying phosphoric acid doping levels
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Figure 9-3 Influence of temperature on proton conductivity for BPS-PBI(10-10)
samples at varying phosphoric acid doping levels
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Figure 9-4 Influence of temperature on proton conductivity for BPS-PBI(5-5)
samples at varying phosphoric acid doping levels
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Figure 9-5 Influence of phosphoric acid content on activation energy for proton
conduction
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Influence of the microstructure of the multiblocks on the proton transport

Over the last few years, our group has been investigating the influence of
morphology on proton transport of sulfonic acid containing multiblock copolymers as a
function of relative humidity (RH).20-23 The proton conductivity under partially hydrated
conditions was found to increase with increasing block length or with the extent of phase
separation. In the current investigation with the BPS-PBI system, proton conductivity
was studied as a function of doping level at 140 °C. The three copolymers with varying
block lengths were compared as shown in Figure (9-6). Among the copolymers, the
conductivities of BPS-PBI(15-15) and BPS-PBI(10-10) showed a similar trend with
doping level in contrast to the BPS-PBI(5-5) sample. This suggests a morphological
change from the BPS-PBI(5-5) sample to the BPS-PBI(10-10) sample. At a given doping
level, the proton conductivity was found to increase with increasing block length. The
effect was more pronounced at lower doping levels (6-7). This can be attributed to the
formation of phase separated morphology with increasing block lengths as indicated by
the DMA study.19 The phase separated morphology resulted in improved connectivity
within the PBI units. This is consistent with our earlier findings with the sulfonic acid
containing multiblock copolymers. The increased connectivity with increasing block
length is expected to lower the morphological barrier for proton transport. Thus by
synthesizing phase separated multiblock copolymers, improved proton conductivity can
be achieved even with lower phosphoric acid doping levels.
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Figure 9-6 Influence of block length on proton conduction at varying phosphoric
acid doping levels at 140 oC

Influence of water content on the proton transport
The effect of the relative humidity on the proton conductivity for the BPSHPBI(10-10) multiblocks was studied at 80 °C. Nafion® 112 was used as control (Fig.9-7).
Both water and phosphoric acid contribute as the vehicle for the proton transport.
Significant improvement in the proton conductivity for the multiblock was observed
compared to Nafion® under low relative humidity. The conductivity increased with
increasing hydration level. Although the temperature is much lower to allow sufficient
proton transport via phosphoric acid, water acts as the major vehicle for the transport.
This widens the applicability of these systems for both low temperature and low RH
applications.
However the major drawback of phosphoric acid systems is the leaching of
phosphoric acid from the system. The process is catalyzed in the presence of water. The
leaching results in loss in phosphoric acid content and poisoning of the Pt electrodes. It
is proposed that the presence of the poly sulfone block may restrict the phosphoric acid
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leaching by constraining the PBI unit. Ongoing study in optimizing the morphology to

Proton Conductivity (mS/cm)

reduce phosphoric acid leaching is encouraging and will be reported separately.
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Figure 9-7 Influence of relative humidity on proton transport for the phosphoric
acid doped BPS-PBI (10-10) multiblock at 80 oC; the number after the parenthesis
in the legend represents the doping level

9.4 Conclusions

A novel multiblock copolymer system was developed and characterized for high
temperature PEM applications. The copolymers showed satisfactory proton conductivity
over a wide range of temperature (100-200 oC) in absence of water. The proton transport
mechanism involved both hopping and vehicle mechanism. The significant increase in
proton conductivity after a particular doping level was attributed to the presence of “free”
phosphoric acid or the quickly diffusing H2PO4- contributing to the proton conduction
mechanism. However at high temperatures, the formation of fused phosphoric reduced
that contribution.
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Similar to sulfonic acid multiblock systems, proton conduction was improved by
the phase separated morphology of the BPS-PBI multiblocks. At a given doping level,
the proton conductivity was found to increase with increasing block length. The effect
was more prominent in low doping levels. At low doping level, most of the phosphoric
acids are bound and proton diffusion occurs only through the hopping mechanism
between the N-H sites and the phosphate anions. The formation of well connected PBI
domains improved the proton transport.
The above study was done in absence of water. Proton conductivity measured as
a function of the water content or under partially hydrated at 80 oC conditions was
significantly higher than the benchmark Nafion®112. In addition to the H2PO4- anion,
water contributes to the vehicle mechanism. The developed phosphoric acid doped
multiblock copolymer system is strong candidate for both high temperature and low
relative humidity PEM applications.
The authors wish to acknowledge the support of the Nissan Motor Company and
Department of Energy (DOE Contract # DE-FG36-06G016038) for support of this
research.
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10.0 Optimization of MEA Processing Parameters
Abhishek Roy, Linda Harris and J.E. McGrath
Macromolecular Science and Engineering Program
Macromolecules and Interfaces Institute
Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Abstract

The membrane electrode assembly (MEA) is a critical component of a proton exchange
membrane fuel cell. The interface between the membrane and the electrodes plays a
significant role in controlling overall performance and durability.

Moreover, the

processing parameters of an MEA control the interface. In this paper, the parameters
influencing processing conditions were investigated, and optimized processing
parameters are suggested.

As documented herein, the water content present in the

polymers at the time of MEA fabrication significantly influences fuel cell performance.
The optimized fabrication temperature is close to the hydrated glass transition
temperature of the copolymer and is a function of both water content and molecular
weight of the copolymer.
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10.1

Introduction

The integral part of a fuel cell is the membrane electrode assembly (MEA). The
MEA consists of a proton exchange membrane (PEM) bonded to two electrodes (Figure
10-1). The electrodes are carbon supported platinum particles dispersed in a polymer
matrix.1, 2 The proton exchange membranes contain sulfonic acid groups responsible for
proton transport.

Anode
Electrode

H2

H+

Platinum (3-5nm)

O2

e-

H2O

Pt supported
on carbon with
polymer matrix

Cathode
Electrode

H2O

e-

H2O

H2O

H2O

H2O

5 μm

150 μm

PEM

Carbon Black (0.72μm)

Figure 10-1 Membrane electrode assembly. Reprinted with permission.1
Copyright 2004 American Chemical Society

The MEA manufacturing process initially involves the preparation of a Nafion
platinum (Pt) dispersion, also referred to as the “ink,” which is painted onto decals to
obtain 0.2-0.4 mg/cm2 of Pt loadings. The decals are then hot pressed onto the PEM to
form the MEA.3 The whole process is schematically represented in Figure (10-2).
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Step 1: Painting of catalyst ink
onto a release substrate
(Teflon or Kapton)

Step 2: Hot-pressing of electrodes
onto membrane at 200°C and 200 psi
for 5 min.

Electrode “ink”

Cast Electrodes
Membrane
Cast Electrode
(by painting)

Figure 10-2 MEA fabrication technique

The main objective in this MEA fabrication technique is to achieve a good bond
between the electrodes and the membrane. Good flow properties of a polymer ensure
good bonding and adhesion with the electrodes. Therefore, a thorough understanding of
the parameters affecting the flow properties of a polymer can serve to optimize
processing conditions for MEA fabrication. These parameters include the processing
temperature or the MEA bonding temperature, the polymer’s molecular weight, and the
water content in the polymer during fabrication. The MEA bonding temperature is
normally close to the glass transition temperature of the polymer, as illustrated by the
modulus vs. temperature graph depicted in Figure (10-3). In addition to glass transition
temperature, controlling molecular weight and the water content in the copolymers can
help optimize the processing temperature. The critical impact of the molecular weight
and water content of a copolymer on processing temperature is discussed below.
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MEA
Bonding
Region
Modulus
165

210

T, °C
Figure 10-3 Modulus vs. temperature

10.1.1 Importance of molecular weight of the copolymer on processing
temperature
For most copolymers, melt viscosity has a linear relationship with molecular
weight up to a particular point, which is known as the entanglement molecular weight.
Below the entanglement molecular weight, the flow properties of a copolymer are
independent of the molecular weight.

Above the entanglement molecular weight,

however, the viscosity of a copolymer is proportional to the power of 3.4 of molecular
weight.

As a result, the processing temperature needs to be shifted to a higher

temperature to compensate for the effect of the copolymer’s increased viscosity.

10.1.2 The impact of water content in a copolymer on the processing
temperature during MEA fabrication
Water is known to reside in hydrophilic copolymers in at least three different
states, which can be categorized according to thermal properties.4 Non-freezing bound
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water is strongly associated with a copolymer, shows no thermal transition by differential
scanning calorimetry, but depresses the Tg of the copolymer. Freezable bound water is
weakly bound to the copolymer (or weakly bound to the non-freezing water), and
displays a broad melting behavior around 0 °C. Free water shows a sharp melting point
at 0°C. The tightly bound water acts as a plasticizer and, hence, can influence the flow
temperature of a copolymer. Table (10-1) shows the depression of the glass transition
temperature of BPSH and Nafion copolymers under fully hydrated conditions. The water
content in the membrane when it undergoes MEA fabrication will influence the glass
transition temperature and, hence, the processing temperature.

Table 10-1 Depression of glass transition temperature under hydrated conditions4

Tg of dried sample

Tg of fully hydrated

(oC)

sample (oC)

26.7

257

136

BPSH-40

49.5

267

126

BPSH-50

108.7

272

98

Nafion-1135

33.0

160

99

Copolymer

Water uptake (%)

BPSH-30

The main objective of this paper was to investigate the influence of water content
and temperature on hot pressing conditions, as well as to determine how these variables
influences fundamental transport properties such as proton conductivity. This paper will
also describe the optimal processing conditions for fabricating membrane electrode
assemblies. For this experimental study, disulfonated poly(arylene ether sulfone) random
copolymers were chosen.5 However, the fundamental findings obtained in this research
can be applied to Nafion® as well.
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10.2

Experimental

10.2.1 Copolymers studied
The synthesis of biphenol-based disulfonated poly (arylene ether sulfone)
copolymers (BPSH-35; 35 mole percent disulfonated monomers) was successfully
carried out via nucleophilic aromatic substitution.5,

6

The molecular weight of the

copolymer was 80,000 g/mole. The structure is given below [(1-x)=35%]
O
O

O

S
O

O
x

O

O
HO3S

S
O

1-x
SO3H

Figure 10-4 Chemical structure of BPSH-xx random copolymer

10.2.2 Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA)

Our DSC studies were performed in a TA DSC instrument using liquid nitrogen
as a cooling medium for the sub-ambient experiments. Samples were equilibrated in a
relative humidity oven (ESPEC SH 240) to achieve the desired hydration levels, then
placed in thermally sealed pans capable of withstanding pressures up to 100 atm.
Samples were cooled to -70 °C and then heated at a rate of 5 °C per min under a N2
atmosphere.
The TGA studies were conducted using fully hydrated samples. Just before the
experiment, the samples were removed from the water, blotted to remove any surface
water, and placed in a TGA sample pan. The samples were heated at 10 oC/min under an
air atmosphere.
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10.2.3 Proton conductivity
Proton conductivity at 30 °C at full hydration (in liquid water) was determined in
a window cell geometry7 using a Solartron 1252+1287 Impedance/Gain-Phase Analyzer
over the frequency range of 10 Hz -1 MHz following the procedure reported in the
literature.8
10.2.4 MEA preparation and fuel cell characterization
Electrodes were fabricated by preparing an ink from glycerol, a Nafion dispersion,
and a platinum/carbon-black mixture (20 wt% Pt). The ink was painted onto a Teflon
substrate to produce a decal with a platinum loading of 0.4 mg. MEAs were prepared by hot
pressing two of the electrode decals onto the BPSH-35 membrane as per the experimental
design. A fuel cell test stand was used to measure high frequency resistance. The MEA was
loaded into the single stack fuel cell. The fuel cell was operated with H2/Air at 90 oC and
100% relative humidity. The hydrogen was fed into the anode at 200 sccm with a humidified
temperature of 105 oC and the air flow into the cathode was 500 sccm at 90 oC.

10.2.5 Experimental design
The membrane was hot pressed both with (MEA) and without (blank) electrodes
over a matrix of experimental conditions varying in water content and temperatures. The
experimental matrix is given in Table (10-2), which shows, for example, that Sample 1
was equilibrated at 40% RH to achieve a particular water uptake and subsequently hot
pressed at a temperature of 165 °C. The pressure was maintained at 2500 psi. For the
MEAs, a similar set of experiments was performed, wherein the Pt loading was
maintained at 0.2mg/cm.
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Table 10-2 Experimental design

Sample BPSH-35

Temperature (oC)

RH (%)

MW (1000g/mole)

1

165

40

80

2

210

40

80

3

165

20

80

4

210

20

80

5

165

0

80

10.3

Results and discussion

10.3.1 Water uptake
Figure (10-5) depicts the retention of water in the presence of water vapor for samples
equilibrated at 40 and 20 percent relative humidity. Samples equilibrated at 40% RH
showed higher water uptake than the 20% RH samples over a range of temperatures.
Correspondingly, a depression in the glass transition temperature (Table 10-3) was
observed with increasing water uptake, as seen from DSC experiments.
14

Water content (wt%)

12

1. 40 % RH
2. 20% RH

10
8
6
4
2
0
0

100

200

300

Temperature (deg C)

Figure 10-5 Retention of water as a function of temperature of the BPSH-35
random copolymer equilibrated at different relative humidities
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Table 10-3 Depression of glass transition temperature of BPSH-35 with water
uptake

Relative humidity (%)

Water content (%)

Tg (oC)

0

0

260

20

7

188

40

13

165

10.3.2 Effect of hot pressing conditions on proton conductivity of the
blanks and MEAs
The membranes were equilibrated at different water contents and hot pressed at
different temperatures with (MEA) and without electrodes (blanks).

After the hot

pressing the blanks were equilibrated in liquid water, after which protonic conductivity
was determined using a Solartron impedance analyzer at 30 °C. Table (10-4) represents
the conductivity results run on the blank membranes. The MEA conductivity results
were obtained from high frequency resistance values (HFR) measured at 80 °C.
Conductivity decreased with the amount of water present in the membranes during hot
pressing, as well as in response to the hot pressing temperature.

Although the

conductivity of Sample 5 did not appreciably decrease, the processing temperature was
not sufficient to ensure good flow, as the Tg for the fully dried sample was around 260
°C. When membranes were equilibrated at 40% RH, conductivity dropped to 26 mS/cm
when the hot pressing temperature was increased from 165 oC to 210 oC.

The

conductivity value for the unprocessed sample is a control and represents the value before
hot pressing.
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Table 10-4 Protonic conductivity of the hot pressed samples in liquid water

Sample

MW

Proton conductivity*

1000 g/mole

(mS/cm)

Tg (°C)

RH (%)

1

165

40

80

50

2

210

40

80

26

3

165

20

80

80

4

210

20

80

35

5

165

0

80

65

6

210

0

80

70

Control





80

85

BPSH35

*Liquid water, 30 oC, ± 5 %.
Similar observations were noted for the MEAs as well. Figure (10-6) represents
the plot of MEA conductivity obtained from HFR measurements as a function of current
density.

Here also, MEA that were fabricated at 165 °C with a water content

corresponding to 20% RH showed the highest conductivity.
1. 165-20-80K

0.065

2. 210-0-80K
3. 210-40-80K
4. 210-20-80K

Conductivity S/cm

0.06
0.055
0.05
0.045
0.04
0

200

400

Current Density mA/cm2

Figure 10-6 Conductivity vs. current density for the MEAs

600
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Water uptake and DSC results indicated a depression in glass transition
temperature with increasing water uptake. This trend shifted the flow temperature or the
MEA bonding temperature for the copolymer to a lower value. The shift was more
pronounced at higher water uptake levels. Processing the membranes at a temperature
higher than the flow temperature may result in morphological changes or a relaxation
within the copolymer. For example, in case of Nafion and other PEMs, conductivity
initially increases with an increase in temperature, but then decreases once a particular
temperature has been reached. This specific temperature has been found to be close to
the hydrated α relaxation temperature.2,5

Above the α relaxation temperature, the

polymer undergoes relaxation, thereby disturbing the favored morphology needed for
proton transport. Hence, conductivity decreases. Similar morphological changes are also
observed for BPSH 35 copolymer at higher temperatures. Figure (10-7) represents the
AFM images of BPSH 35 after exposure to different temperatures.9

after Method 1

after Method 2

after high temperature
exposure (140oC max.)

Figure 10-7 AFM images of the exposed BPSH 35 at different conditions. Reprinted
from 9 with permission from Elsevier

Method 1 and Method 2 represent two different types of acidification treatments.
In Method 1 the sample was exposed to 30 °C in water, and in Method 2 the sample was
exposed to 100 °C, also in water. It is evident from the images that at 140 °C the sample
experienced some morphological changes as the hydrated Tg for BPSH 35 copolymer
under fully hydrated conditions was found occur at approximately that temperature.
Hence, hot pressing the membranes at higher water contents and at higher temperatures
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may have caused some morphological changes that resulted in a drop in conductivity
values. To further investigate the effect of morphology on conductivity, the hot pressed
samples (blanks) 2 and 4 were treated with boiling DI water for 2 h, which is known as a
hydrothermal treatment.5 Table (10-5) represents the conductivity values of the hot
pressed samples after hydrothermal treatment.

Table 10-5 Proton conductivity values after hydrothermal treatment for the hot
pressed samples

Sample

Temperature

RH (%)

(oC)

MW

Initial* proton

Final* Proton

(1000 g/mole)

conductivity

conductivity

(mS/cm)

(mS/cm)

2

210

20

80

35

80

4

210

40

80

25

65

* liquid water, 30 oC.
For both Samples 2 and 4, conductivity values increased after hydrothermal treatment. In
other words, the hydrothermal treatment produced a different morphology that facilitated
the transport process as compared the samples’ pre-treatment morphology. Although it is
difficult to conclusively comment on the reestablishment of the morphology, it is evident
that the decrease in conductivity was due to a morphology effect rather than a
degradation effect.
The guidelines for fabricating MEAs can be summarized as follows:
•

The MEA should be fabricated at a temperature close to the hydrated glass
transition temperature of the copolymer, which is a function of both water content
and molecular weight.

•

If the processing temperature is too far below the hydrated Tg, the electrodes will
not bind properly to the membrane and conductivity will be lowered.

•

If the processing temperature is well above the hydrated Tg, the copolymer could
undergo a morphological change that may lower its proton conductivity.
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10.4

Conclusions

BPSH-35 random copolymers with a molecular weight of 80,000 g/mole were
synthesized. The membranes were hot pressed both with (MEA) and without (blanks)
electrodes over a matrix of experimental conditions varying in water content and
temperature. The glass transition temperature or the flow temperature of the copolymer
decreased with increasing water uptake, which impacted the bonding temperature of the
MEA.

Proton conductivity values determined both for the blanks and the MEAs

decreased with both increasing water content and the temperature of the fabrication
process.

Processing the membranes at a temperature much higher than the flow

temperature, may result in morphological changes and/or relaxation within the
copolymer. Thus, MEAs should be fabricated at a temperature close to the hydrated glass
transition temperature of the copolymer, which is a function of both water content and
molecular weight.
The authors would like to thank UTC Fuel Cells (#PO3561) for their support.
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Abstract
Over the last few years, our group has been synthesizing thermally and
oxidatively stable sulfonic acid group containing poly(arylene ether sulfone) copolymers.
The chemical structures and sequence distributions were varied to synthesize random,
crosslinked and more recently the multiblock copolymers.

The proton exchange

membrane properties for the copolymers were characterized to develop concepts for
establishing structure/property relationships between the functionality of the polymer
backbone, the states of water, and the membrane transport. Experimentally determined
water and proton transport data were successfully modeled to existing mathematical
equations, regardless of the chemical nature of the copolymers. A relationship between
transport properties and the volume fraction of the hydrophilic phase was established.
This study led to the synthesis of copolymers with improved performance, particularly
under partially hydrated conditions.

Multiblock copolymers with phase separated

morphology showed the best promise as next generation PEMs.
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11.1

Introduction

Over the last two decades, proton exchange membrane based fuel cells (PEMFCs)
have shown great promise in automotive applications as environmentally friendly
alternatives to the internal combustion engine. 1-4 Significant research on PEMFCs were
conducted by national and industrial research laboratories, by universities, as well as by
automotive companies.5,6 The major challenges associated with commercializing fuel
cells are cost, the durability of the Pt electrodes, hydrogen storage and the need for
improved performance from the polymeric membranes.7 The McGrath research group
has been principally involved with developing polymeric membranes with improved
performance capabilities.1 There are three major criteria for achieving improved PEM
performance: (1) high proton conductivity under partially hydrated conditions and both
sub-ambient and high temperatures; (2) reduced swelling-deswelling characteristics, and
(3) low fuel or gas crossover.

For the last five to six years, our group has been

synthesizing wholly aromatic hydrocarbon based disulfonated poly(arylene ether
sulfone)s as candidates for proton exchange membranes.8-13 The rigid aromatic chemical
backbone reduced fuel permeability significantly when compared to the commercially
available membrane, Nafion®.14 An earlier aspect of our research targeted the synthesis
of random copolymers, where the sulfonic groups were distributed statistically
throughout the copolymer backbone. The properties of the random copolymers were
optimized by varying the chemical composition or the ion exchange capacity (IEC), as
well as the chemical structure of the backbone.12 Improved fuel cell performance under
fully hydrated conditions, both for H2 /Air and direct methanol fuel cells (DMFC) was
achieved.15 However, the isolated random hydrophilic domain morphology resulted in a
drop in performance under partially hydrated conditions. However, by tailoring the
morphology from a random architecture to a chemically phase separated multiblock
copolymer,

improved

conditions.16-18

the

performance

significantly

under

partially

hydrated

Unlike random copolymers, where phase separation between

hydrophobic and hydrophilic domains occurs principally at higher ionic content and is
water assisted, phase separation in multiblock copolymers occurs chemically.

The

multiblock copolymers consisted of both hydrophobic and hydrophilic blocks. The phase
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separation between the blocks is a function of the molecular weight of the individual
blocks and the difference between the hydrophobicity and hydrophilicity of the individual
blocks. AFM and TEM studies revealed the formation of chemically phase separated, cocontinuous, ordered hydrophobic and hydrophilic domains in the multiblocks.19
Significant research has more recently been directed at designing ion containing
multiblock copolymers with improved PEM performance characterstics.16,

20-23

Our

group has been involved in synthesizing thermally stable multiblock copolymers with
varying chemical structures and compositions, ranging from highly fluorinated, to
partially fluorinated, to hydrocarbon-based block copolymers.19,

24-28

The hydrophilic

segments in all these cases were kept same.
Regardless of the nature of the backbone, transport properties scaled with the
block lengths of the copolymers. An increase in block length for a given series of block
copolymers with the same ionic concentration was associated with increase in the selfdiffusion coefficients of water and improved proton conduction under partially hydrated
conditions. The continuous hydrophilic domains reduced the morphological barrier for
transport even at low water content. Under fully hydrated conditions, proton conductivity
and water uptake were found to be a function of the volume fraction of the hydrophilic
phase.29 However, also it was demonstrated that by synthesizing unequal block length
materials, water uptake could be reduced without sacrificing proton conductivity.16 For
DMFC applications, the block copolymers showed very low methanol permeability and
very high selectivity.30 Hence, these materials are highly selective for both H2/Air and
DMFC systems. The states of water for multiblock copolymers were also investigated.
Under similar ionic content, free water content increased with increasing block length.29
Tightly bound water content was found to be higher compared to that of the random
copolymers, which is critical in addressing both low and high temperature proton
transport.
The main objective of this paper was to develop novel structure–property
relationships applicable to all the random and multiblock copolymers studied in our group
to date. By relating important transport properties with a copolymer’s structural/physical
properties, one can understand key parameters that control overall performance. The
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major structural variables studied in these multiblock copolymers were block length, ion
exchange capacity, and the chemical composition or the structure of the hydrophobic unit.
Three different series of both multiblock and random copolymers were chosen for
this study. For the multiblocks, the ratio of individual block lengths was varied to afford
both equal and unequal block length materials. The IEC was varied over a wide range by
fluctuating the molar fraction of the hydrophilic block with respect to the hydrophobic
block. The chemical structure of the hydrophobic blocks varied from fully hydrocarbon
(BPSH-BPS, BPSH-PI) to partially fluorinated (BPSH-BisSF).

For the random

copolymers, the major structural variables were IEC and the chemical composition of the
backbone. The IEC was varied by altering the molar fraction of the sulfonic acid units in
the copolymers. The chemical structure was varied by changing the nature of the biphenol
unit (BPSH-xx), the hydroquinone (HQSH-xx), and the 6F bisphenol (6FSH-xx). The
structures of all the multiblock and random copolymers investigated in this study are given
in Figure (11-1).
All these structural variables influence strongly phase separation characteristics of
the hydrophobic and hydrophilic domains in these ion containing copolymers. The extent
of phase separation correlates with the volume fraction of water or more precisely the
volume fraction of the associated hydrophilic phase.

This knowledge, coupled with

various transport property measurements and states of water experimental results, will
elucidate the novel structure property relationships for proton exchange membranes,
leading to the synthesis of materials with improved properties.
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11.2

Experimental

11.2.1 Copolymers studied
The random copolymers evaluated for this study include BPSH-xx9, HQSH-xx16
and 6FSH-xx12. For the BPSH-xx, BP refers to the biphenol, S corresponds to the
sulfone, H for the acid form, and xx indicates the degree of disulfonation. For the
HQSH-xx and 6FSH-xx materials, HQ and 6F represent the hydroquinone and 6F
bisphenol, respectively. The degree of disulfonation was varied over a wide range to
vary the IEC. The multiblock copolymers considered were BPSH-BPS(x:y)31, BPSHPI(x:y)19 and BPSH-BisSF(x:y)27.

The BPSH with 100% degree of disulfonation

represents the hydrophilic block with a molecular weight of x kg/mole. The BPS, PI, and
the BisSF correspond to the hydrophobic blocks of the three multiblock copolymers with
molecular weights of y kg/mole. Individual block lengths and IEC were varied. The
chemical structures and physical properties are provided in Figure (11-1) and Table (11-1
and 11-2), respectively. The synthesis of all the copolymers was previously reported, and
Nafion® 112 was purchased from Electrochem Inc. and used as received.

11.2.2 Characterization properties
The measurement techniques and all the data in this paper have been reported
elsewhere, as listed for the following materials: HQSH-xx,16 BPSH-xx,9, 32 6FSH-xx,12
BPSH-BPS (x:y),31, 32 BPSH-PI(x:y)18, 19 and BPSH-BisSF(x:y).17, 27
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Table 11-1 Summary of the physical properties of random copolymers

Water

Water

uptake

volume

(mass %)

fraction

1.9

19

0.33

1.4

2.4

160

0.78

1.6

1.3

2.1

83

0.52

HQSH-25

1.4

1.3

1.8

60

0.42

HQSH-20

1.2

1.3

1.5

29

0.27

BPSH-50

2.1

1.4

3.0

232

0.77

BPSH-40

1.7

1.4

2.4

60

0.45

BPSH-35

1.5

1.3

2.1

37

0.33

BPSH-30

1.3

1.3

1.7

22

0.22

BPSH-20

1.1

1.3

2.7

16

0.15

6FSH-50

1.6

1.6

2.5

100

0.62

6FSH-40

1.3

1.5

2.0

34

0.34

6FSH-35

1.1

1.5

1.7

20

0.23

6FSH-30

1.0

1.5

1.4

16

0.19

6FSH-20

0.9

1.4

1.3

10

0.12

IEC

Density

IEC

(meq/g)

g/cc

(meq/cc)

Nafion 112

0.9

2.1

HQSH-35

1.8

HQSH-30

Sample
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Table 11-2 Physical properties of multiblock copolymers

Sample

IEC
(meq/g)

Density
g/cc

IEC
(meq/cc)

Water
uptake
(mass %)

Water
volume
fraction

BPSH-BPS(3:3)
BPSH-BPS(5:5)
BPSH-BPS(10:10)
BPSH-BPS(15:15)
BPSH-BPS(10:5)
BPSH-BPS(15:10)
BPSH-BPS(20:15)
BPSH-PI(5:5)
BPSH-PI(5:10)
BPSH-PI(5:20)
BPSH-PI(10:10)
BPSH-PI(10:15)
BPSH-PI(10:20)
BPSH-PI(15:10)
BPSH-PI(15:15)
BPSH-PI(15:20)
BPSH-PI(20:15)
BPSH-PI(20:20)
BPSH-BisSF(12:17)
BPSH-BisSF(12:17)
BPSH-BisSF(12:17)
BPSH-BisSF(16:25)
BPSH-BisSF(16:25)
BPSH-BisSF(16:25)
BPSH-BisSF(15:20)
BPSH-BisSF(10:15)
BPSH-BisSF(15:15)
BPSH-BisSF(8:10)
BPSH-BisSF(5:5)

1.3
1.4
1.3
1.4
1.8
1.7
1.7
1.6
1.1
0.8
0.5
1.6
1.2
0.9
1.8
1.6
1.1
1.7
1.5
1.3
1.1
1.5
1.3
1.1
1.3
1.3
1.3
1.3
1.3

1.3
1.5
1.4
1.2
1.6
1.5
1.4
1.6
1.6
1.6
1.5
1.6
1.6
1.5
1.5
1.5
1.5
1.4
1.6
1.7
1.7
1.6
1.6
1.6
1.7
1.6
1.5
1.6
1.6

1.7
2.0
1.8
1.6
2.8
2.6
2.4
2.6
1.7
1.2
0.8
2.6
1.9
1.3
2.7
2.3
1.7
2.5
2.3
2.1
1.9
2.3
2.1
1.8
2.2
2.1
2.0
2.1
2.1

30
33
60
83
100
90
70
55
23
15
12
70
40
25
156
85
38
97
40
40
25
48
40
24
26
47
78
52
31

0.28
0.32
0.45
0.50
0.61
0.58
0.49
0.47
0.26
0.19
0.15
0.53
0.39
0.27
0.70
0.56
0.37
0.58
0.38
0.40
0.30
0.43
0.39
0.28
0.31
0.43
0.54
0.45
0.33
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11.3

Results and Discussion

11.3.1 Water absorption
The characteristic of note for hydrophilic copolymers is water absorption. Water
residing within the hydrophilic domains increases phase separation and plays critical role
in proton conduction. Water uptake on a mass basis was determined for all the multiblock
and random copolymers. The water volume fraction of these copolymers was obtained
from the density of the copolymers, as shown in Equation (11-1).33
⎛
M H 2O / ρ H 2O
⎜ M H O / ρ H O + EW / λρ ionomer
2
2
⎝

φ =⎜

[

]

⎞
⎟
⎟
⎠

Equation 11-1

A water volume fraction can be approximated to the associated hydrophilic
volume fraction as reported earlier.34 IEC and block lengths are the two major variables
influencing water uptake. Figure (11-2) plots water volume fraction as a function of IEC
for all the random and multiblock copolymers noted in the experimental section.
Throughout this paper, multiblock data are represented by filled points and random
copolymer data by unfilled points. The multiblock copolymers were sub-categorized
according to either block length or the individual molecular weight of the blocks. The
individual blocks with a molecular weight of less than 5000g/mole are labeled as shorter
blocks; whereas blocks with molecular weights higher than 5000g/ mole are labeled as
longer blocks.

Volume fraction of water or hydrophilic phase
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Figure 11-2 Influence of PEM microstructure on water absorption behavior

For both the multiblock and random copolymers, water absorption—or more
precisely the volume fraction of the hydrophilic phase—increased with increasing IEC.
At a given IEC, the higher block length multiblocks possessed higher volume fraction of
water or hydrophilic phases. This was particularly evident for the lower IEC materials.
Hence, at a given ionic content and irrespective of chemical structure, the multiblocks
phase separated to a greater extent than the random copolymers. Interestingly, the two
fitted lines tended to converge at higher ionic concentrations. The presence of a higher
concentration of ionic groups influenced the sequence distribution in the random
copolymers towards a microstructure similar to the multiblock copolymers.
The multiblock copolymers, featuring shorter block length hydrophobic and
hydrophilic units, displayed water sorption characteristic similar to the random
copolymers, which indicated a similar morphological structure.

In such cases, the

molecular weights of the individual blocks were not long enough to induce higher phase
separation.
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11.3.2 Water transport
Morphological studies using AFM and TEM techniques are widely used to study
the morphology of PEMs. However, even though these techniques provide a useful
overview of morphology, they fail to quantify or characterize the extent of connectivity
between the hydrophilic domains. Understanding the influence of chemical composition,
structure and sequence distribution on the extent of connectivity between the hydrophilic
domains can provide a better picture of how the chemical nature of a phase separated
copolymer influences its transport properties.

Measuring water transport within the

hydrophilic domains is definitely one of the more useful approaches.
The self-diffusion coefficient of water is an intrinsic water transport property
which is related exponentially to the available free volume in the copolymer (Vt), as
shown in Equation (11-2) below.35

⎛V * ⎞
D∞ exp− ⎜⎜ ⎟⎟
⎝ Vt ⎠
Vt ∞φ

Equation 11-2

The free volume (Vt) was approximated to the volume fraction of the solvent, or
in this case, the water (φ). The self-diffusion coefficient of water for each copolymer was
determined using PGSE NMR techniques at 25 oC under fully hydrated conditions.
Figure (11-3) represents the semi log plot of the self-diffusion coefficients of water vs.
the reciprocal of the volume fraction of water. Over 50 different samples varying in
chemical composition, structure, functionality of the backbone, and microstructure were
considered. The experimental data was modeled to Equation (11-2) and a linear fit was
obtained. At a given water volume fraction (i.e., by normalizing the water content
effect), a higher self-diffusion coefficient value signifies greater phase separation or a
better connectivity between the hydrophilic domains.

The multiblock copolymers

showed much higher diffusion coefficient values than the random copolymers and it is
true over a wide range of water volume fractions. The region above the fitted line can be
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assigned to the materials with a facilitated morphology, while the region below

-6 2
Self-Diffusion Coefficient of water (10 cm /s)

corresponds to materials with a restricted morphology.
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Figure 11-3 Self-diffusion coefficients of water scale with the volume fraction of
water

The influence of the chemical structure on transport was also investigated. The
BPSH-BisSF multiblocks (filled circles) consist of partially fluorinated hydrophobic
blocks, in contrast to the fully hydrocarbon BPSH-BPS (filled triangles) and the BPSH-PI
(filled squares) multiblocks. The presence of fluorine in the structure was expected to
increase the hydrophobicity, and thus the extent of phase separation. This is reflected in
the high diffusion coefficient values for the BPSH-BisSF system when compared to the
other multiblocks at a given water content. Similarly, among the random copolymers, the
6FSH-xx copolymers showed improved transport properties in comparison to the
hydrocarbon systems.
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11.3.3 Proton transport

Proton flux for ion containing polymers can be described by the Nernst Plank
equation,34
⎛ ∇C p
F∇ψ
− j p = DpC p ⎜
+ zp
⎜ C
RT
⎝ p

⎞
⎟
⎟
⎠

Equation 11-3

where jp is the proton flux, Cp is the concentration of the protons, Dp is the
diffusion coefficient of the protons, zp the proton charge, Ψ the electrostatic potential, R
the gas constant, and F the Faraday constant. For a membrane with a constant thickness
and a proton charge of +1, proton flux can be related to proton conductivity (σ).

σ ∝ j p ∝ D pC p

Equation 11-4

Thus, proton conductivity is a function of both the concentration and diffusion coefficient
of the protons. While the concentration value is governed by the ionic composition of the
copolymer, the diffusion value is dependent on structure or morphology.

σ = f (C , D )

Equation 11-5

In case of random copolymers, proton conductivity—particularly under fully
hydrated conditions—corresponded to the ion exchange capacity or the concentration of
the ionic groups.16 For the multiblocks, however, proton conductivity corresponded to
both block length and IEC. Under similar IEC values, proton conductivity has been
found to increase with increasing block length. The following percolation model was
used to model our experimental data (measured at 30 oC in liquid water). The percolation
model relates the transport of a species within a porous network to the volume available
for transport.
equation.34

Mathematically, the percolation model is given by the following
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γ
σ
α (φ1 − φc )
σ0

Equation 11-6

D

where, σ is the proton conductivity, σ0 is the intrinsic proton conductivity, Φ is the total
free volume of the system which can be related to the water volume fraction, Φc is the
critical volume fraction, and γ is the ideality factor. The critical volume fraction is
related to the minimum volume fraction needed for transport to take place. Using this
relationship, the experimental proton conductivity data for both the random and
multiblock copolymers were modeled in a power law relationship with the volume
fraction of water (Fig. 11-4).
0.4

Proton Conductivity (S/cm)
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Figure 11-4 Proton conductivity measured in liquid water at 30 oC as a function of
the volume fraction of water

This relationship allows one to compare the proton transport of different PEMs
based on a single normalized physical property. For example, multiblocks with a better
phase separated morphology showed higher proton conductivity than random copolymers
over a wide range of water volume fraction. Similar to the water transport, presence of
fluorine in the chemical backbone influences the proton transport also. BPSH-BisSF
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having partial fluorination displayed highest proton conductivity among the multiblocks.
One should also note that there was a subtle difference in the dependence of proton
conduction on the volume fraction of water for the multiblock vs. the random
copolymers.

Particularly at higher water volume fraction levels, proton conduction

decreases for the random copolymers, whereas a modest increase was observed in the
case of the multiblocks. As discussed earlier, proton conductivity is a function of both
effective charge concentration and proton diffusivity.

Our investigation of these

variables as a function of the volume fraction of water was useful in explaining this
relationship.

Figure (11-5) represents the plot of effective proton concentration vs.

volume fraction of water. The proton concentration was varied by studying copolymers
with varying IECs. The data is a representation of more than 50 different samples.
Although the data is scattered, one can note that the effective proton concentration goes
through a maxima for both the multiblock and random copolymers. At higher water
volume fractions, the effective proton concentration decreases as the copolymer absorbs
increasing amounts of water. A decrease in proton concentration is expected to decrease
proton conductivity, especially when the concentration value is the dominant variable.
1.7
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Random Copolymers
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Figure 11-5 The effective proton concentration in PEMs decreases at higher water
content
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The proton diffusivity was calculated using the Nernst equation,33 and ploted as a
function of the reciprocal of the volume fraction of water (Fig. 11-6). At a higher volume
fraction of water (lower 1/Φ), the diffusivity of the random copolymers was significantly
lower than that of the multiblock copolymers. Hence, at high water volume fraction, the
proton concentration term was identified as the dominant variable for the random
copolymers, resulting in a decrease in proton conductivity. In contrast, in multiblocks, a
comparably higher proton diffusivity offsets the decreasing protonic concentration trend
and maintains the overall proton conductivity.

Hence, the multiblock copolymer

morphology allows one to maintain high proton conductivity even at high water content.
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Figure 11-6 Multiblocks display higher proton diffusivity than the random
copolymers at a given volume fraction of water

Proton conduction under partially hydrated conditions had been extensively
studied for the multiblock copolymers. In general, performance under partially hydrated
conditions scaled with increasing block length, with significant improvements achieved
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compared to the random copolymers.

Nanophase separation, e.g., the extent of

connectivity between hydrophilic domains, is a function of block length, which lowers
the morphological barrier for transport. As a component of this study, we investigated
the extent to which nanophase separation correlated with improved performance. The
extent of phase separation in non ionic block copolymers is identified by the product of
two terms—the molecular weight of the individual blocks (N) and the Flory Huggins
interaction parameter (χ ).36 Significant phase separation in the strong segregation limit
is predicted when the product is > 10.5.
χN >10.5

Equation 11-7 36

On one hand, phase separation depends strongly on the molecular weights of the
individual blocks. As discussed ealier, when block lengths was increased to 10,00015,000 g/mole, a significant improvement in the properties of the copolymers were
observed. Further increases in block length, however, increased water swelling and
reduced performance due to swelling-deswelling issues.
On the other hand, the enthalpy term (χ parameter) which is a measure of the
chemical dissimilarity between two blocks, controls the sharpness of phase separation
also. For ion containing multiblock copolymers, it is difficult to estimate this parameter
quantitatively. However, qualitatively it can be related to the difference between the
hydrophobicity and hydrophilicity of the individual blocks. Hydrophilic blocks being
kept same for all the multiblocks, the chemical structure of the hydrophobic unit only
influenced the χ parameter. The influence of the hydrophobicity (i.e., the chemical
structure of the hydrophobic blocks) on proton conductivity under partially hydrated
conditions at 80 oC was studied, as shown in Figure (11-7).

Proton Conductivity (mS/cm)
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Figure 11-7 Influence of multiblock chemical structure on proton conduction under
partially hydrated conditions at 80 oC

The multiblock copolymers chosen for this study were of high block lengths and
similar IECs (1.4-1.5 meq/g).

The fully hydrocarbon based BPSH-BPS(10:10) and

BPSH-PI(15:15) copolymers showed similar behaviors under partially hydrated
conditions. Significant improvements in performance were observed for the BPSHBisSF(15:15) multiblocks.

The partially fluorinated hydrophobic unit demonstrated

increased hydrophobic characteristics compared to the hydrocarbon systems.

This

influenced the χ parameter, resulting in a possible increase in the sharpness of phase
separation. This is consistent with the observed improvement in the water and proton
transport properties of this particular multiblock under fully hydrated conditions. Hence,
apart from tailoring the block lengths, altering the χ parameter or the chemical structure
of the blocks, influences the sharpness of phase separation.

This knowledge will

contribute significantly in synthesizing new materials with improved performance
characteristics.
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11.3.4 States of water

As reported, there are at least three states of water that have been associated with
water residing within the hydrophilic phases of a polymer.11 The presence of these three
states can be defined by their thermal properties. Non-freezing bound water is strongly
associated with the polymer and depresses its Tg, but the water shows no melting
endotherm as seen by differential scanning calorimetry (DSC). Freezable bound water is
weakly bound to the polymer (or weakly bound to the non-freezing water), and displays
broad melting behavior around 0 °C. Free water exhibits a sharp melting point at 0 °C.
The states of water for the multiblocks and the random copolymers were characterized
and quantified using DSC, NMR relaxation and TGA methods as reported earlier.37 A
strong relationship between the states of water and transport properties was revealed. In
this paper, the nature of the distribution of the three types of water was investigated as a
function of chemical composition and the microstructure of the copolymers and is related
to their performance. Figure (11-8) represents the distribution of the three type of water
on a percentage basis within the BPSH–xx

11

random copolymers, the BPSH-PI and

BPSH-BPS multiblock copolymers, and Nafion® 112. The ion exchange capacity of the
random copolymers was varied whereas it was kept similar for the multiblocks. Thus,
block length was the only variable in the multiblock system. The tightly bound water for
the random copolymers was independent of any observed changes in IEC, and similar to
the multiblock copolymers, independent of block length.
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Figure 11-8 Distribution of different states of water in the PEMs as a function of the
copolymer morphology and chemical compositions

For the random copolymers, free water was shown to develop after a particular
ionic concentration. In spite of the constant IEC in the multiblock systems, free water
developed as a function of increasing block length or morphology. The sharpness of the
phase separation influenced free water content. The BPSH 40 random copolymer and the
BPSH-BPS (10:10) multiblock copolymer displayed similar total water contents of 60%.
However, the difference in chemical microstructure or morphology changed the
distribution of the three types of water in the copolymers. Interestingly, Nafion®112 and
the BPSH-BPS (10:10) displayed similar distributions of the three types of water, which
indicated their similar morphological structure. This finding is reflected in the fact that it
was possible to achieve very similar proton transport performance between the two over a
wide range of hydration levels.
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11.4

Conclusions

Novel structure-property relationships of transport properties with polymer
physical properties were achieved for all the random and block copolymers. At a given
ionic content, the extent or sharpness of phase separation controlled water absorption
behavior.

The self-diffusion coefficients of water were modeled to an exponential

relationship with the inverse of the volume fraction of water.

Proton conductivity

followed a power law dependence on the volume fraction of water or the hydrophilic
phase. At a given volume fraction, the block copolymers displayed both higher selfdiffusion coefficients of water and improved proton conductivity as compared to the
random copolymers. This improvement in transport properties indicates the presence of a
desirable morphological structure for the block copolymers.
In proton exchange membranes, a tradeoff between the effective proton
concentration and the volume fraction of water was observed. For both the random and
multiblock copolymers, the effective proton concentration decreased at higher volume
fractions of water.

Because proton conductivity is both a function of proton

concentration and diffusivity, it was shown to decrease for the random copolymers at
higher water content. In contrast, the high proton diffusivity values for the multiblocks
compared to the random copolymers resulted in increased proton conductivity even at
high water content.
The extent of phase separation in multiblock copolymers is known to be a
function of both the molecular weight of the individual blocks, as well as the
hydrophobicity-hydrophilicity differences between the two blocks. Increasing either the
block length or the hydrophobicity of the hydrophobic block resulted in significant
improvements in proton transport under partially hydrated conditions.

Nanophase

separation (i.e., the extent of connectivity between hydrophilic domains) lowers the
morphological barrier for transport. This highlights the importance of morphology on
transport.
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The states of water analyses showed a strong dependence of the distribution of the
three types of water on the ion content and morphology of the copolymers. For the
random copolymers, the formation of free water in the system occurred after reaching a
certain ionic content. While for the block copolymers, in spite of having similar IECs,
free water developed with increasing block length. The distribution of the states of water
was found to be a function of the microstructure or the sequence distribution of the
hydrophobic and hydrophilic segments. The multiblock copolymers consist of sulfonic
acid groups attached to an aromatic hydrocarbon backbone. In contrast, Nafion® contains
perflurosulfonic acid groups in a side chain. In spite of these chemical dissimilarities, the
co-continuous morphology for the multiblocks allowed a similar distribution in the states
of water as seen for Nafion®. Interestingly, the performance of the block copolymers
(having higher free water content) under partially hydrated conditions equals to that of
Nafion®, which is significantly better than the performance of random copolymers. It can
be concluded that tailoring the microstructure of an aromatic hydrocarbon copolymer
enables a favorable distribution of the three types of water, which improves proton
conduction under partially hydrated conditions.
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12.0 Suggested Future Research

12.1

Scope

The novel structure property relationships investigated during the course of this
research highlight the importance of a phase separated morphology in achieving
improved PEM performance. Initially, the acidity of a proton exchange membrane was
considered to be the most important criterion for achieving high proton conductivity.
However, the current research underscores the importance of the extent of connectivity
between the hydrophilic domains as the major factor in controlling proton transport,
particularly under partially hydrated conditions. The research also identified important
PEM properties that need to be addressed in synthesizing new materials. For example,
the copolymer should have a facilitated morphological structure that promotes both water
and proton transport. Quantitatively, the self-diffusion coefficient of water should be in
the favorable morphological region as mentioned Figure (11-3).

The relationships

between the self-diffusion coefficients of water and the volume fraction of water can be
used as a modeling tool in predicting the extent of connectivity within hydrophilic
domains.
This study also pointed out the importance of low water uptake—or more
precisely, the significance of low water swelling. The proton concentration in the PEM is
a strong function of the water swelling. A reduced water uptake increases the effective
proton concentration.

In addition to enhancing performance, water swelling also

influences the overall durability of a PEM. Constraining the hydrophilic unit by physical
or chemical crosslinking can reduce swelling and improve the durability of a PEM.
In view of the fact that durability and fuel efficiency are essential in designing a
proton exchange membrane, low gas or fuel crossover are required. The copolymer
structure strongly influences fuel permeability as reported for both H2/Air and DMFC
systems.

In addition to the rigid polymeric backbone, the nature of the sequence
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distribution of the hydrophobic unit controls the permeability of gases and methanol
within the polymer matrix.
The distribution of different types of water within the copolymer also influences
PEM properties. Each type of water (i.e., strongly bound, loosely bound, and free) has its
own unique impact on the properties of a PEM. Thus, the proper balance of these three
types of water in a PEM is a function of the chemical composition and morphology of the
copolymer. By tailoring structural variables, the relative amount of the each type of
water can be varied, which in turn impacts properties.
The above-mentioned criteria can be achieved by synergistic research exploring
the synthesis and characterization of proton exchange membranes.

Some possible

approaches are discussed below.

12.2

Synthetic strategies

The primary objective of the proposed synthesis is to achieve both improved
phase separation and reduced water uptake for the copolymers in comparison to the stateof-the-art material, Nafion®. The research is based on the foundation developed for
multiblock copolymer chemistry. For ionic multiblock copolymers, phase separation was
found to be a function of both block length and the hydrophobicity-hydrophilicity
differences between the individual blocks.

Increasing the hydrophobicity of the

hydrophobic block through partial fluorination (BPSH-BisSF) resulted in significantly
improvement performance.

Specifically, increased hydrophobicity was expected to

increase the extent of phase separation. However, for all the multiblocks synthesized, the
hydrophilic block was kept the same. A change in the hydrophilicity of the hydrophilic
block is also expected to influence phase separation. Hydrophilicity can be controlled by
manipulating the ionic concentration in the hydrophilic block.
In our earlier study of the hydroquinone-based HQSH-xx random copolymers, a
higher ion exchange capacity was achieved with a same degree of disulfonation used for
our biphenol systems (BPSH). This is related to the difference in the individual molar

286
mass of the two bisphenol units. Hence, a HQSH-100 hydrophilic block will have a
higher IEC compared to a BPSH-100 hydrophilic block. This variable is expected to
alter the hydrophobicity-hydrophilicity differences in the block copolymers and
significantly improve phase separation. In addition, changing the hydrophobic unit from
a hydrocarbon to a partially fluorinated unit can be another important modification.
These two structural alterations are expected to greatly enhance phase separation and,
therefore, the desired properties for multiblock systems over existing systems. Besides
changing the bisphenol units in the polymeric backbone, the functional groups can also
be altered to add other structural variables. The ketone and sulfone are the variables as
functional groups.
The possible chemical structures of this proposed array of multiblock copolymers
are summarized in Figure (12-1), where X, Y and Z are the variables.
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Figure 12-1 Variation in chemical structures for the proposed multiblock
copolymers
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The sharpness of phase separation in the multiblock copolymers was associated
with increasing water uptake. As we documented, higher water uptake reduces proton
concentration and, hence, overall proton conductivity. Because transport is controlled by
the extent of phase separation, and proton concentration is controlled by water uptake,
maximizing both these factors will maximize overall proton conductivity. Water uptake
can be controlled to a certain extent by increasing the hydrophobic block length over the
hydrophilic block length.

This is analogous to physical crosslinking, whereby the

hydrophobic units constrain the hydrophilic blocks. However, there is a certain limit to
which the hydrophobic–hydrophilic block length ratio can be altered. A higher ratio
changes the morphological structure from a continuous to a discontinuous hydrophilic
domain morphology, thereby reducing performance.

Chemical crosslinking is an

alternative approach. By crosslinking the equal block length multiblock copolymers, one
may retain the ideal morphological structures, while at the same time reducing water
uptake. Recently, Riffle et al.1 have reported the synthesis of thermally stable epoxy–
crossslinked disulfonated poly(arylene ether sulfone) copolymers, which have shown
promise. For the random copolymers, the chemistry was established and significant
improvements in PEM selectivity were achieved.

Extending the chemistry for the

multiblocks is an approach for chemical crosslinking the ionic multiblocks.

Both

improved performance under partially hydrated conditions and reduced water swelling
can be achieved from the proposed crosslinked mutliblock copolymers.
We also proposed that introducing thermally stable crosslinking groups to the
polymer matrix would reduce the fuel permeability of the system. A significant reduction
in salt permeability was observed with increasing crosslinking density for the epoxy
crosslinked random copolymer systems.1 A similar influence of crosslinking on gas and
methanol permeability is also expected. In addition to rigid aromatic backbones, the
multiblock morphology and crosslinking are proposed to improve the durability of the
membrane by reducing both gas and methanol crossover.
We also confirmed that the states of water are a strong function of the ionic
content and morphology of the system. Specifically, free water content increased with an
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increasing extent of phase separation. Moreover, increased free water content increased
swelling and may reduce selectivity. By crosslinking, however, it was possible to reduce
the amount of free water in the system.

By effectively controlling the multiblock

morphology and crosslinking density, optimize distribution of the three types of water in
the copolymer can be achieved.
In summary, the synthetic principles we established show great promise for the
next generation of proton exchange membranes—especially since structural variables can
be synthetically tailored to achieve the desired properties.

12.3

Characterization

The synthesis of these materials will broaden the spectrum for further structureproperty relationship studies. Apart from the measurement techniques we discussed
herein, several new experimental designs can be proposed.

New characterization

techniques will be essential for further understanding the influence of chemical structures
on PEM properties. Over the several years, our group has been involved in microscopic
studies on the morphology of multiblock systems using AFM and TEM techniques. Both
of these microscopic techniques were successful in revealing the co-continuous
morphological structure of the hydrophilic-hydrophobic domains.

However, on a

quantitative scale, it was difficult to estimate the size of these domains. Small angle Xray diffraction studies will be valuable in assessing the size of these domains as a
function of the multiblock copolymer morphology. Water dynamic studies and the states
of water were examined using NMR relaxation techniques. It is expected, however, that
neutron scattering techniques will be useful in revealing further information about water–
polymer interactions.
In addition to this fundamental investigation, a number of important fuel cell and
electrochemical experiments are ongoing, including MEA fabrication and the evaluation
of fuel cell performance under low relative humidity and high temperature. Several of
these tests, in fact, have disclosed encouraging preliminary results.2 In conjunction with
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these fuel cell experiments, freeze-thaw cycling and low RH cycling experiments are
suggested to predict the lifetime and real-time performance of these membranes.
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List of Symbols
jp

Proton flux

Cp

Concentration of protons

Dp

Diffusion coefficient of protons

Zp

Protonic charge

Ψ

Electrostatic potential

R

Gas constant

F

Faraday

σ

Proton conductivity

A

Cross sectional area

Z’

Real impedance response

λ

Hydration number

A

NMR signal intensity

γ

Gyromagnetic ratio

δ

Length of gradient pulse

Δ

Time between gradient pulse

Δr

Mean square displacement

Deff

Effective self-diffusion coefficient of water.

H

Partition coefficient

Φ

Volume fraction of water
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