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AROMATIC NITRILE CONTAINING ION-CONDUCTING SULFONATED
POLYMERIC MATERIAL

Field of the Invention

[0001] The present invention is directed to ion-conducting, nitrile containing
sulfonated polymeric materials formed by the direct polymerization of sulfonated
monomers and aromatic nifrile monomers. These nitrile containing sulfonated
polymers may be used to form ion exchange membranes that have application in fisel
cell and ion exchange technologies.

Background of the Invention

[0002] Polymer electrolyte fuel cells (PEFCs) have great potential as an
environmentally friendly energy source. Fuel cells have been used in the space
program since the 1960°s, but recently §vith the focus on “green” resources, fuel cells
have come to the forefront of commercialization. Specifically, fuel cells are being
explored for use in automobiles,. electronics, and stationary power applications.

[0003] Perhaps the most critical component of the fuel cell is the prot(;n
exchange membrane (PEM). For the last 30 years, the industry standard for the PEM
component of the fuel cell has been Nafion® (polyperfluoro sulfonic acid) by DuPont.

[0004] The properties of Nafion® are dominated by its tetrafluoroethlene-
based backbone. Nafion® membranes display sufficient proton conductivity, good
chemical resistance, and mechanical strength. Some of the membrane’s
disadvantages include high cost, reduced conductivity at high temperatures (>80°C),
and high methanol permeability in direct methanol fuel cells.

[0005] Increasing the operation temperature of fuel cells is important for
several reasons. Firstly, higher operating temperatures in the fuel cell decreases the
carbon monoxide poisoning of the electrocatalyst. Carbon monoxide in

concentrations of a few parts per million can adversely affect performance. Secondly,
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higher temperatures increase reaction kinetics of hydrogen oxidation on the anode and
oxygen reduction on the cathode. However, as the temperature is increased, it
becomes more difficult tolkeep the membrane hydrated. Dehydrated membranes lose
ionic conductivity and result in poor contact between fuel cell components due to
shrinkage of the membrane. The challenge is to produce membranes not limited by
the temperature range of liquid water.

[0006] Because of the renewed interest in fuel cells and the challenge of high
temperature operation, new membrane materials have been explored as potential
replacements for Nafion®. Previous work has focused on sulfonated polystyrene,
styrene-butadiene block copolymers, or poly(arylene ether)s such as PEEK.
Typically, these polymers were all made by a post-sulfonation polymer modification
reaction where the sulfonic acid groups are attached to the already formed polymer
backbone.

[0007] Sulfonated poly (arylene ether sulfone)s made from post-
polymerization sulfonation reactions have been of interest since the pioneering work
of Noshay and Robeson, who were able to develop a mild sulfonation procedure for
the commercially available bisphenol-A based poly(ether sulfone). This approach
found considerable interest in the area of desalinization membranes for reverse
osmosis and related water purification areas. In the post-polymerization sulfonation
reaction, the sulfonic acid group is restricted to certain locations on the polymer
chain. In this example of the bisphenol A based systems illustrated as Structure 1, the
sulfonic acid group is almost always restricted to the activated position ortho to the
aromatic ether bond. Additionally for this system, only one sulfonic acid group per

repeat unit is typically achieved.

PCT/US2004/008398
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[0008] Structure 1.

0
|

|
J[o—@x avs

o}
Activated Ring SOzH

Summary of the Invention

5 [0009] Accordingly, the present invention may include a sulfonated
copolymer including an aromatic nitrile, the copolymer having a glass transition
temperature of at least about 200°C, a proton conductivity of at least about 0.10 S/cm
at 90°C, and is thermally stable in air up to 1 hour at about 300°C.

[0010] In other embodiments in the invention may include a sulfonated

10 copolymer having the following structure:

CF3 CN CF3 Q
o Yo aOsnWanUs -
CF3 . CF3 (0]
m

MO3S S05M

wherein the mole ratio of m:n ranges from about 0.9 to about 0.1; and wherein
M is selected from the group consisting of H, a metal cation, and an inorganic cation.
15 [0011] In still other embodiments, the invention may include a proton
exchange membrane comprising a nitrile containing sulfonated copolymer having the

following structure:
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O=0=0
[

HO,S SOzH

wherein the mole ratio of m:n ranges from about 0.9 to about 0.1.

[0012] Still further, the invention may include a method for making a nitrile
containing sulfonated copolymer comprising the step of reacting an activated aromatic
sulfonated monomer having at least one sulfonate group and having at least two
leaving groups, an aromatic nitrile comonomer having at least two leaving groups,
and bisphenolic type comonomer to form a nitrile containing sulfonated polymer.

[0013] The invention may also include a nitrile containing sulfonated

copolymer having the following structure:

Ao DO E o DO

MO;S SO3M

wherein A is selected from the group of an aromatic hydrocarbon and a
heterocyclic hydrocarbon; Y is selected from the group consisting of -S-, -S(0)-,
-8(0),-, -C(0)-, and -P(O)(CeHs)~; Z is selected from the group consisting of a direct
carbon-carbon single bond between the phenyl groups, -C(CHs),-, -C(CF3)2-,
-C(CF3)(CgHs)-, -C(0)-, -S(O),-, and P(O)(CsHs)-; the mole ratio of m:n ranges from
about 0.9 to about 0.1; and M is selected from the group consisting of H, a metal
cation, and an inorganic cation.

[0014] Still further, the invention may include a proton exchange membrane

containing sulfonated copolymer having the following structure:
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(I'JN
o e BN o OO O
HO,S SO3H

m n

wherein A is an aromatic hydrocarbon; Y is selected from the group consisting
of -8-, -8(0)-, -S(0),-, -C(0)-, and -P(0)(C¢Hs)-; Z is selected from the group
consisting of a direct carbon-carbon single bond between the phenyl groups,
-C(CH3)2-, -C(CF3)2-, -C(CF3)(CéHs)-, -C(0O)-, -S(O)2-, and P(O)(C¢Hs)-; and the
mole ratio of m:n ranges from about 0.9 to about 0.1.

[0015] The invention may also include a method for making a nitrile
containing sulfonated copolymer comprising the step of reacting an activated aromatic
sulfonated monomer having at least one sulfonate group and having at least two
leaving groups, an aromatic nitrile comonomer having at least two leaving groups,
and a mixture of at least two different bisphenolic type comonomers to form a nitrile
containing sulfonated polymer.

Brief Description of the Drawings

[0016] Figure 1 is plot of DSC curves of sulfonated hexafluoro poly(arylene
ether nitrile) copolymers in the acid form.

[0017] Figure 2 is a plot of TGA curves in air of sulfonated hexafluoro
poly(arylene ether nitrile) copolymers.

[0018] Figure 3 is a plot of water uptake (wt%) versus time for sulfonated
hexafluoro poly(arylene ether nitrile) copolymers.

[0019] Figure 4 is a plot of water uptake (wt%) versus mole % sulfonation for

sulfonated hexafluoro poly(arylene ether nitrile) copolymers.
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[0020] Figure 5 is a plot of mole % sulfonation versus proton conductivity for
sulfonated hexafluoro poly(arylene ether nitrile) copolymers.

[0021] Figure 6 is a plot of proton conductivity versus calculated IEC values
for different sulfonated poly(arylene ether nitrile) copolymers.

[0022] Figure 7 is a plot of proton conductivity versus temperature for a 35
mole% sulfonated hexafluoro poly(arylene ether nitrile) copolymer.

[0023] Figure 8 is a plot of proton conductivity versus % relative humidity for
the 20, 30, 35, and 45 mole % sulfonated hexafluoro poly(arylene ether nitrile)
copolymers.

Detailed Description of Embodiments of the Invention

[0024] Ion-conducting, nitrile containing sulfonated polymeric materials are
formed by the direct polymerization of sulfonated monomers and aromatic nitrile
monomers. Many of these nitrile containing sulfonated polymers exhibit a glass
transition temperature of at least about 200°C, a proton conductivity of at least about
0.10 S/cm at 90°C, and is thermally stable in air for 1 hour at 250°C. These‘polymers
may be used to form membranes that have application in fuel cell and ion exchange
technologies. In particular, the membranes may be used in hydrogen, direct methanol,
reformate, and other direct oxidation fuel cells. By using sulfonated monomers in the
polymerization process, the concentration of sulfonated monomers may be varied
with respect to a given comonomer to control the concentration of sulfonate groups in
the resulting copolymer.

[0025] Further, by using sulfonated monomers, control over the location of the
sulfonate group on the polymer is also achieved. For example, as was illustrated in
Structure 1, the post-polymerization sulfonation of the bisphenol A poly(ether

sulfone) results in the sulfonation of the activated ring. By starting with the

PCT/US2004/008398
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sulfonated sulfone, followed by direct polymerization, sulfonation is maintained on
the deactivated ring, as shown in Structure 2 below. By controlling the concentration
and location of sulfonate groups in the polymer, various properties of the resulting
membrane, such as conductivity and water content, may be controlled. Direct
polymerization of sulfonated monomers allows for well-defined ion conductor
locations, high protonic conductivity, and enhanced stability over polymer
electrolytes synthesized by post-sulfonation reactions.

[0026] Structure 2.

OO

HO3S Deactivated Ring
[0027] As used herein, "sulfonate" or "sulfonated" refers to a sulfonate group,

SO4H

N=0

i.e., -SOs, either in the acid form (-SOsH, sulfonic acid) or the salt form (-SOsM).
The salt form may in the form of a sodium salt or other metal, inorganic, or organic
cation.

[0028] Further, the term "polymer" is used broadly and includes
homopolymers, copolymers, and block copolymers.

[0029] Many different types of polymers may be formed in accordance with
the present invention. Control over the concentration and location of the sulfonate
groups on the polymer may be achieved by using the appropriate sulfonated monomer
in conjunction with one or more suitable comonomers. Specific examples of the types
of polymers include, but are not limited to, polysulfones, polyimides, polyketones,
and poly(arylene ether phosphine oxide)s.

[0030] For fuel cell applications, it is important that the proton exchange

membrane of the fuel cell be conductive and have good mechanical strength.

PCT/US2004/008398
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Aromatic polymers, such as poly(arylene ether sulfone)s, typically have excellent
thermal and mechanical properties, as well as resistance to oxidation and acid
catalyzed hydrolysis. These properties typically improve when the number of
aliphatic units is decreased.

[0031] Generally, the invention is directed to an aromatic nitrile containing
sulfonated polymer. As will be discussed in more detail below, the aromatic nitrile
containing sulfonated polymer may be made by the direct polymerization of a
sulfonated activated aromatic monomer, an aromatic nitrile monomer, and a
bisphenolic type comonomer. The monomers may include activated halides and may
be in the dihalide or may include monomers in the dinitro form. Halides may include,
but are not limited to Cl, F, and Br.

[0032] The sulfonated activated aromatic monomer may be in the dihalide
form and may be prepared by sulfonation of the corresponding activated aromatic
dihalide by sulfonation method known to those skilled in the art. This sulfonated
activated aromatic dihalide may then be used in the formation of the sulfonated
copolymer. An example of a reaction scheme for forming an ion-conducting, nitrile

containing sulfonated copolymer is shown in Scheme 1 below.
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[0033] Scheme 1.

CN
CF3 cl cl o
CF4
NaQ3S o SO3Na
.160 C 4hrs NMF/Toluene Azeotrop
202 C 20hrs K5CO;3

/ CF3 CcN CFs
o~ L) A OsnUass
CF3 CF3
m

=0

O=W:

HO3S SOzH

[0034] Scheme 1 generally illustrates a reaction scheme involving the
polymerization of an aromatic nitrile monomer, a sulfonated activated aromatic
monomer, and a bisphenolic type comonomer.

[0035] The aromatic nitrile monomer may include a benzonitrile as shown in

10 Scheme 1 but may also have the general structure shown in Structure 3 below where
A is an aromatic or heterocyclic hydrocarbon, and may include, for example, C¢Hs,
CioHs, Ci2Hy and the like.

[0036] Structure 3. -

N
Cl—A—Cl

15
[0037] The aromatic nitrile monomer and the sulfonated activated aromatic
monomer each contain activated leaving groups. The activated leaving groups on the

aromatic nitrile monomer may be the same or may be different than the activated
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leaving groups for the sulfonated activated aromatic monomer. While the activated
leaving group shown in Structure 3 is Cl, the activated leaving group may include, for
example, a halide or nitro group. Halides may include, but are not limited to Cl, F,
and Br.

[0038] The sulfonated activated aromatic monomer has an activated group
that activates the leaving group on the sulfonated activated aromatic monomer and
may have the general formula shown in Structure 4 below.

[0039] Structure 4.

[0040] The activating group Y may include, but is not limited to, -S-, -S(0)-,
-S(0)-, -C(0)-, -P(O)(CsHs)-, or combination thereof. While the activated leaving
group is shown to be Cl, the activated leaving group may include a halide or nitro
group. Halides may include, but are not limited to Cl, F, and Br. Associated with the
sulfonate group is a cationic moiety M that has a positive charge such as a proton or
metal cation. The metal cations may include, but are not limited to, monovalent
metals such as Na and K, or divalent metals such as Mg, Ca, and Zn.

[0041] The bisphenolic type comonomer may have the general structure
shown in Structure 5 below where, Z may be a direct carbon-carbon single bond
between the phenolic groups, -C(CHs)z-, -C(CF3),-, -C(CF3)(CsHs)-, ~C(O)-, -S(0)s-,
or P(O)(CeHs)-.

[0042] Structure 5.

10
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[0043] In addition to using a single bisphenolic type comonomer in the
polymerization reaction, combinations of two or more different bisphenolic type
comonomers may be used depending on the desired properties in the resulting
polymer. In an embodiment, a combination of two bisphenolic type comonomers may
be used where a first bisphenolic type comonomer with Z being -C(CFs),- is used in
combination with a second bisphenolic type comonomer. The molar percentage of
the first bisphenolic type comonomer in the combination of bisphenolic type
comonomers may range from about 10% to about 90%, and in some embodiments
about 30% to about 90%.

[0044] The molar ratio of aromatic nitrile monomer to sulfonated activated
aromatic monomer may range from about 0.9 to about 0.1, and in some embodiments
from about 0.8 to about 0.3, and yet in other embodiments from about 0.7 to about
0.3. The bisphenolic type comonomer or combination of bisphenolic type
comonomers may be used in sufficient stoichiometric amounts to prbduce the desired
sulfonated copolymer.

[0045] The following discussion will be with respect to the formation of an
ion-conducting, nitrile containing, sulfonated polysulfone; however, one skilled in the
art will understand that much of the discussion is applicable to other types of
polymers discussed above and are within the scope of the present invention.

[0046] One embodiment of the present invention includes a sulfonated
aromatic sulfone where there is at least one sulfonated moiety on an aromatic ring
adjacent to a sulfone functional group of a polysulfone. The aromatic ring, due to its
proximity to the sulfone group, is deactivated for sulfonation reactions. Sulfonation

on the activated aromatic ring is accomplished by sulfonating the corresponding
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monomer followed by polymerization to form the polysulfone. In this way,
sulfonation of the deactivated ring is maintained.

[0047] The formation of the nitrile containing sulfonated polysulfone polymer
takes place by selecting or creating the desired aromatic sulfonated monomer, which
is typically in the form of a dihalide. The aromatic sulfonated monomer may be
added in conjunction with the aromatic nitrile monomer and condensed with an
appropriate bisphenolic type comonomer. One particularly useful sulfonated
monomer is 3,3’ -disulfonated 4,4’-dichlorodiphenyl sulfone (SDCDPS). In one
embodiment, the aromatic nitrile monomer may be 2,6-dichlorobenzonitrile. While
the dichloro- form is discussed for the sulfonated monomer and aromatic nitrile, other
dihalide forms may be used.

[0048] The molar ratio of aromatic nitrile monomer to sulfonated activated
aromatic monomer may vary depending on the desired properties of the resulting
polymer or membrane and can range from range from about 0.9 to about 0.1, in some
embodiments from about 0.8 to about 0.3, and in other embodiments 0.7 to about 0.3.

[0049] The bisphenolic type comonomer used to form the nitrile containing
polysulfone may also vary depending on the desired properties and application of the
resulting membrane. For proton exchange membranes where mechanical strength and
heat tolerance is important, 4,4’-bisphenol, hydroquinone, 4,4~
(hexafluoroisopropylidene)diphenol, phenyl phosphine oxide bisphenol, naphthalene
diol, or other aromatic bisphenols may be used as the bisphenolic type comonomer.
Further, the bisphenolic type comonomer may include additional aliphatic or aromatic
substituents.

[0050] One embodiment of the present invention includes the direct

condensation of 3,3’-disulfonate-4,4’-dichlorodiphenylsulfone, 2,6-dichlorobenzene,
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and 4,4’ -(hexafluoroisopropylidene)diphenol. The nitrile containing sulfonate
polymer may be prepared using an N-methyl-2-pyrrolidinone (NMP)-toluene
azeotrope solvent mixture with a weak base such as potassium carbonate to form the
réquired phenolate nucleophile such that nucleophilic aromatic substitution may occur
to form the desired copolymer. The reaction mixture may be heated to temperatures
of about 155°C under refluxing conditions for a time sufficient to form the desired
nitrile containing, sulfonated copolymer.

[0051] Membranes or films may be formed from the nitrile sulfonated
copolymers by methods known to those skilled in the art. These membranes can find
application as proton exchange membranes in fuel cells or as ion exchange
membranes in ion exchange applications. One method for forming a membrane
includes dissolving the sulfonated polymer in a suitable solvent such as DMAC and
followed by casting directly onto a glass substrate.

[0052] Ton-conducting nitrile containing sulfonated copolymers may exhibit
thermal stability in air for an hour up to about 250°C and in some embodiments up to
about 300°C in air. Films that contain at least about 20 mol % of the sulfonated
comonomer may have glass transition temperatures (Tg) of at least about 200°C and
in some embodiments a Tg of 250°C or higher. The ionic exchange capacities (IEC)
may range from about 1 to about 1.6 meq g, In other embodiments, films of the
invention may display proton conductivities of at least about 0.1 S/cm at 90°C.

[0053] The following Examples are provided to illustrate aspects of the
invention and are not intended to limit the invention to the specific details identified

in the Examples.
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Examples

[0054] Preparation of 3,3’-disulfonate-4,4’-dichlorodiphenylsulfone

[0055] 3,3’-Disulfonate-4,4’-dichlorodiphenylsulfone was synthesized by
electrophilic aromatic sulfonation of 4,4’-dichlorodiphenylsuflone in fuming sulfuric
acid at 110 °C for six hours. Due to the ortho-para directing effects of chlorine
substituents and the meta directing effect of the sulfonyl group on the benzene rings
of 4,4’-dichlorodiphenylsulfone, the 3 positions (ortho relative to chlorine) of this
become sulfonated. 'H NMR confirmed that substitution occurred in the 3 and 3’
positions.

[0056] Upon completion of the reaction, the product was recovered by adding
the highly acidic reaction solution slowly into ice water saturated with sodium
chloride. A number of solvents and solvent combinations were investigated and a 3:1
(wt:wt) mixture of isopropanol:water was chosen to be most suitable for purifying the
disulfonated monomer. The crude product was purified for step-growth
polymerizations by first recrystallizing at 15% solids from a 3:1 (wt:wt)
isopropanol:water solution. The crystallized monomer was subsequently extracted for
approximately 12 hours at room temperature in a fresh isopropanol:water (3:1 wt:wt)
mixture, then dried overnight under vacuum at 140 °C. After purification of the
sulfonated monomer the recovered yield of the desired product was ~65%. The
disulfonated monomer was dried under vacuum for =12 hours at 140 °C. TGA
demonstrated that small amounts of moisture (~3-5 wt%) remained after this drying
process.

[0057] Preparation of Nitrile Containing Copolymers

[0058] A series of copolymers were prepared by nucleophilic aromatic

substitution from hexafluorobisphenol A as the diphenol and mixtures of 2,6~

14



10

15

20

25

WO 2004/086584 PCT/US2004/008398

dichlorobenzonitrile and the sulfonated monomer, 3,3’-disulfonate-4,4’-
dichlorodiphenylsulfone (SDCDPS), as the activated dihalides . The mole fractions
of the sulfonated dihalide ranged from 0.05-0.5. All of the copolymers were prepared
in NMP-toluene solvent mixtures utilizing potassium carbonate as a weak base to
form the required phenolate nucleophile. The reactions were refluxed for four hours
at 155 °C, then the toluene and any water was distilled from the mixtures at 197 °C
with the aid of a Dean Stark trap to ensure dry polymerization systems. The
copolymerizations were maintained for 20 h(;urs at 200 °C. Proton NMR confirmed
that the polymer compositions after purification were consistent with the charged
compositions. It should be noted that the sulfonated monomer reacted slowly relative
to its unsulfonated counterpart, 4,4’-dichlorodiphenylsulfone.

[0059] Relative molecular weighté were analyzed with intrinsic viscosity
measurements. One series of copolymers had been synthesized with the moisture
content in SDCDPS included in the charged monomer weight. By contrast, another
series was prepared without including the moisture weight in the monomer charges.
Previous studies in our labs have demonstrated that sulfonated poly(arylene ether
sulfone) copolymers with intrinsic viscosities between =0.5 - 0.8 dL/g (NMP, 25 °C)
typically formed brittle films. Intrinsic viscosities were ~1.0 dL/g (NMP, 25 °C) or
above for the series of copolymers where moisture in the SDCDPS was accounted for
stoichiometrically during synthesis. These copolymers formed tough ductile films.
By contrast, the copolymers prepared without considering the moisture had intrinsic
viscosities < 1.0 dL/g (NMP, 25 °C) and were brittle.

[0060] Thermal Properties for Sulfonated Copolymers

[0061] Glass transition temperatures (T,)of the copolymers were evaluated

using DSC by heating the samples from 25 to 300 °C at 5 °C/min. The glass
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transition temperatures of the acidified copolymers increased substantially as the mole
fraction of sulfonation was increased (Fig. 1). The Tg’s increased from 169 °C for the
control (no sulfonation) to 258 °C for the copolymer containing 35 mole % sulfonated
repeat units. Increasing the mole fraction of the sulfonated units beyond 0.35 caused
little increase in the glass transition temperatures. The copolymers containing higher
fractions of sulfonated units were heated to 400 °C to determine whether a second
transition could be detected due to a hydrophilic phase. A secondary transition was
not detected up to 350 °C and heating beyond this temperature caused some
degradation.

[0062] The mass losses with temperature of the acidified copolymer films
were examined by TGA to determine the temperature range wherein the sulfonic acid
groups cleaved from the polymer chain. Copolymer films were heated to 150 °C and
held at this temperature for 30 minutes to remove any residual solvent and moisture.
They were then cooled to room temperature and heated to 900 °C at 10 °C/min. The
temperatures where 5% weight loss was observed and the percentages of char
remaining were considered an evaluation of thermal stability.

[0063] All of the polymers except the unsulfonated control exhibited good
thermal stability up to ~350 °C where weight loss was observed. The amount of mass
Joss at this temperature increased as the level of sulfonation along the copolymer
chain was increased (Fig. 2). The mass losses at this temperature correlated well with
cleavage of the sulfonic acid groups from the polymer backbones. The final weight
loss temperatures were observed at ~500 °C and this was attributed to degradation of
the polymer chains. All of the copolymers had char yields at 900 °C between 20 and

40%, but these did not correlate with the concentrations of sulfonate groups.
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[0064] Water Upfake, Methanol Permeability. and Morphology

[0065] Small-angle X-ray investigations of the morphology of Nafion have
demonstrated that this polymer is phase segregated. One phaée consisted of
hydrophilic domains wherein polar sulfonic acid groups were aggregated. The other
region was comprised of the nonpolar fluorinated portions of the polymer aggregated
in hydrophobic clusters. The hydrophilic domains in these sulfonated copolymers
were primarily responsible for water absorption via hydrogen bonding. Typically, the
equilibrium water absorption of sulfonated poly(arylene ether sulfone)s is linear up to
about 0.40 mole fraction of sulfonated units. Beyond this level of sulfonation, water
uptake increases drastically, signifying a change in phase morphology.

[0066] For comparisons, water absorption of the nitrile-functional copolymers
was measured as a function of time (Fig. 3). The ion exchange capacities (IEC in
meq-g ™) were calculated for each composition (Table 1). Upon submersion in
deionized water, the copolymer membranes with 0.1 mole fraction of sulfonated
units reached the equilibrium in water uptake within the first hour. Water absorption
increased linearly up to 0.35 mole fraction of the units sulfonated. Beyond this level
of sulfonation, the water uptake increased drastically and the copolymer containing

0.55 mole fraction of sulfonated units absorbed ~300% water by weight.
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[0067] Table 1. Water uptake (wt%) and calculated IEC values for Nafion

117 and three different sulfonated poly(arylene ether) copolymers at 20, 30, and 35

mole % sulfonation.

Mole % Copolymer Water Uptake (wt%) | IEC (meq/g)
Sulfonation

20 Sulfonated PAES 17 0.92
20 Sulfonated 6F-PAES 15 0.69
20 Sulfonated 6F-PAE-CN 7 0.82
30 Sulfonated PAES 31 1.34
30 Sulfonated 6F-PAES 23 1.00
30 Sulfonated 6F-PAE-CN 16 1.16
35 Sulfonated PAES 44 1.53
35 Sulfonated 6F-PAES 38 1.15
35 Sulfonated 6F-PAE-CN 24 1.32

Nafion 117 37 0.91

[0068] In comparison to sulfonated poly(arylene ether sulfone)s prepared with

biphenol or hexafluoroisopropylidene diphenol, as well as to Nafion 117, the nitrile

functional copolymers with 20, 30 and 35 mole percent of the units sulfonated had

lower equilibrium water absorption. Moreover, at equivalent IEC values, the nitrile

functional copolymers absorbed considerably less moisture.

[0069] The phase morphology of the sulfonated nitrile functional poly(arylene

ether) with 0.35 of the repeat units sulfonated was investigated with AFM in the

tapping mode on a 1um x 1um scale. This copolymer had a two-phase morphology
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as demonstrated by the dark and light regions in the AFM image. The dark regions in
the image depicted the softer hydrophilic regions containing the water, while the light
colored regions corresponded to the harder hydrophobic regions. The dark regions
were continuous and approximately 4-10 nm in width. The lighter regions were also
continuous but ranged from about 25-40 nm in size. In comparison to a sulfonated
poly(arylene ether sulfone) previously imaged (prepared from biphenol,
dichlorodiphenylsulfone and SDCDPS with 40% of the units sulfonated), the nitrile
functional copolymer morphology was considerably different. The sulfonated
poly(arylene ether sulfone) (from biphenol, dichlorodiphenylsulfone and SDCDPS)
had a more segregated morphology with many of the hydrophilic domains in clusters
with less connectivity. The continuous hydrophilic phase morphology of the
sulfonated nitrile functional copolymers was similar to that observed in Nafion 117.

[0070] Typically transforming from segregated to continuous morphologies of
the hydrophilic domains in perfluorosulfonic acid copolymers as well as suflonated
poly(arylene ether sulfone)s correlate with large increases in equilibrium water
uptake. Percolation of the hydrated hydrophilic regions into continuous structures
occurred with 235% of the units sulfonated for copolymers in the poly(arylene ether
sulfone) series (from biphenol, dichlorodiphenylsulfone, and SDCDPS). The
continuous morphologies of the hydrated hydrophilic phases in the sulfonated
poly(arylene ether)s containing the nitrile groups may help to explain the nonlinear
increase in water uptake above 35 mole % sulfonation (Fig. 4).

[0071] Achieving low methanol permeation through a membrane is important
for copolymer membrane performance in direct methanol fuel cells. Recent work in
our labs has demonstrated that sulfonated poly(arylene ether sulfone)s have

considerably lower methanol permeabilities and comparable proton conductivities
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when compared to Nafion 117. It has also been shown that methanol permeability
and water uptake in sulfonated poly(arlyene ether sulfone)s are correlated. As the
fraction of sulfonated units is increased, both the equilibrium water uptake and the
methanol permeability increase.

5 [0072] Methanol permeabilities of sulfonated poly(arylene ether sulfone)
copolymers with different chemical structures and Nafion 117 were compared at 25
°C (Table 2). The three sulfonated copolymers were selected because they had
similar equilibrium Water absorption, IEC’s, and proton conductivities. Methanol
permeabilities through the sulfonated copolymer containing the nitrile groups was

10 higher than the other sulfonated poly(arylene ether sulfone)s, but was considerably
lower than Nafion 117.
[0073] Table 2. Methanol permeability values at 25°C for Nafion 117 and

three different sulfonated poly (arylene ether) copolymers.

Copolymer — (mole % Sulfonation IEC (meq/g) Methanol
Permeability x 10°
(cm?/s)
Sulfonated-PAES-(35 mole % Sulfonation 1.53 55
Sulfonated-6F-PAES-(40 mole % Sulfonation 1.3 62
Sulfonated-6F-PAE-CN-(35 mole % 1.32 87

Sulfonation

Nafion 117 0.91 167

15 [0074] Conductivity

[0075] Proton conductivities of the series of sulfonated copolymers containing
nitrile groups were measured as a function of mole fraction of units sulfonated,
relative humidity, and temperature. The experiments were conducted in a

conductivity cell submersed in deionized water. Proton conductivities increased
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linearly from 0.0005 S/cm to ~0.10 S/cm as a function of mole % sulfonation at 25 °C
(Fig. 5). Conductivity of the copolymer containing 0.45 mole fraction of the
sulfonated repeat units was 0.10 S/cm, comparable to Nafion 117.

[0076] To compare acidities of the sulfonated nitrile functional copolymers
relative to two other sulfonated copolymers, proton conductivities between 10 and 35
mole % sulfonation were plotted as a function of IEC values (Fig. 6). The two other
polymers in the comparison were sulfonated poly(arylene ether sulfone)s and
hexafluoro sulfonated poly(arylene ether sulfone)s. The curves demonstrate that
between IEC’s of ~0.8 and 1.6 meq/g the sulfonated nitrile functional copolymers
have higher proton conductivities relative to the other two copolymers.

[0077] The proton conductivity of the 35 mole % sulfonated nitrile functional
copolymer was evaluated as a function of temperature at 100% humidity using a Parr
reactor. As temperature was increased, proton conductivities increased to 0.11 S/cm
at ~110 °C. Further increases in temperature caused excessive swelling of the
membranes and proton conductivities could not be accurately measured (Fig. 7). This
temperature versus conductivity behavior is similar to that of other sulfonated
poly(arylene ether sulfone)s. However, the upper temperature where conductivity
could be measured before excessive swelling occurred was slightly lower for the
nitrile functional copolymers. The study demonstrated that proton conductivities of
the sulfonated nitrile functional copolymer membranes could be elevated to high
levels by controlling temperature. These membranes had an upper operating
temperature limit that was substantially higher (~30 °C higher) than Nafion 117,
which suggests they may perform better in fuel cells operated at somewhat elevated

temperatures.
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[0078] For water-based fuel cells, it is of great interest to determine the
performance of a membrane as a function of relative humidity. Proton conductivities
of four sulfonated nitrile functional copolymers (20, 30, 35, and 45 mole %
sulfonation) were studied at different humidity levels using a humidity/temperature
controlled oven at 80 °C. Proton conductivities increased slightly as the relative
humidity was increased from 50 to 85% in all four of the copolymers (Fig. 8).
However, proton conductivities through membranes of copolymers with 30, 35, and
45 mole % sulfonated units increased drastically when the relative humidity was

elevated from 85 to 95%.
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CLAIMS
What is claimed is:
1. A sulfonated copolymer including an aromatic nitrile, the copolymer
having a glass transition temperature of at least about 200°C, a proton conductivity of
5 atleast about 0.10 S/cm at 90°C, and is thermally stable in air up to 1 hour at about

300°C.

2. A sulfonated copolymer having the following structure:

CF3 CN CF3 (")
A O LG 2 WO EOOH
CF3 CF3
m

Q=

MOsS SO3M

10 L " x

wherein the mole ratio of m:n ranges from about 0.9 to about 0.1; and
wherein M is selected from the group consisting of H, a metal cation, and an
inorganic cation.
15
3. The sulfonated copolymer of claim 2 wherein the mole ration of m:n

ranges from about 0.8 to about 0.3.

4. A proton exchange membrane comprising a nitrile containing

20  sulfonated copolymer having the following structure:
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HO4S SO4H

wherein the mole ratio of m:n ranges from about 0.9 to about 0.1.

5 5. The proton exchange membrane of claim 4 wherein the mole ratio of

m:n ranges from about 0.8 to about 0.3.

6. The proton exchange membrane of claim 4 wherein the membrane has
a proton conductivity of at least about 0.10 S/cm at 90°C, and is thermally stable in air

10 up to an hour at 250°C.

7. A method for making a nitrile containing sulfonated copolymer
comprising the step of reacting an activated aromatic sulfonated monomer having at
least one sulfonate group and having at least two leaving groups, an aromatic nitrile

15 comonomer having at least two leaving groups, and a bisphenolic type comonomer to

form a nitrile containing sulfonated polymer.

8. The method of claim 7 wherein the activated aromatic sulfonated
monomer is 3,3’-disulfonated 4,4’- dichlorodiphenyl sulfone.
20
9. The method of claim 7 wherein the aromatic nitrile comonomer is 2,6-

dichlorobenzonitrile.
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10.  The method of claim 7 wherein the bisphenolic type comonomer diol
is selected from the group consisting of 4,4’-biphenol, hydroquinone, 4,4°-

(hexafluoroisopropylidene) diphenol, naphthalene diol, and phenyl phosphine oxide

bisphenol.
5
11, The method of claim 7 wherein the sulfonate groups are sufonic acid
groups.
12. The method of claim 7 wherein the sulfonate groups are in the salt
10 form.
13. A nitrile containing sulfonated copolymer having the following
structure:
- -
CI)N
Ao F Mo O Oo O
MOsS S03M
m . n
15 L J4x
wherein:
A is selected from the group of an aromatic hydrocarbon and a
heterocyclic hydrocarbon;
20 Y is selected from the group consisting of -S-, -S(0)-, -S(0),-, -C(O)-,

and -P(O)(CsHs)-;
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Z is selected from the group consisting of a direct carbon-carbon single
bond between the phenyl groups, -C(CHs),-, -C(CFs),-, -C(CF3)(CeHs)-, -
C(0)-, -8(0)-, -S(0)2~, and P(O)(CeHs)-;
the mole ratio of m:n ranges from about 0.9 to about 0.1; and
5 M is selected from the group consisting of H, a metal cation, and an

inorganic cation.
14. The nitrile containing copolymer of claim 13 wherein A is C¢Hs.

10 15. A proton exchange membrane containing sulfonated copolymer having

the following structure:

o Ve Ty k- A= oD :

HO,S S03H

15 wherein:
A is an aromatic hydrocarbon;
Y is selected from the group consisting of -S-, -S(0)-, -S(O),-, -C(O)-,
and -P(0)(CgHs)-;
Z is selected from the group consisting of a direct carbon-carbon single
20 bond between the phenyl groups, -C(CHz),-, -C(CFs),-, -C(CF3)(CgHs)-, -
C(0)-, -8(0)-, -S(0),-, and P(0O)(CsHs)-; and

the mole ratio of m:n ranges from about 0.9 to about 0.1.
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16.  The proton exchange membrane of claim 15 wherein A is CsHs.

17. A method for making a nitrile containing sulfonated copolymer
comprising the step of reacting an activated aromatic sulfonated monomer having at
5  least one sulfonate group and having at least two leaving groups, an aromatic nitrile
comonomer having at least two leaving groups, and a mixture of at least two different

bisphenolic type comonomers to form a nitrile containing sulfonated polymer.

18.  The method of claim 17 wherein the mixture of bisphenolic type
10  comonomers includes a first bisphenolic type comonomer and a second bisphenolic
type comonomer wherein the molar percentage of the first bisphenolic type may range

from about 10% to about 90%.

19.  The method of claim 18 wherein the molar percentage may range from

15  about 30% to about 90%.
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