
Pyridine Containing Aromatic Polyether
Membranes 5
Joannis K. Kallitsis, Aikaterini K. Andreopoulou,
Maria Daletou, and Stylianos Neophytides

5.1 Introduction

A lot of scientific effort has been devoted to the

design and development of the different

components (catalysts, membranes) of the poly-

mer electrolyte membrane (PEM) fuel cells (FC)

s resulting in a real explosion of field electricity

production from hydrogen. This combined with

the drastic increase of the natural gas reserves and

availability, open new ways of consideration for

the decentralized electricity production. One of

the main ideas is the use of natural gas for hydro-

gen production that will be subsequently used as

feed for devices that can effectively and with high

yield produce energy. In this case the high tem-

perature operation of the PEM FCs can offer a

unique solution since even hydrogen containing

impurities can be used. The electricity and thermal

energy cogeneration is one case where the total

energy efficiency can be increased up to 80–90%.

Another option is the operation at temperatures

above 200 �C, so that the high temperature MEA

is combined with a methanol reformer, thus

enabling the use of liquid fuels like methanol. A

further outcome of the high temperature operation

is the use of such membranes and membrane

electrode assemblies (MEAs) as electrochemical

membrane reactors for the hydrogen purification

instead of the palladium membranes used up to

now. Based on the above considerations, from our

perspective it was crucial to substantially increase

the operation temperature for HT PEM FCs well

above 200 �C. In the following chapter, we

describe in detail our efforts and final outcome

for the 1000 h stable operation of HT-PEMFCs at

temperatures up to 210 �C.

5.2 Synthesis of Linear Aromatic
Polyethers Containing Main
Chain Pyridine Units

The idea to combine basic polymeric backbones

with strong acids resulting in ionic conductive

composites has been successfully demonstrated

by the Savinell group back in 1995 [1]. This revo-

lutionary approach combined the good mechani-

cal properties of a rigid polymeric backbone with

the acid absorption through the interaction with

the basic backbone units creating clusters of acid

molecules, thus enabling the proton transport. A

number of studies were devoted to the understand-

ing of the conduction process [2]. Despite the fact
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that this idea was demonstrated for quite a long

time, the initial polymer polybenzimidazole

(PBI) remained for long time as the only solution.

Later on, relative structures like the poly

(2,5-benzimidazole) AB-PBI were also used

doped with phosphoric acid [3–5] and most

recently structures combining the imidazole

units with pyridine ones were also developed [6].

The idea to use the pyridine units as basic

moieties in a rigid aromatic polymer was firstly

demonstrated by our group in 2003 [7]. In this

first approach, despite the use of the pyridine

main chain units, phenyl phosphinoxide moieties

were also included in the polymer structure

both to improve solubility and to create more

interaction sites with the phosphoric acid doping

agent. New monomers were prepared using

palladium-mediated cross coupling of 2,5- or

2,6-dibromopyridine with a properly protected

boronic acid [8]. Scheme 5.1 presents the

reaction employed for the preparation of the

respective diols. 2,5-Dibromopyridine and

2,6-dibromopyridine were reacted via Suzuki

coupling with the tetrahydropyranyloxy THP

protected hydroxyphenylboronic acid producing

the corresponding THP-end protected monomers

in gram-scale quantities. The removal of the THP

moieties was performed under acidic conditions.

High-temperature polymerization of the

synthesized diols with phosphinoxide difluoride

was employed for various reaction times.

Homopolymers I and II showed solubility in

common organic solvents such as CHCl3,

allowing for their detailed characterization.

Scheme 5.1 Reaction sequences employed for the prep-

aration of 2,5-bis(4-hydroxyphenyl)pyridine and 2,6-bis

(4-hydroxyphenyl)pyridine and their polymerization with

bis(4-fluorophenyl)phenylphosphine oxide producing

Homopolymers I and II, respectively. Reproduced from

[7] with permission of the American Chemical Society
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Materials with excellent film-forming

properties were obtained. Structural characteri-

zation confirmed the expected structure and their

physicochemical characterization showed high

mechanical and thermal stability. The proton-

ation of the membrane after its exposure to a

strong acid could affect its thermal stability, so

the thermogravimetric results before and after

treatment with H3PO4 for 1000 h showed that

the membrane is hydrolytically stable. During

this study the interaction of the pyridine units

with phosphoric acid was demonstrated using

Raman by the shift of the peak at 1600 cm�1 of

the pyridine to 1630 cm�1 after protonation,

which is attributed to the C¼N vibration of the

protonated ring (Fig. 5.1). Also the phosphoric

acid uptake of these polymers was very high

providing the necessary conditions for high

ionic conductivity.

However these homopolymers faced two

main problems. Limitations in obtaining high

molecular weights since insoluble materials

were produced when the number average molec-

ular weight (Mn) exceeded 50,000 and extensive

plasticization from phosphoric acid of the low

Mn materials. Indeed, a systematic investigation

[9] showed that homopolymers containing the

2.5-bis(4-hydroxyphenyl) pyridine, which was

the key monomer combining the presence of the

pyridine units in the main chain and having the

polymerizable phenols in para position to avoid

sterical hindrance, faced solubility limitations. In

order to understand the nature of this insolubility

a kinetic study of the polymerization (Fig. 5.2)

was performed, which showed that as soon as a

critical molecular weight value is reached, the

polymer becomes partially soluble and finally

insoluble.

In order to overcome this problem two routes

were chosen. The first was to incorporate

solubilizing side chain substituents along the

polymeric main chain. The second was to use

small amounts of other comonomers that would

enhance solubility. The target of both routes was

to achieve higher molecular weights while

increasing the solubility of the final

homopolymers or copolymers [9–13]. In the

same line, extension of the rigid part by

Fig. 5.1 FT-Raman spectra of Homopolymer I before (1) and after (2) doping with H3PO4 85 %. Inset:
1550–1680 cm�1 region. Reproduced from [7] with permission of the American Chemical Society
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introducing two pyridine units per repeating unit

combined with the introduction of aliphatic side

substituents to improve solubility was also

tested, see Homopolymer III [9].

As was expected the homopolymer composed

from the 2,5-bis(4-hydroxyphenyl) pyridine and

bisphenylsulfone (Homopolymer IV) was

completely insoluble in all practical solvents.

A homopolymer with high basic unit content

was desirable in order to create as many interac-

tion sites with the phosphoric acid as possible,

which led us to the design of the above-described

homopolymers. However the encountered

problems of solubility and plasticization soften-

ing of the doped membranes forced us to seek

alternative structures and thus we designed

copolymers that incorporated additional hydro-

phobic units in order to increase solubility. For

that reason, a number of comonomers like the

tetramethyl bisphenol [10] and the bisphenol A

[13] were explored. These copolymers bearing

pyridine units combined with diols having

methyl substituents, like tetramethyl bisphenol

(Copolymer I) and bisphenol A (Copolymer

II), became a real breakthrough. From the

numerous different copolymers synthesized and

examined, those that combine the 2,5-bis

(4-hydroxyphenyl) pyridine and the 3,30,5,50-
tetramethyl-[1,10-biphenyl]-4,40-diol (Copoly-

mer I) were easily soluble, even for higher

pyridine diol contents, while at the same time

preserving their mechanical properties and ther-

mal and oxidative stability.

Fig. 5.2 Kinetic study of Homopolymer’s I polymeri-

zation reaction via gel permeation chromatography

(GPC). Reproduced from [9] with permission of Wiley-

VCH Verlag GmbH & Co. KGaA
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In particular, for the Copolymer I with

60 mol% of the 2,5-biphenyl-pyridine diol in

the main chain average molecular weights

(MW)s up to 70,000 were obtained, while when

70 mol% of the same diol was employed MWs

above 60,000 were achieved [10].

Almost all synthesized copolymers were solu-

ble in common organic solvents regardless of

their MW and showed excellent film-forming

properties and high glass transition temperatures

(Tg) up to 290
�C. Especially these high Tg values

in all cases fulfill a major prerequisite for high-

temperature PEMFC applications. Among the

different compositions examined, the copolymer

with 60 mol% pyridine units was selected as key

copolymer for optimization of its preparation

conditions that finally resulted in even higher

molecular weights. This easily processable

copolymer exhibits excellent film-forming

properties, high glass transition temperature up

to 280 �C, thermal stability up to 400 �C, and
high oxidative stability.

The question of how critical is the oxidative

stability of the materials used as membranes in

fuel cells has been contradictory for long time.

As it is known, PBI and PBI-related materials

show a moderate stability in Fenton test

conditions [14] while especially the doped PBI

membranes lose their integrity within the Fenton

test solution even after a few hours [15].

Fenton’s test is a frequently used accelerated

test for the oxidative stability of polymeric

membranes [14]. According to this test, the

membranes are exposed to a strong oxidative

environment. More specifically, polymeric films

are treated with 3 wt% H2O2 in the presence of

ferrous ions at 80 �C for 72 h. Hydroxyl and

hydroperoxyl radicals are created which lead

either to chain scission or to ring opening of the

benzene rings. In respect to the oxidative stabil-

ity of the herein studied linear aromatic

polyethers, all polymers were treated according

to the Fenton’s test conditions and remain intact

after the treatment. This is proved by comparing

the mechanical and thermal properties of the

membranes before and after the treatment

[16]. Also, blends of PBI with these aromatic

polyethers resist Fenton’s test [13], while PBI

and its blends with sulfonated aromatic

polysulfones did not withstand such a treatment

[17]. The resistance to Fenton’s test treatment

could be due to the hydrophobicity of these aro-

matic polyethers, thus preventing the penetration

of hydroxyl radicals, which can oxidize and dis-

integrate the polymeric membranes. To exclude

this possibility hydrophilic blends of the linear

Copolymer I [16] with a water-soluble polymer

were tested. Depending on the blend composi-

tion, the water-soluble polymer was removed

during the treatment of these blends with the

Fenton’s reagent and still the polymeric films

maintained their mechanical integrity. The

molecular characteristics of the polymers before

and after the Fenton’s test were determined by

means of gel permeation chromatography (GPC)

where the molecular weight distribution

remained unchanged, thus proving the chemical

stability of the polymeric films. Additionally, the

spectroscopic characteristics of the treated

polymers by means of Fourier transform infrared

(FTIR) and nuclear magnetic resonance (NMR)

were unaltered. Due to their high pyridine con-

tent, these copolymers can be doped with strong

acids like the phosphoric acid, at doping levels

up to 300 wt% depending on the copolymers’

composition. Since conductivity is strongly

dependent on doping level and temperature, for

these copolymers conductivity values in the

range of 10�2 S cm�1 were obtained at

temperatures higher than 130 �C.
As mentioned before, another approach to

improve solubility is the use of different

non-substituted monomers that are randomly

co-polymerized. Thus, non-substituted aromatic

copolyethers containing main chain pyridine

units were also synthesized by copolymerization

of aromatic diphenols [11] and more particu-

larly 2,5-bis(4-hydroxyphenyl) pyridine and

4,40-biphenol or hydroquinone, Copolymer III

and IV, respectively. Using the previously
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developed methodology it was possible to syn-

thesize such fully aromatic polyethers with high

molecular weights, in some cases exceeding

100,000 (Mn value), but still keeping their sol-

ubility. Flexible and high quality membrane

films were prepared that presented high glass

transition temperatures (Tgs) and high decompo-

sition temperatures (Tds). The oxidative stability

of the membranes was examined with Fenton’s

test and also in this case the membranes

remained intact after the treatment. The

doping ability and the proton conductivity of

the membranes were also studied and the

unsubstituted fully aromatic copolymers were

indeed found potential polymeric electrolyte

candidates for proton exchange membrane fuel

cells. It should be emphasized that for this class

of unsubstituted copolyethers the high doping

values reached were realized without disturbing

the para-aromatic character of the main poly-

meric backbones. By using the copolymeriza-

tion approach we incorporated diols of different

rigidity in order to disturb the structure regular-

ity and subsequently the extent of the intermo-

lecular interactions that are mainly responsible

for insolubility problems [11].

Overall, by using different approaches for the

combination of the desirable properties a new

family of linear aromatic polyethers able to be

used as membranes for HT PEMFCs was suc-

cessfully developed.

5.3 Side Group Functionalized
Linear Aromatic Polyethers
Containing Main Chain
Pyridine Units

Side functionalities were used both as

solubilizing groups and to impart specific

functions based on the same polymeric back-

bone that was examined previously. As a first

example on this category, side pyridine units

were used in homopolymers and copolymers

[18]. However limitations in molecular weight

were encountered especially in the case of

homopolymers and thus copolymers with the

2,5-bis(4-hydroxyphenyl) pyridine diol and the

1,4-dihydroxyl-2,5-di(3-or 4-pyridine)benzene

diols were synthesized (Copolymers V–IX).

The doping ability of these copolymers was

greatly enhanced as the side pyridine diol

content increased, reaching very high phospho-

ric acid uptakes but at the same time

plasticization of the doped membranes was

observed making their use in membrane elec-

trode assemblies (MEAs) preparation and test-

ing impossible [18].
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Taking into consideration all the positive and

negative effects of the introduction of side pyri-

dine units, a new generation of membranes was

designed and synthesized incorporating the fol-

lowing monomers, the 2,5-bis(4-hydroxyphenyl)

pyridine, a side pyridine diol, and as a third

comonomer the tetramethylene bisphenol at

selected and optimized ratios that provided the

hydrophobic character which was necessary for

the stabilization of the highly doped membranes

(Copolymer IX) [19]. The success of this

approach initiated a systematic exploration of

the effect of the different functional groups on

the membrane properties in terms of phosphoric

acid doping ability and their influence on con-

ductivity, doped membrane stability, and possi-

ble further reactivity.

In a subsequent approach bulky but not

interacting with the H3PO4 substituents were

chosen for the preparation of polymer

electrolytes keeping the well-established pyri-

dine-based aromatic polyether sulfone backbone

[20]. In particular, phenyl and tolyl side moieties

were introduced, Copolymer X and XI, respec-

tively, since their size is expected to increase the

free volume among neighboring polymeric

chains in the bulk leading to an enhancement of

the copolymers’ doping ability without the

plasticization phenomena of the previously

pyridine-substituted copolymers.
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Both Copolymers X and XI were soluble in

common organic solvents and as a result, they

were characterized by means of 1H NMR and via

GPC. Excellent film-forming properties were

observed only for the tolyl functionalized

copolymers owing to their high MWs rising up

to 45,000 (Mn). Membranes of ~100 μm having

different pyridine content were examined for

their doping in H3PO4 85 %. The acquired

doping level (DL) increased with the polar pyri-

dine content. This fact points out that with the

side tolyl groups it was possible to obtain fully

soluble and processable polyether materials of

very high pyridine content and thus increased

DL levels without plasticization of the doped

membranes. The mechanical properties, Tgs up

to 240 �C, and thermal stability, Tds up to 450
�C,

of these materials were not altered before and

after Fenton’s test.

Perhaps an even more interesting class of

copolymers studiedwas that with carboxyl bearing

moieties, Copolymer XII that was synthesized

using an unprotected carboxylic acid containing

monomer. High molecular weight copolymers

with carboxyl group content up to 50 mol% were

synthesized and characterized [20].

High DLs up to 450 wt% were obtained

depending on the pyridine content of the

polymers. Moreover, the presence of the carbox-

ylic acid side groups did not decrease the doping

ability of these copolymers. On the contrary the

presence of the carboxylic acid functionalities

led to higher DLs compared to the benchmark

Copolymer I. High Tg and storage modules E0

values were obtained for most of the

Copolymers XII but most importantly exposure

for as long as 3 weeks in Fenton’s test oxidizing

environment did not deteriorate the membranes

even though the carboxylic acid side groups

forced the solubility of these copolymers towards

more polar solvents like dimethylsulfoxide.

Although these carboxylic acid copolymers

are potential candidates for HT-PEMFCs, their

most prominent feature was their use for further

chemical cross-linking of the carboxylic acid

side groups using different cross-linkers creating
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stable 1,3,4-oxadiazole linkages as will be

described later.

Phosphonate ester or phosphonic acid

substituents have been additionally evaluated in

an attempt to increase the interacting sites with

the phosphoric acid doping agent along the poly-

electrolyte macromolecular chains. These were

strategically located as side groups in a diol mono-

mer which was prepared by a phosphorus-carbon

coupling reaction of tetrahydropyranyloxy

diprotected 2,5-dibromo-1,4-dihydroxy benzene

with diethylphosphite. Either in the phos-

phonate ester or in the phosphonic acid form

the diol was used in polymerizations with the bis

(4-fluorophenyl) sulfone or bis(4-fluorophenyl)

phenylphosphinoxide as well as with the

2,5-diphenyl-pyridine diol and the tetramethyl-

biphenyl diol in copolymers and terpolymers,

respectively [21]. However, these synthetic efforts

resulted in homo and copolymers of high thermal

stability but moderatemolecular weights. Only the

terpolymers (Copolymer XIII) could be obtained

in higher molecular weights. These phosphonated

polyethers were used also for the preparation of

blends with the extensively studied Copolymer I.

For the copolymers and terpolymers it was shown

that the combination of the phosphonic acidic

groups with the basic pyridine comonomers

resulted in polymers with increased thermal stabil-

ity. Furthermore, it was shown that the

incorporation of high percentages of phosphonic

acid groups reduces the doping ability of the final

blend due to possible interactions of the acidic

units with the pyridines.

A series of aromatic polyethersulfones bear-

ing pyridine main chain groups and side sulfonic

acid groups were reported (Copolymer XIV)

[22]. The driving force was to combine the

thermal and chemically stable macromolecular

backbones with the phosphoric acid interacting

pyridines and the water interacting sulfonic acid

moieties.

All copolymers with sulfonation degree

(SD) ¼ 0–80 % showed excellent film-forming

properties and the dynamic mechanical analysis

(DMA) gave Tg values that increased with the

sulfonation degree, up to 350 �C in the sodium

salt form, which increased even further reaching
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370 �C in the acidic form. The oxidative stability

of the copolymers was higher than relevant aro-

matic sulfones like sulfonated poly(arylene ether

sulfone). The water uptake of the sulfonated

copolymers was about 30 wt% at 80 �C. On the

other hand, the introduction of sulfonate groups

onto the main chain decreased the ability of

absorbing phosphoric acid due to interactions of

the acidic groups with the basic pyridine

moieties.

In an additional effort side hydroxyl groups

have been incorporated onto the well-established

aromatic polyether sulfone backbones bearing

the polar pyridine units in the main chain

(Copolymers XV and XVI). The side chain

hydroxyl moieties were further transformed to

propargyl moieties. Both cases aimed mainly at

preparing chemically cross-linkable linear

polymers either through thermal treatment or

through etherification with polyfluorine bearing

aromatic cross-linkers [23]. Initially dimethoxy

diol monomers were designed, which after

the high temperature polycondensation with the

respective comonomers were deprotected to the

hydroxy-based analogs by ether cleavage with

boron tribromide.

In another attempt double bond side

functionalities were introduced onto pyridine-

based aromatic poly(ether sulfone)s. The ultimate

scope of this approach was the cross-linking of

the active double bonds after polymerization and

after the preparation of the desired polyelectro-

lyte membranes in order to mechanically and

thermally stabilize the doped membranes, as

will be described below in greater detail.

The initial concerns for the viability of the

double bonds during the high temperature con-

densation polymerization were overcame both

for allyl (Copolymers XVII–XX) [24, 25] and

styryl (Copolymers XXI) [26] side group

containing copolymers. In all these cases special

attention was paid to the optimization of the

polymerization conditions in order to keep the

double bonds intact. Combined FTIR and NMR

characterizations were employed and the

copolymers content in double bonds was checked

after the different polymerization processes.

In particular, for the allyl containing monomer

a high temperature isomerization-rearrangement

of the allyl groups of 2,20-diallyl bisphenol A into

propenyl groupswas observed during the polymer-

ization reaction. Of course the propenyl moieties

retain their reactivity as double bonds, which is the

major requirement for their further cross-linking.

The observed rearrangement was attributed to the

fact that the potassium carbonate acts as a catalyst

of isomerisation of allyl groups to propenyl

groups. As shown in the below NMR spectra

(Fig. 5.3), the double bond protons of the propenyl

groups appear at 6.2 and 6.5 ppm. The percentage

of the double bonds in the polymeric chain was

calculated from the integration ratio of the peak of

the aromatic proton neighboring the nitrogen in the

pyridine ring and the peaks of the propenyl groups.
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Fig. 5.3 1H NMR spectrum of the propenyl functionalized cross-linkable Copolymer XX. Reproduced from [25] with

permission of Elsevier
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As already mentioned great care was devoted

to the optimization of the polymerization

conditions not only in terms of maintaining the

side double bonds after the course of the reaction

but also in achieving the desired double bond

content. A representative example is shown

below where Copolymers XVIII with the same

monomers feed ratio show different double bond

content depending on the preparation conditions.

Besides the 1H NMR characterization of such

double bond functionalized materials their FTIR

characterization was proven even more valuable

for the calculation of the double bond percentage

in the final polymeric materials (Fig. 5.4) based

on the characteristic and well-resolved peak at

965 cm�1. Since all the resulting polymers were

soluble in polar organic solvents, their character-

ization using GPC took place proving their high

molecular weights in all cases.

Fenton test treatment was also performed in

these materials in order to evaluate whether the

membranes are able to withstand a strong

oxidizing environment during the fuel cell oper-

ation. The oxidative stability of these copolymers

after treatment with the Fenton reagent was

examined with dynamic mechanical analysis

and thermogravimetric analysis where no signif-

icant changes occurred after treatment with

hydrogen peroxide neither to the membrane’s

integrity nor to its mechanical properties

Fig. 5.4 ATIR spectra of Copolymers XVIII
with identical initial monomers’ feed ratio

(x/y/z ¼ 60/20/20) but with different polymerization

reaction conditions resulting in different calculated

ratios of the final materials, Inset: enlargement of the

area 900–1050 cm�1
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compared to the polymer before such a treat-

ment. Moreover, the thermal stability of the

treated membrane shows a further improvement,

probably due to the cross-linking reactions that

can happen during the Fenton test treatment.

For the styrene side functionalized

Copolymers XXI the general structure of the

resulted copolymers is given in Fig. 5.5 together

with a representative 1H NMR spectrum at which

the protons of the “living” side double bond are

observed at 5.3, 5.8, and 6.7 ppm [26]. Copolymers

with several percentages of the pyridine diol as

well as the difluoride monomer bearing the side

double bond functionalities were obtained. These

copolymers were easily soluble in common

organic solvents in all compositions synthesized

and thus besides their characterization bymeans of
1H NMR for the confirmation of the proposed

structure and the copolymer composition, their

molecular characteristics were evaluated by GPC

giving molecular weights between 10,000 and

20,000. The mol percentage of the vinylbenzene

groups was close to the theoretically expected as

calculated from the 1H NMR spectra using the

integration of the peaks attributed to the protons

of the vinyl groups and of the peak of the proton

Fig. 5.5 Copolymers XXI with cross-linkable side styrene functionalities and an 1H NMR spectrum the copolymer

with x + z ¼ 80, z + w ¼ 20, in CDCl3 with peak assignment. Reproduced from [26] with permission of Elsevier
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next to the nitrogen in the pyridine unit. As proven

by 1H NMR, the double bonds remain intact under

the polymerization conditions and can be used for

further reaction as will be explained in the below

section.

5.4 Cross-Linked Aromatic
Polyethers Bearing Pyridine
Main Chain Units

A crucial problem of all the polymer electrolytes

is the deficient long-term durability of these

systems at temperatures as high as 200 �C. The
challenge to find materials that show even greater

mechanical stability with adequate ionic

conductivities was the driving force for extensive

research efforts. An effective approach to over-

come this problem is the covalent cross-linking.

Via the cross-linking route a large, stable net-

work of anchored polymeric chains is achieved,

which stabilizes the membrane and improves its

mechanical properties. So the possibility to cre-

ate cross-linked polymers able to be used as

membranes at higher operating temperatures

was explored by our group. In the course of

these efforts to prepare chemically cross-linked

high temperature polymer electrolytes, different

chemistries having as baseline the chemical and

thermal stability of the fragments have been

explored. The different side functionalities used

for cross-linking of the membranes were side

double bonds and side carboxyl groups, as an

attempt to create stable cross-linking bonds for

even more robust and stable proton conducting

polymeric electrolytes that can be used as the

core parts of membrane electrode assemblies

(MEAs) for HT-PEMFCs.

As a first approach, copolymers and

terpolymers combining main chain pyridine

units, cross-linkable carboxylic acid side groups,

and/or hydrophobic methyl groups were cross-

linked [27]. The carboxylic acid groups can lead

to thermally and chemically stable bond forma-

tion, as, for example, the creation of imidazole or

oxadiazole rings. Thus, in our approach we

explored and optimized different methods for

cross-linking the carboxyl bearing polymers cre-

ating oxadiazole cross-linking groups providing

new membranes that were tested in single cells

operating at temperatures higher than 200 �C.
Initially, Copolymers XII of high molecular

weights with side carboxylic acid groups, having

good film-forming properties and mechanical

integrity, were employed as precursors for

cross-linking. The formation of 2,5-substituted-

1,3,4-oxadiazole bridging linkages was chosen

due to their high thermal and chemical stability.

Two different routes were used for the covalent

cross-linking (Scheme 5.2), the phosphorylation

or Higashi process [28, 29] where terephthalic

dihydrazide (TDH) was the cross-linking agent

and the Huisgen procedure [30, 31] where car-

boxylic acid chlorides reacted with phenyl

bis-tetrazole (BTT). In both methods, the amount

of the cross-linking agent was stoichiometric and

calculated based on all active carboxylic sites

along the polymeric chain.

In the first case, a two-step procedure was

followed in order to obtain the final cross-linked

oxadiazole containing membranes, where the

second step was the cyclodehydration of the

intermediate to the final 1,3,4-oxadiazole bridged

polymer that was accomplished by heating the

membrane under vacuum for several hours at

temperatures from 160 �C and up to 320 �C. In
the second case, according to the Huisgen

method the oxadiazole group was synthesized

through the initial nucleophilic substitution of

an acylating agent to the nitrogen of the tetrazole

moiety. The acylating agent attacks the tetrazole

ring resulting in a ring opening at 2,3-position

and a recyclization process is followed through

the acyl oxygen with simultaneous loss of a neu-

tral nitrogen molecule. A similar procedure

was followed in this work for cross-linking the

carboxylic acid bearing polymers. Specifically,

carboxylic acid groups of the polymeric chains

were modified through SOCl2 to carboxylic acid

chlorides. The latter played the role of the

acylating agent of the BTT cross-linker, forming

the final oxadiazole cross-linked polymer. The
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two methods are schematically shown in

Scheme 5.2 and both methodologies were

optimized using as criterion the cross-linked

membrane’s solubility in organic solvents and

also the cross-linked membrane’s quality and

integrity.

Using the optimized conditions cross-linked

membranes with significantly increased glass

transition temperatures Tg were obtained for

both methodologies as shown in Fig. 5.6.

Differences between the two cross-linking

methodologies can be observed from the DMA

results of the membranes before and after cross-

linking. As can be seen in Fig. 5.6, the cross-

linked membrane through the dihydrazide route

(Copolymer XIICL-TDH) has a glass transition

temperature increased by 25 �C compared to

that of the initial copolymer, whereas the cross-

linked membrane through the bistetrazole route

(Copolymer XIICL-BTT) showed an even higher

increase of 75 �C. Based on these results and also
on a detailed analysis of the thermal stability and

solubility of the cross-linked copolymeric

membranes, the superiority of the cross-linking

methodology through the bistetrazole (BTT)

route was proved. Thus, this particular route

Scheme 5.2 Cross-linking methodologies applied to

carboxylic acid bearing aromatic polyethersulfones

(Copolymers XII and XXII) using terephthalic

dihydrazide (TDH) or bistetrazole (BTT) as the cross-

linking agents. Reproduced from [27] with permission

of the Royal Society of Chemistry

5 Pyridine Containing Aromatic Polyether Membranes 105

j.kallitsis@upatras.gr



was chosen and further optimized for the cross-

linking of the respective terpolymers that

additionally incorporated the tetramethyl-

biphenyl diol (Copolymer XXII).

The doping ability of the cross-linked

membranes was also evaluated. Figure 5.7

presents an example of the cross-linked terpoly-

mer through the bistetrazole route (Copolymer

XXIICL¼BTT) with 100 % cross-linking degree

impregnated in H3PO4 85 % at 80 �C and at

100 �C compared to the linear precursor Copol-

ymer XXII. In general the cross-linking leads to

a more compact chemical structure and as a

result the doping ability of cross-linked

membranes is expected to decrease. However,

there have been some distinct cases at which

the doping ability of the cross-linked materials

was superior to the initial membranes usually

attributed to the introduced functionalities

which also interact with the phosphoric acid.

Also in herein cross-linking through oxadiazole

formation case, the doping ability of the cross-

linked polymers was enhanced compared to their

linear analogues since the formed oxadiazole

rings can also interact with phosphoric acid

contributing, thus, to the overall acid uptake of

the final cross-linked membrane [32]. This fact

strongly denotes the role of the chemical struc-

ture and the resulting morphology on the

materials’ properties.

The second general approach for the covalent

cross-linking was the use of side double bond

functionalized copolymers [24]. In this case the

synthesis of aromatic polyethers containing polar

pyridine units in the main chain and side cross-

linkable propenyl groups was the key step. These

polymers were subjected to thermal cross-linking

with the use of a cross-linker. The effect of the

cross-linking on the thermal and mechanical

Fig. 5.6 Comparison of

the temperature

dependence of the loss (E00)
modulus for the linear

Copolymer XII and of

the cross-linked

copolymers Copolymer
XIICL-TDH(100)

and Copolymer
XIICL-BTT(100).
Reproduced from [27] with

permission of the Royal

Society of Chemistry
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properties and on the phosphoric acid doping

ability of the membranes was studied.

In particular, a detailed study of the cross-

linking procedure was performed in order to

optimize the cross-linking conditions. During

the thermal treatment the bisazide used as

cross-linker looses one nitrogen and thus a reac-

tive nitrene is formed. This intermediate product

is added to the propenyl groups producing

aziridines and amines. The cross-linked structure

was confirmed by comparing the FTIR spectra of

the pristine and the cross-linked polymers and a

characteristic example is given in Fig. 5.8 for the

Copolymer XVII. The absorption peak at

965 cm�1 assigned to the C¼C double bonds

decreased after the cross-linking procedure

while a new broad band at 3374 cm�1 appeared

in the cross-linked polymer which is attributed to

the N–H stretch vibration of the secondary

amines. All the membranes which were success-

fully cross-linked were almost insoluble in all

organic solvents.

The effect of the cross-linking on the mechan-

ical properties of the membranes was examined

with DMA measurements. The glass transition

temperatures of the cross-linked membranes

were increased compared to the virgin polymers,

as shown, for example, in Fig. 5.9 where the

cross-linked membrane has a Tg value at 290
�C

which is 62 �C higher compared to the not cross-

linked membrane. Furthermore, the storage mod-

ulus after cross-linking is not decreased after

300 �C but it reaches a plateau and this behavior

is characteristic of cross-linked networks. The

cross-linked membranes were subjected to treat-

ment with the Fenton’s reagent in order to evalu-

ate their oxidative stability. In all cases they

preserved their mechanical properties showing

thus the high oxidative stability of the cross-

linked structures.

The doping ability of the cross-linked

membranes in phosphoric acid at 80 �C in com-

parison with the doping level of the virgin

polymers revealed that these cross-linked

membranes showed higher doping levels com-

pared to the neat polymers. That was attributed

to the fact that the formation of the aziridines or

amines functionalities could also interact with

the phosphoric acid resulting in higher doping

levels.

The exact chemical structure of the side dou-

ble bonds is a crucial parameter in respect to their

stability but also their reactivity. Thus, the allyl

groups used above were thermally transformed to

propenyl side group but the latter present lower

reactivity to thermal polymerization due to

sterical reasons.

An alternative approach was the case of

Copolymers XXI bearing styrenic side

functionalities [26] that would enable the

Fig. 5.7 Time dependence

of the doping level of the

linear Copolymer XXII
( filled symbols) and its

100 % cross-linked

counterpart Copolymer
XXIICL¼BTT (open
symbols) at 100 �C and

80 �C, respectively.
Reproduced from [27] with

permission of the Royal

Society of Chemistry
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covalent cross-linking by thermal treatment. In

this case, the active vinyl bonds were chosen

over propenyl moieties as more drastic to cross-

linking by thermal treatment without the need of

a cross-linking agent. Copolymers XXI were

subjected to post-polymerization cross-linking

by thermal treatment of the membranes at

250 �C under inert atmosphere for 12 h towards

Fig. 5.8 Comparative FT-IR spectra of the pristine linear Copolymer XVII and its cross-linked analogue Copolymer
XVIICL. Reproduced from [24] with permission of the American Chemical Society

Fig. 5.9 Comparative

DMA curves of the virgin

Copolymer XVII (solid
line) and the cross-linked

polymer Copolymer
XVIICL (dashed line).
Reproduced from [24] with

permission of the American

Chemical Society
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the formation of a stable network. The initial

Copolymers XXI showed Tg between 200 and

250 �C, thus the temperature of 250 �C was

selected for the thermal treatment since thermal

cross-linking is enhanced at temperatures above

the Tg [33, 34]. All initial linear copolymers

depicted good solubility in organic solvents,

whereas the thermally treated membranes were

almost insoluble under the same conditions

indicating their successful cross-linking. The

effect of the cross-linking on the mechanical

properties of the membranes was examined by

DMA measurements. As it is shown in Fig. 5.10,

the glass transition temperatures of the linear

precursors were drastically increased after their

thermal treatment. More specifically, increase of

the vinyl bond content in the initial copolymer

and consequently increase of the cross-linking

density after thermal treatment resulted in higher

change of the Tg, ΔTg, leading to superior Tg of

the cross-linked polymers reaching values well

above 300 �C enabling their use as high temper-

ature polymer electrolytes.

During the above studies of the cross-linking

of the side double bonds containing aromatic

polyethers it was realized that the membranes’

solubility in polar solvents was significantly

reduced during the doping of the non-cross-

linked linear membranes even those having

large contents of side pyridine units. That obser-

vation was contradictory to our previous

experience where membranes with high side pyr-

idine contents were extensively plasticized by

phosphoric acid which was accompanied by

loss of their mechanical properties rendering

them unsuitable for MEA preparation [18]. A

careful consideration of these two cases helped

us to address and achieve our ultimate target.

That is the preparation of thermally stable poly-

mer electrolytes, which will be able to retain

higher amounts of strong acids without losing

their mechanical integrity aiming at their appli-

cation in fuel cell devices with operating

temperatures up to 220 �C [25]. Thus, cross-

linkable linear copolymers having side pyridine

moieties and side double bonds attached to the

polymeric backbone were cross-linked during

doping in phosphoric acid (Copolymers XIX

and XX). More specifically the cross-linking

was processed by cationic polymerization during

the doping procedure in which the phosphoric

acid acts as cationic initiator for the opening of

the double bonds at high doping temperatures

ranging from 80 to 120 �C as it is schematically

shown in Scheme 5.3. Strong protonic (Brønsted)

acids can initiate cationic polymerizations

[35]. The propagation proceeds via the addition

of the double bonds to the cation and the cross-

linked network is formed.

In order to confirm the successful cross-

linking, samples of the membranes were

immersed in acid for different times and

Fig. 5.10 (a) DMA diagrams of Copolymer XXI with

x + z ¼ 60 and z + w ¼ 15 before ( filled square) and

after ( filled circle) thermal treatment; (b) comparison of

the Tg values of the linear Copolymers XXI (black line)
and of their cross-linked counter parts after thermal treat-

ment Copolymers XXICL (red line)

5 Pyridine Containing Aromatic Polyether Membranes 109

j.kallitsis@upatras.gr



temperatures and their solubility in N,N-

dimethylacetamide (DMAc) was tested.

Figure 5.11 depicts the solubility dependence

versus the doping time in phosphoric acid at

different temperatures for the cross-linked

Copolymer XX. Initially the membranes are

completely soluble in DMAc, while the solubil-

ity of the acid treated membranes is gradually

O O

H+

H3PO4 O O

O O

O O

O O

Initiation

Propagation

O O

[

[
n

Cross-Linked Polymer

Scheme 5.3 Schematic

representation of the

cross-linking in phosphoric

acid through cationic

polymerization.

Reproduced from [25] with

permission of Elsevier

Fig. 5.11 Solubility

dependence versus the

doping time in phosphoric

acid at different

temperatures, for the

cross-linked Copolymer
XXCL. Reproduced from

[25] with permission of

Elsevier
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reduced as the doping time increases and only

few hours are required to obtain almost insoluble

materials. Additionally increase of the tempera-

ture reduces the time required for the formation

of the cross-linked network. The cross-linking

reaction was also followed spectroscopically

using FTIR where the peak at 965 cm�1 which

is assigned to the C¼C double bonds (as shown

in Fig. 5.8) clearly decreases in the case of the

acid treated membrane.

The efficient cross-linking was also confirmed

by the mechanical properties evaluation of the

cross-linked membranes that presented a Tg
value of 285 �C, which is about 65 �C higher

compared to the initial terpolymer (Fig. 5.12).

Additionally the decomposition temperature of

the acid treated cross-linked membranes showed

an increase by 125 �C reaching Td values above

400 �C, while the pristine terpolymers were ther-

mally stable up to about 280 �C.
All these results prove the successful cross-

linking of the double bonds via cationic poly-

merization. This was the first report of such a

cross-linking during the acid doping procedure

of polymer electrolyte membranes. The break-

through of this cross-linking methodology is in

its simplicity since the membranes can be

prepared by casting, evaluated thoroughly for

their quality while still maintaining their

solubility, and in a final step and at any desired

time, they can be cross-linked during the doping

procedure. Thus, during this new process it is

possible to obtain a cross-linked network without

adding further steps and additional costs to the

overall production sequence. This is of high

importance in view of the fact that for the com-

mercialization of fuel cells an important parame-

ter which has to be taken into consideration, along

with the least possible cost, is the easiness and

reproducibility of the electrolytes’ preparation

procedure.

5.5 Interaction of Phosphoric Acid
and Water with the Polymer
Membranes

As mentioned in the previous sections, the elec-

trolyte materials are doped with H3PO4 in order

to assure high proton conductivity. Acid uptake

is a result of the interactions of the polar basic

pyridine group with phosphoric acid. The pyri-

dine ring can react and be protonated by H3PO4

[7, 36, 37] as illustrated in Fig. 5.13a. These

specific interactions were surveyed and

demonstrated by means of FT-Raman spectros-

copy. Spectra of Copolymer I, pristine and after

gradual doping with phosphoric acid are depicted

Fig. 5.12 Comparative

DMA curves of the virgin

Copolymer XX (black
line) and the cross-linked

in phosphoric acid

Copolymer XXCL (dashed
line). Reproduced from

[25] with permission of

Elsevier
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in Fig. 5.13b. Upon doping, the pyridine groups

are protonated, as shown by the blue shift from

1593 to 1608 cm�1 of the absorption peak of the

pyridine group in the Raman spectrum and the

appearance of a new peak at 1630 cm�1. This

characteristic shift is attributed to the positive

charge that is being induced on the N atoms by

the phosphoric acid. For the PBI-based materials,

a corresponding shift takes place of the symmet-

ric stretch of the imidazole group from 1539

to 1570 cm�1. In the latter case, the Raman

shift is larger denoting stronger interaction of

the imidazole ring with the acid, which is

justified by its stronger basic character compared

to pyridine (60 times more basic, the pKa of the

conjugate acid is about 7, whereas for pyridine it

is 5.2 [38]).

The difference in the specific interactions

between the two groups is reflected on the doping

procedure. The ratio of the peak at 1632 cm�1

that appears upon acid doping for Copolymer I

to the unaffected peak at 803 cm�1 was calcu-

lated, Fig. 5.13c. The doping levels are expressed

in moles of phosphoric acid per polar group.

Complete protonation of all the pyridine units

takes place when the ratio reaches its maximum

constant value. As can be seen, three molecules

of acid per repeat unit, or else five molecules of

acid per polar group are needed in order to reach

to the full protonation of the pyridine moieties.

On the contrary, in the case of PBI each acid

molecule entering the matrix protonates one

imidazole group [37, 39].

These interactions though of ionic nature

could not possibly contribute significantly to the

ionic conductivity of the membrane due to the

limited network of the H3PO4 molecules, as well

as the size and the immobilization of the species

involved. Thus the acid uptake leading to full

protonation is not sufficient to lead to high proton

conduction values. Instead they constitute the

substrate on which the excess phosphoric acid

network will be developed within the matrix.

The high proton conductivity is facilitated by

this excess amount of acid beyond the primary

protonation, which through hydrogen bonding

forms a continuous network for the proton con-

ductivity. For a given structure, conductivity

Fig. 5.13 (a) Interaction of phosphoric acid with the

pyridine polar group ofCopolymer I; (b) Raman spectra

of Copolymer I before and after doping with H3PO4

85 wt% at several doping levels; (c) ratio of relative

intensities versus acid doping level expressed in mol

H3PO4 (PA) per polar group (%) for the peaks 1632 and

803 cm�1 for Copolymer I/H3PO4. Reproduced from

[37] with permission of the Royal Society of Chemistry
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increases with acid uptake since the unbound

acid [40] is mainly responsible for the conductiv-

ity [39, 41].

The doping behavior of the different poly-

meric polyether type materials mentioned in the

previous sections is reported after immersion in

85 wt% phosphoric acid at various doping

temperatures. The acid uptake is not always pro-

portional to the percentage of the polar group in

the (co)polymer chain. In fact, it has been proven

that the acid doping ability, as well as the ionic

conductivity, is strongly influenced by the chem-

ical structure [12, 20, 42]. The monomers used,

their ratio, the presence of different side

functionalities, and the density of the polar pyri-

dine groups define the final acquired acid

doping level and the proton conduction, through

differentiations in the chain conformations or the

phase separation in the presence of phosphoric

acid. Other influencing factors can be the rigidity

of the structure and the intermolecular bonds.

Moreover, in the case of cross-linked materials,

the doping ability and proton conductivity are

further strongly influenced not only by the

cross-linking density, but also by the chemistry

used and the nature of the formed “bridges”

between the polymer chains, as will be discussed

further in the next section. It should be stated that

for each material there is an optimum range of

acid uptake combining high conductivity values

and good mechanical properties in order to be

used in PEMFCs.

A vast literature has been devoted to the study

of the proton conduction and the effect of relative

humidity on the conductivity of the polymer/

phosphoric acid systems [39, 43–48]. The con-

duction mechanism is substantiated through the

proton transfer between a proton donor and a

proton acceptor in combination to the ability of

the proton carrier (positive ion) to rotate and

move so that it will transfer the proton. Proton

conductivity increases with relative humidity at a

given temperature because the higher water con-

tent in the electrolyte lowers the viscosity within

the membrane leading to higher mobility and

rendering it more conductive [43], while it can

play the role of proton carrier itself and provide

more pathways (Hydrogen bonds) for protons to

hop. Water molecules can play a significant role

in the configurational proton transfer through the

H3PO4 imbibed polymer electrolytes as they are

flexible to move, rotate, and be aligned with

H3PO4 so that the hoping of H
+ can be facilitated.

Moreover, according to calculations of the H–O

bond distances, hydrogen bond between water

and phosphoric acid has the longest distance

(and thus weaker hydrogen bond) allowing a

high degree of mobility and rotation, in compari-

son to hydrogen bonds of other species [39]. In

this respect, the equilibrium water content is

critical for the improvement of membrane’s

proton conductivity. The physicochemical inter-

actions of water vapors with the polymer electro-

lyte and the promoting effect on the fuel cell

performance were also proven [36]. The relative

humidity dependence on conductivity is much

greater in low temperature water-based systems

like Nafion than in acid-based electrolytes

[46]. For an acid-doped electrolyte, the conduc-

tivity dependence on relative humidity is more

pronounced as temperature increases [43]. The

conductivity of acid-doped PBI with a doping

level of 560 mol% increases from 3.8 to

6.8 � 10�2 S cm�1 at 200 �C with an increase

in the relative humidity from 0.15 to 5 %

[46, 49]. Moreover, for a PBI/Copolymer II

blend with a wet phosphoric acid doping level

of 220 wt%, conductivity increases from 2.7

to 8.6 � 10�2 S cm�1 at 170 �C with an increase

in the steam partial pressure from 1 to 10 kPa

(relative humidity 0.127 and 1.27 %,

respectively) [42].

5.5.1 Equilibrium Hydration Levels
of Water in the H3PO4 Imbibed
Membranes

The equilibrium hydration level depends both on

temperature and on steam partial pressure. The

water generated at the cathode and the extent to

which it equilibrates in the membrane may vary

between the different polymer electrolytes, their

acid doping level, and the preparation method of

the electrolyte, e.g., the solvent used for the
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casting may determine the free volume expan-

sion and therefore the solubility coefficient of

water. The electrolyte affinity to water is of spe-

cial importance, not only because water can

affect the proton conduction, but also due to the

possibility of acid dilution (temperature shut-

down) or electrolyte redistribution due to volume

expansions/contractions (especially during start/

stop cycling), which can lead to long-term loss in

conductivity or the membrane stability. A series

of temperature programmed thermogravimetric

(TGA) experiments under controlled humidified

atmosphere shed light to the structural effect on

water affinity and retention [37]. Two different

state-of-the-art high temperature polymer elec-

trolyte structures were used, Copolymer I [10]

and standard m-PBI, while liquid H3PO4 85 wt%

was used for comparison.

When temperature increases under dry atmo-

sphere the following sequential processes take

place:

• At temperatures below 100 �C, free water is

evaporated leaving dry phosphoric acid in the

polymer matrix.

• Further increase of the temperature leads to

additional water evaporation as a result of the

dehydration of H3PO4 and the formation of

H4P2O7 according to reaction (5.1) and in

general the polymerization reaction (5.2) at

even higher temperatures. Despite the fact

that pyrophosphoric acid is a strong acid, its

formation is accompanied by the significant

decrease of the fuel cell performance due to

the decrease of mobility, as well as the ionic

capacity (i.e., two molecules of phosphoric

are substituted by one molecule of

pyrophosphoric acid).

2H3PO4 ¼ H4P2O7 þ H2 ð5:1Þ
nH3PO4 ¼ H2n�2PnO2n�1 þ n� 1ð ÞH2O ð5:2Þ

When the samples are exposed to humidity,

water is being adsorbed. In Fig. 5.14, the hydra-

tion level of different acid-doped Copolymer I

and PBI systems is depicted varying the temper-

ature and humidity [37]. The hydration level is

expressed through the dimensionless parameter,

lambda (λ), which corresponds to the number of

water molecules associated with one ortho-

phosphoric acid molecule and is calculated

according to (5.3)–(5.5), whereWpol is the weight

of the undoped material, MW corresponds to the

respective molecular weight of water and of

H3PO4, WH3PO4
is the weight of the dry acid

imbibed upon doping of the polymers, W is the

recorded weight, WH2O is the weight of water

Fig. 5.14 The effect of water vapor partial pressure (PH2O)

on the hydration level of acid-doped (a) Copolymer I and

(b) PBI at different acid doping levels at 150 �C
(open circles), 160 �C (solid circles), and 170 �C (squares).

The corresponding results with H3PO4 85 wt% (grey
lines) are also plotted for comparison. Reproduced

from [37] with permission of the Royal Society of

Chemistry
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absorbed upon exposure of the sample to

humidified gases during the experiment, and

Wref is a reference weight where the free water

is evaporated from the acid/polymer system.

WH3PO4
¼ Wref �W pol ð5:3Þ

WH2O ¼ W �Wref ð5:4Þ

λ ¼ molH2O=molH3PO4

¼ WH2O �MWH3PO4
ð Þ= WH3PO4

�MWH2Oð Þ
ð5:5Þ

Two processes take place. Water is absorbed due

to the hydrolysis of the pyrophosphoric acid

according to the reverse of (5.1), up to the point

that λ ¼ 0, showing that the dimerization of

phosphoric acid is a fully reversible process. As

expected, the equilibrium constant of phosphoric

acid dimerization increases with temperature.

Further increase in PH2O resulted in solubility of

free water in the H3PO4/polymer system. There

is a similar dependence on PH2O for all samples

used; sharp increase at low PH2O and thereafter

linear variation of λ. An increase of the acid

doping level of the polymers results in enhanced

ability to absorb water.

The chemical structure strongly influences

the thermodynamics of the hydration process of

the imbibed acid and therefore the ability of the

electrolyte to absorb water molecules from

steam. For similar acid contents, doped Copoly-

mer I has a higher ability to absorb water than

acid-doped PBI. Even at the low initial acid

doping levels of 100 wt%, the behavior of acid

imbibed Copolymer I is closer to that of phos-

phoric acid, denoting that the interactions of acid

with this matrix are not strong or extended

enough to disturb the network of the acid and

alter its physicochemical properties. By exposing

the sample to only 2–3 kPa of water, depending

on the doping level at 150 �C all acid is in the

orthophosphoric form. On the other hand, acid-

doped PBI inhibits the reversion of reaction (5.1)

and absorbs less water reflecting a difference on

the physicochemical interactions of the acid

inside the two matrixes. The stronger basic char-

acter of the imidazole group, along with the

formation of the stronger pyrophosphoric acid

upon dehydration leads to electrolytes with

smaller affinity to water. Equilibrium isotherms

at various water content over a range of

temperatures from 30 to 180 �C using Celtec®-P

Series 1000 MEAs also prove this behavior

[50]. In the temperature range between 160 and

180 �C, positive values of the hydration level (λ)
were only obtained for water partial pressures

above 20 kPa. Note that Celtec®-P electrolytes

are polymer gels containing PBI and phosphoric

acid with high phosphoric acid contents of more

than 95 wt% or up to 70 phosphoric acid

molecules per PBI repeat unit [51].

Similar reports on the affinity of

PBI/phosphoric acid systems to water exist.

Schechter et al. [52] showed that water is

absorbed in the polymer under different water

activity and it interacts with phosphorous species

changing the concentration of the mobile acid in

a similar way to liquid acid, using a series of 1H

and 31P liquid probe NMR measurements under

carefully controlled humidity. Li et al. [53]

examined the relationship between phosphoric

acid doping level and water uptake. For pristine

PBI membranes and PBI membranes with low

acid doping levels (<200 mol%) the water

uptake is small. In fact, the water uptake from

the vapor phase for PBI with a doping level

170 mol% was found to be lower than that for

the pristine PBI, attributed to the fact that the

active sites of the imidazole ring are preferably

occupied by the acid molecules. A more signifi-

cant increase was observed for the membranes

with high doping acid levels, indicating that this

water uptake is associated with the acid doping

level. At high acid doping levels, water uptake of

m-PBI at room temperature was comparable to or

even exceeded that of the commercially available

Nafion in the high humidity range.

5.5.1.1 Stability and Volatility of H3PO4

in the Imbibed Membranes
The stability and volatility of H3PO4 in the poly-

mer matrix was studied by a set of long-term

TGA experiments under humidified conditions.

Representative examples are presented in
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Fig. 5.15 for H3PO4 and acid-doped Copolymer

I & PBI. Initially, all samples were equilibrated

under dry Ar atmosphere at 50 �C. Upon temper-

ature increase to 170 �C, the weight decreased

due to acid dehydration. Thereafter, a certain

water partial pressure was introduced over the

samples (4.4 kPa for the examples in Fig. 5.15)

and was kept constant for a relatively long period

in order to record the stability of the system and

evaluate the rate of evaporation of phosphoric

acid itself. As also stated earlier, doped Copoly-

mer I and liquid phosphoric acid almost recover

their initial weight at 50 �C, reversing the dehy-

dration reaction (5.1). On the contrary, PBI does

not reach Wref even for 220 wt% acid doping

level. In [37] the weight loss rate or else the

normalized evaporation rate of the H3PO4 for

several samples and different vapor partial

pressures is reported and was concluded that:

1. An increase in evaporation rate is observed

upon increasing steam partial pressure and/or

acid doping level.

2. The evaporation rate of H3PO4 from Copoly-

mer I is approximately 60 % higher than the

corresponding rate from the PBI membrane

being at the sameH3PO4 doping level, in accor-

dance to the weaker interaction of the acid with

Copolymer I, leading to a behavior closer to

H3PO4. In any case, the use of a polymer matrix

compared to plain phosphoric acid can decrease

the evaporation rate even by a factor of 3. The

differentiation between the three systems is

closely related to modifications in the physico-

chemical properties of the H3PO4 through its

interactions with the polymer matrix.

5.5.2 Steam Permeability Through
the Membrane

Using in situ experimental protocols, it has been

explicitly proven that the steam permeates

through the membrane electrolyte. Given the

fact that other gases smaller in the size of their

molecules cannot penetrate the electrolyte at

comparable high rates as water, the crossover

mechanism of steam cannot be interpreted by

considering a diffusion process through the void

Fig. 5.15 Thermogravimetric analysis of H3PO4 and

acid-doped Copolymer I and PBI under dry and

humidified atmosphere, PH2O ¼ 4.4 kPa. The dry

argon flow rate was 150 cm3/min. The contribution

of the polymer matrix has been subtracted. The

weight of all samples has been normalized

considering that 100 wt% is the initial weight of the dry

acid, 100(Wref – Wpol)/Wref ¼ 100 wt%. Reproduced

from [37] with permission of the Royal Society of

Chemistry
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volume of the polymer membrane. Taking into

consideration that permeability through a mem-

brane is defined by (5.6) [54], it has been pro-

posed that the high permeation rate of water is

because of the high solubility of water in phos-

phoric acid and its chemical interaction with

pyrophosphoric acid according to reverse of

reaction (5.1) [36].

P permeabilityð Þ ¼ S solubility in electrolyteð Þ
� D diffusivity in electrolyteð Þ

ð5:6Þ
Though water vapor plays a significant role in

conductivity and therefore fuel cell performance,

the humidification of H2 and O2 is not necessary.

The water vapors produced from the electro-

chemical reaction at the cathode compartment

penetrate through the polymer electrolyte to the

anode compartment. Upon this back-transport

process, the electrolyte is being hydrated with a

direct positive effect on the fuel cell perfor-

mance. This has been shown under real fuel cell

operating conditions, Fig. 5.16a [36]. The tran-

sient evolution of the anode gases concentration

was recorded upon cell potential application of

500 mV. On fuel cell operation, hydrogen is

progressively consumed approaching steady

state, while the water signal is observed to

increase approaching a constant value. There-

fore, the produced water can penetrate and

evolve at the anode compartment. In addition,

the transient evolution of the water signal is

followed by the corresponding increase in hydro-

gen conversion and cell current, thus indicating

the direct effect of water transport through the

membrane on the fuel cell performance. Fig-

ure 5.16b depicts a temperature variation in situ

experiment showing that the acid-doped electro-

lyte membrane absorbs and retains varying

amounts of water at different temperatures.

Both compartments were fed with Ar–1% H2O

mixture at 150 �C. Upon stepwise decrease or

increase of cell’s temperature, water is being

observed to be absorbed or to be evolved from

the membrane, respectively. This shows that

varying equilibrium water/MEA conditions are

established at different temperatures.

5.6 Application in HT-PEMFCs
Operating up to 220 �C

The aromatic polyethers bearing pyridine

moieties described in the previous sections have

been effectively used as polymer electrolytes in

fuel cells. Because of the use of several different
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Fig. 5.16 (a) The transient evolution of (i) H2O and (ii)
H2 flow rates at the anode outlet and (iii) current I upon
(iv) voltage application of Vcell ¼ �0.5 V. The anode/

cathode feed gas composition was dry H2 30 %–Ar/O2;

(b) Η2Ο evolution during the stepwise variation of the

reactor’s temperature. The feed gas composition to both

compartments of the cell is 1 mol% H2O/He mixture.

Electrolyte: ΡΒI/Copolymer II 50/50. Doping level:

200 wt%. Membrane thickness: 70 μm. Reproduced

from [36] with permission of Elsevier
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membranes as electrolytes, it was not feasible to

find the optimum conditions for each one, since

several parameters regarding the design, con-

struction, and assembling of the membrane elec-

trode assembly (MEA) must be taken into

account in order to have optimum performance.

It should not be neglected that commercialization

of PEMFCs is still restricted by its high cost

since noble metals are typically used as

electrocatalysts. Reduced cost, resulting from

increased catalyst utilization and/or catalyst

stability, is highly desirable. The design of

electrodes for PEMFCs is a delicate balancing

of transport media. Transport of gases and con-

ductance of electrons and protons to the electro-

chemical interface must be optimized to provide

efficient electrochemical reactions [55]. In this

respect, for this type of cells, increase of the

triple-phase boundaries has been attempted by

developing a new type of Pt/carbon nanotubes

(Pt/CNTs)-based electrocatalysts, where the car-

bon substrate, following the pattern of the elec-

trolyte, is chemically functionalized with polar

pyridine groups, which are expected to interact

with phosphoric acid, secure the uniform distri-

bution of the acid throughout the catalytic layer,

and provide a 3D proton ionic link with all

deposited Pt particles [56–58]. In the present

discussion, focus will be paid on the electro-

chemical characterization of the polymer

electrolytes discussed. Certainly, in most cases,

optimization of the MEA construction and oper-

ational parameters will further enhance the per-

formance. The electrochemical characterization

will be confined on their fuel cell performance

and stability.

5.6.1 Linear Polymeric Membranes

The linear polymeric materials have shown

excellent performance and stability operating up

to 180–200 �C [59]. An example of the cell

performance obtained for this category of poly-

mer electrolytes is given in Fig. 5.17, where the

polarization curve of a fuel cell operating at

140–180 �C using hydrogen and air dry gases

with stoichiometric flow rates at anode and cath-

ode is depicted. The durability of these systems is

presented in Fig. 5.18, where a long-term fuel

cell stability test under steady state operation at

0.22 A cm�2 and different feed gases is depicted.

It should be noted here that besides the initial

syntheses and studies of the linear copolymers, a

lot of effort for the optimization of selected

copolymers’ preparation in terms of composition

control and molecular weight increase together

with MEA construction and testing has been

devoted by the spin-off company Advent

S.A. [60].

Fig. 5.17 I–V curves of MEA based on Copolymer IX, (a) with H2 and air feeds (λH2: 1.2, λair: 2.0) and (b) different
reformate/air feeds at ambient pressure. Active surface area ¼ 25 cm2
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5.6.2 Cross-Linked Membranes

A critical issue of all the aforementioned linear

polymer electrolytes is the deficient long-term

durability of these systems at temperatures well

above 180 �C. Over 5000 h for vehicles and

40,000 h for stationary applications are the

required life times of PEMFCs [61]. At the

same time, increasing the fuel cells operation

temperature even above 180 �C offers several

distinct advantages like increased conductivity

of the acid-doped membranes at lower doping

levels, increased tolerance of the catalytic layers

to contaminants, better heat management and

heat utilization and efficient combination with

other electrochemical devices, e.g., a methanol

or liquid petroleum gas (LPG) reformers. This

target requires modifications in the chemical

structure of the standard membranes towards

the increase of intermolecular interactions. The

challenge is to develop materials with increased

mechanical stability, but with adequate ionic

conductivities. Post-polymerization cross-linking

by covalent bonding between the macromolecules

has the strongest and more permanent impact on

the polymer structure and is thoroughly described

in the previous sections of this chapter. In brief,

side cross-linkable groups were introduced on the

chemical structure like carboxylic acid [27],

propenyl [24], or styryl [26] groups. Post-poly-

merization covalent cross-linking (thermal,

covalent with the use of cross-linkers or covalent

in acid [25]) improved the mechanical properties

in terms of glass transition temperature. Different

chemistries were explored and resulted in

materials with differentiations in the properties,

as well as their fuel cell performance.

Conductivity of the linear and cross-linked

materials with the carboxylic acid functionalities

(Copolymers XII and XXII) was evaluated in

situ by means of AC impedance spectroscopy as

shown in Fig. 5.19a. For all materials, the con-

ductivity exceeded the value of 8 � 10�2 S cm�1

and in some cases reached 10�1 S cm�1 above

180 �C. As expected, temperature increase

improved the ionic conductivity. The cross-

linked material depicted lower conductivity

values compared to its linear counterpart at

the same doping levels. In the case of the

cross-linked material, this doping level is not

the maximum that can be achieved; therefore

this drawback can be compensated by increasing

the doping level. The non-cross-linked materials

showed high performance and good stability at

temperatures up to 180 �C [27]. Above that tem-

perature the performance of the corresponding

MEAs slowly deteriorated. As explained above,

two cross-linking methods were investigated for

the cross-linking of Copolymers XII and XXII,

the dihydrazine (TDH) and the bistetrazole

(BTT) routes toward the formation of oxadiazole

bridging moieties. The cross-linked membranes

Fig. 5.18 Fuel cell stability test for Copolymer IX at 180 �C and ambient pressure. (a) Anode: H2 (λ ¼ 1.2),

cathode: air (λ ¼ 2) and (b) anode: 71.3 % H2 (λ ¼ 1.3), 2.1 % CO, 26.6 % CO2, cathode: air (λ ¼ 2.2)
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through BTT were superior and MEAs were

therefore formulated. Initial electrochemical

characterization showed very promising results.

Figure 5.19b depicts the polarization curves at

temperatures up to 220 �C for the MEA based on

the cross-linked Copolymer XXIICL-BTT(100)
using dry gases H2/O2 (anode/cathode) with stoi-

chiometric ratio. The fuel cell performance is

improved with increasing temperature due to

the increased ionic conductivity of the electrolyte

and the enhanced reaction kinetics. Potential

values V ¼ 697, 703, and 712 mV were obtained

at 0.2 Α cm�2 at ambient pressure and at

200, 210, and 220 �C, respectively. A short sta-

bility evaluation test is presented in Fig. 5.19c,

showing stable performance with no sign of deg-

radation for at least 350 h at operational

temperatures between 200 and 220 �C.
Another example of a chemically cross-linked

material is the case of polymers containing cross-

linkable propenyl groups cross-linked with the

use of a bisazide [24]. Figure 5.20a depicts the

Fig. 5.19 (a) Temperature dependence of ionic con-

ductivity of Copolymer XXII (x ¼ 70, z ¼ 10) with

DL ¼ 193 % and thickness 110 μm ( filled square) and
with DL ¼ 170% and thickness 160 μm ( filled diamond);
of Copolymer XII (x ¼ 70, z ¼ 20) with DL ¼ 200 %

and thickness 125 μm ( filled circle); and of the

cross-inked Copolymer XIICL-BTT(100) (x ¼ 70, z ¼ 10)

with DL ¼ 210 % and thickness 175 μm (open square).
Conductivities measured at 0.2 A cm�2 using dry

gases with hydrogen and oxygen (stoichiometric ratio

of 1.2 and 2, respectively) at ambient pressure. (b)

Current–voltage curves at 200 �C ( filled square),
210 �C on the 5th ( filled circle) and 15th (open circle)
day of operation and 220 �C ( filled diamond) and (c) cell
potential versus time at 0.2 A cm�2 and at several

operating temperatures between 200 and 220 �C. For (b)
and (c), the MEA was based on the cross-linked Copoly-
mer XIICL-BTT(100) (x ¼ 70, z ¼ 10). Active area: 4 cm2.

Dry gases with hydrogen and oxygen (stoichiometric ratio

of 1.2 and 2, respectively) at ambient pressure.

Reproduced from [27] with permission of the Royal Soci-

ety of Chemistry
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temperature dependence of the ionic conductivity

for the MEAs which were formed from the cross-

linked membranes and the azide-free polymer. It

must be noticed that although the cross-linked

and non-cross-linked membranes absorbed

almost the same quantity of acid, the conductivity

of the cross-linked one is slightly higher com-

pared to the neat polymer. This fact is in agree-

ment with previous studies related to the effect of

the polymeric structure on the conductivity. In the

cross-linked structure, the presence of the

aziridines or amines not only increases the

materials doping ability, but the conductivity as

well. It should be mentioned that although the

cross-linking is known to decrease the ionic con-

ductivity, in this case the selected cross-linker

created functional groups which provided more

pathways for the proton transfer and subsequently

higher conductivity values were noticed. The per-

formance of the MEA comprising the aforemen-

tioned covalently cross-linked membrane can be

seen in Fig. 5.20b, while as presented in

Fig. 5.20c it showed stable operation at 210 �C
for 500 h at 0.2 A cm�2 with H2/Air feed. The cell

voltage is 660 mV and the corresponding power

density is 0.132 W cm�2. Over the course of the

experiment the average voltage drop was only

3 μV h�1. This provides evidence for their high

chemical, thermal, and oxidative stability.

In an attempt to simplify the cross-linking

procedure, thermal cross-linking of polymers

bearing side styryl double bonds are reported

Fig. 5.20 (a) Temperature dependence of ionic con-

ductivity for the Copolymer XVII (x ¼ 75) with

DLacid ¼ 160 wt% ( filled square) Copolymer XVIICL
(x ¼ 75)withDLacid ¼ 140wt% (open square) andCopol-
ymer XVIICL (x ¼ 70) with DLacid ¼ 195 wt% (open
circle). Membrane thicknesses: 140, 120, and 110 μm,

respectively. Reproduced from [24] with permission of the

American Chemical Society; (b) current–voltage curves at
temperatures 180–220 �C; (c) long-term stability

measurements at 210 �C and 0.2 A cm�2 of a cross-linked

MEA using the Copolymer XXCL. DLacid ¼ 320 wt%.

Active area 25 cm2. Feed: H2/air 1.2/2.0
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[26]. The properties of the virgin materials

allowed heating above their glass transition tem-

perature (at 250 �C) where the double bonds

become reactive and are able to cross-link with-

out the use of thermal initiators or cross-linking

agents. Unfortunately, the doping ability in phos-

phoric acid was decreased, as is common upon

the formation of more compact structures.

Despite the moderate phosphoric acid doping

levels, in situ conductivity reached values

above 5 � 10–2 S cm–1. Preparation of MEAs

and preliminary fuel cell tests gave a very

promising performance. The polarization curves

are shown in Fig. 5.21. Cross-linking allowed

measurements up to 220 �C demonstrating the

enhanced stability and their feasibility to be used

in high temperature PEM fuel cells.

As explained previously, cross-linking during

the impregnation of the membranes (bearing

propenyl groups) in phosphoric acid remarkably

simplifies the whole procedure, while at the same

time leads to materials with enhanced ability to

absorb and retain high amounts of phosphoric

acid without losing their mechanical integrity

[25]. As a result of the increased acid uptakes,

in situ measurements by means of AC impedance

spectroscopy revealed the high conductivity

values obtained, Fig. 5.22a, in most cases in the

order of 10�1 S cm�1. The advanced cross-linked

membranes were tested in single cells operating

at high temperatures up to 220 �C, Fig. 5.22b. A
durability measurement at steady state operation

at 0.2 A cm�2 at 210 �C is shown in

Fig. 4.22c. The promising performance and sta-

ble operation in combination with and the

simplified technique used for their preparation

demonstrate the feasibility of these electrolytes

to be used in high temperature PEM fuel cells

operating well above 180 �C.

5.7 Conclusions

Taking advantage of the possibilities offered by

polymer chemistry for creating novel materials, a

new generation of polymeric membranes for

HT-PEM fuel cells has been designed and devel-

oped. The herein presented aromatic polyether

sulfones carrying main chain pyridine units

have been proven to be a reliable polymer

electrolyte material for the HT-PEM fuel cell

technology. These materials exhibit certain

Fig. 5.21 Current–voltage curves for the cross-linked

Copolymer XXICL (x + z ¼ 60, z + w ¼ 15)-based

MEA at several operating temperatures using dry H2/O2

gases (λ ¼ 1.2 and 2, respectively) at ambient pressure.

DLacid ¼ 160 wt%, active area: 4 cm2. Reproduced from

[26] with permission of Elsevier
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advantages as compared to PBI polymer

electrolytes with regards to their manufacturing

properties, their operating conditions, and their

performance characteristics. These comprise

their very good film-forming properties, thin

robust membranes with long lasting mechanical

and chemical stability, adequate proton conduc-

tivity (0.8–1 � 10�1 S cm�1) and operating

temperatures ranging between 170 and 210 �C.
The latter widens its technological applications

so that advanced compact engineering design of

fuel cell systems allows either the use of diver-

sity of fuels or the operation of the fuel cell stack

within a wide span of temperatures providing

sustainable operation under dynamic load. In

particular, the MEA operation at 210 �C allows

for the effective integration of a methanol

reformer in the HT-PEM fuel cell stack, thus

resulting into a compact simple and versatile

fuel cell system especially for portable

applications.
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Fig. 5.22 (a) Temperature dependence of ionic conductiv-

ity for the cross-linked in acid Copolymer XXCL-acid with

DLacid ¼ 280 wt% ( filled circle) and 350 wt% ( filled
square). Reproduced from [25] with permission of Elsevier;

(b) current–voltage curves of a Copolymer XXCL-acid-

based MEA with DLacid ¼ 350 wt% at several operating

temperatures using dry H2/O2 gases (λ ¼ 1.2 and 2, respec-

tively); (c) long-term stability measurement of Copolymer
XXCL-acid-basedMEAat 210 �C and 0.2 A cm�2 at ambient

pressure. DLacid ¼ 208 wt%, active area: 25 cm2
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