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1 INTRODUCTION

As already pointed out in Perflnorinated membranes,
Volume 3, hydrocarbon based polymers. containing acid
functional group , such as sulfonated phenol-formalde yde
re ins or sulfonated po ystyrene, were the fir t n embrane
material te ted in polymer electrolyte membrane (p .. M
fu 1 c 11.. preceding even the pedluoro, uLanic polymers.
in particular Nation, which ha e becom the material of
choice because of their super ~or chern+cal and morphologi
cal stability.

Sub equently the availability of oxidation resi.stant high
performance polyarylenes brought nonfluorinated polymers
back into focus. The initial motivation was es entia y to
min .c the properties of afion with low-co alternatives
bu it became increa ingly clear hat the eli 1"1 ct chemica
and micro tructural prop tti s of thm c1a, of p lymer,
give ri e to certain characteti~tic limitations but also new
perspectives.

The actual situation is chara terized by a variety of
approaches (for review type articles see Ref. [1]) centered
around different the,mo table polymer backbones. The poor
reproducib"lity of anlple preparatiOl· and characterization,
howe er, make +t difficult to compare results reported b
different ~aboratorie . This i not urpt; iog consid ring th
fact that many membrane prOpet1ie. troogly depend 00

the polymer microsttucture, whieh is itself sensj( e to the
molecular weight of the polymer, the presence of impurities,
the membrane forming process (kind of solvent evapora
tion rate, etc.). membrane thickness and to a large extent,
m .mbran pretfeatInent In addition there i no commonly
agreed upon methodology for membrane characte ization.

Therefo 'e. afte' a b ,"e .dentification of the p operties rel
ant for th application of membran s "n P ue cells

and an introduction to the preparation of suI onated pol
yaryl n membrane. only the propet1i . of plain ulfonated
poly ether ketones and afion are compared. Both mem
brane materials may be considered typical repre .entative, of
pat1ially sulfonated polyarylene main chain polymers and
poly(perfluoro) ulfonic acid polymers. re pectively. The
reasonable reproducibility and com leteness of the avail
able data ender a direct con parison and discu sion of
the characteri tic differenc po ible. With the background
of the mi-quantitative concepts deveIope,d during this
di eu sion, other more r· c nt appoaches are . troduced
'" u equentl . The" comprise th modification of poly
ether ketone. by acidlbm blend"ng and/or eros. -linking,
acid membranes based on poly benzimidazoles (PBI), poly
imides, and polyphosphazene backbones.

Whie the proton conductivity of all these membranes is
as ociated with t e presence of water, recent approaches
are based on employing heterocycles (e.g., imidazole) as
the proton 01ven . These are particularly interesting for
P M fuel cells op rating at .gl er ten pe "ature and in low
humidity environm nts. as di cussed in S c .on 8.

2 MEMBRANE PROPERTIES RELEVANT
F'OR PEM FUEL CELL APPLICATIO S

The function of a P M in a fuel cell is to separate effec
tively the anode and cathode gases and to conduct protons,
under a variety of operating condi .ons and over tile entire
life time of the fuel celL The first implies chemical and
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chosen conditions were ignificantly different fr m 'u....,,·Je in
a P M fuel cell, te r ult w r [Ii qu ntly taken a g tide
lin for lh . el. c .on of th polymer backbone.

3.1 Membrane preparation

Son 'e of the high p rfonnan p lymers are corom rcially
availabl ,n bath diff rent poly ether suifones (e.g.,
Ud 1 . poly ary[ene surone (PSU), Victrex® poly aI-ylene
ether u fone .P S» and one variety of poly et er ketone
Victre poly arylene e her ether ketone (P K».

While 0·· e lab ratori a.· u~ lng uch produ t for
p lym r analogu ulfonation. others rely on their own
polym rizadon proces e such as the reductive coupling of
aryl c loride I. J or straight F~iedel-Crafts pol m rizati n
e pecially fo the diff r poly her· e ones, which are no
long r commercially available (such as polyary ene e her
. th r k t ne kone (P ) (Hostatec " po yarylene
ether ketone ether ketone etone (PEKE ' ,( trap )
polyaryeneether eton (P ) (Victr ».

,. .... ,"'vt p lyaryl n . allow dir ct el c rophilic ulfonation
(.g., b concentrated ulfurk acid (H2SOiSO),[4] chloro
. ulfonic a id[Sl or nl0re sofd with its trimethyl ilyle ter/61

in the electron rich palis of the polymer back n , .g.,
the b' phenol part of 'del PSU. The 1 tr n d fi itmt
palt f h P 1 aryl n (.g., the diaryl ulfon pat1 of

Id I P ) may be ulfonated by Inetalorganic deprotona
tion and ubsequent reaction wit,) electrophiles.17l For tIl
latter preparation procedu e it i clainled that th r ult
ing ulfonic a ·d functio . rno table against hydro ylk
att . p dally for th p ly e her sulfones the reac
tion may b carned out in homogeneous olution (e.g.
of dichloro thane) but owi.ng to the low olubility
po y ether keton , U fonat" 01 I i generally omm nc d
in t, ord tat and, on inu d in solution ( .g., of
m. thyl-2-pyrrolidone ( MP) of ow sulfonated intermedi
at s. Th final degree of sulfonation is COIIUllon y controlled
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mOllJ ological tability and] w gas p rm ability as inms
pen ab: requir m nt . Th ~ econd requirement' high
proton conducti ity which i closely related to the degree
of hydration for most membrane types. Since fuel cells are
op n ystems with different inks and ource for water,
the chemical state and transport propertie of wa er aI d
protonic charge carrie~ have to be known and t fall
within defined ranges. These depend 0 the actual op 'ating
conditior s such as ten peratu'e choic fu l, gas huntidi
fication and ga flow, p ope tie of the membrane! ectrode
interlaces tran p 11 w"thiJ he gas diffu ion I etrod and
electrO a curr ot drain d from tb iu 1 cel. Th rete ant
membrane prop rti can th n be ufficiently de cribed
by: (i) the relation between water concentration and water
activity (hydration it othenns and welling illliqu"d water;
(ii) the dependence of he proton condu f . y, wat r dif~

fu ion coefficient e ectroo motic drag 0 w te' and wat r
penneability on tl e water concentration' and iii) th lill ti
properties of the memban . Til se param. t . f _ de ermin .
the water cone ·traf n profil,e and the dependent prop-
..tie (uch a th 0 erall proton conduc ivity) for given
oundary ondition . For direct me hanol fuel cell (DM C)

appH ations, th parameters have to be considered for the
r Ie an range of water/methanol ratios.

The ue of p 1y ryl n.. in particular h different poly
(aryl ne)-eth rk ton· s, in t· ad of pertluorina ed polyruer
backbone. a~ ma'nly moC ated by co t and stabirt con-
idera ions_ Stabirty creening tes under orid·zing and

redu ing condition at various temperatUl-e had revealed
remarkable durabilities (as indicated by minor wight
10 ses) for ever'll type of the e po Iy l1er .I I Alth ugh th
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by reaction temperature and time, [8] Since the weight of
the polynler repeat units vary, the degree of sulfonation
should be expre sed as equivalent weight (in g eq-]) or
ion e change capac"ty (in meq g-l) of e dry polymer
.atb r than percent ulfonation. For polyarylene equiva
1 nt w 'ghts around 700 g eq -1 (1.4 meq g-l ) correspond to
the sam volumetr'c concentra .,on of fixed acidic ites as
in I afton 117.

Polym rs sultonat. d' this way gene ally how star tical
suUonation for each type of 'te, while po ymerization of
su .fonated and unsulfonated monomer allow O!1e to build
up polymers with defined sulfonation patt ms, ,g., with
a statistical 8a] or ordered (see Seetio 5) dL tribut~o 0··

su fonated and unsulfonated segments.
Membranes are comrnonly prepared by casting solutions

of the sulfonated polymer in highly polar aprotic solvents
such as NMP or dimethylformamide (DMF) on a glass
ubstrate and subsequent solven evaporation either in

vacuum or a flow of dry gas. The film forming conditions
ltV g. nerally poorly reported, but they seem to have a non
neglig'b e effect on e propeltie of the final product.

3.2 Comparison between sulfonated poly ether
etone and Nafton membranes

3.2.1 Chemical and microstructural features

Su fonated polymers naturally combine, in one macro-
,olecule, the high hydrophobicity of the backbone with

the high hydrophilicity of the sulfonic acid functional
group. n the pre ence of water, this g"ve rise to some
hydrophobiclhydrophilic nano-separation, The sulfonic acid
functional group· aggregate to fmID a hydrophilic domain
which is hydrated 'nllie pre ence of water. While the con
nected hydrophilic domain i re ponsible for the transport
of pro ons and wa, t, the hydr phobic domain provides the
polymer with morphological. tab'lity and prevents the poly
mer from dis 01 ing in water.

A a re ult of t small r hydrophilic/hydrophobic dif-
ference (the backbon isles hy ,rophob"c, and theu fonic
acid functional group is 1.s. aci.dic and therefore al 0 less
polar) and the smaller fie "bi'ty of the po mer back
bone, the separation into hydrophilic and a hydrophobic
domains is expected to be I s pronounced fo' ulfonated
poly ether ketone compared to Nallon. This 's directly
confirmed by the results of small angl X- ay scattering
(SAXS) experiments[ , lO] providing microstructural info 
mation on a nano scale indicating small r characteristic
eparation lengths with a wider disttibution and a larger

internal interface between the hydrophobic a d hydrophilic
domains for hydrated sulfonated poly eth r keton s com
pared to afion. The SAXS data and wat r self-diffu ion

coefficients obtained by pulsed-field-gradient (PFG)- MR
hay b us d to paramet rize in a consistent manner a
simpl mod 1 for the mic'ostructure, which is based on a
cubic hydrophilic chann 1 system in a hydrophobic matrix.
In this way~ estimates of channe diameter, chann I s pa
ration, degree of branching, and the number of dead-end
channe were obtained for both type of polymers. r91 As
chematically 'tlustra:ed in Figure 1, the water filled chan

nels in sulfonated polyarylene e . er ether ketone ketone
(S-PEEKK) are narrower co pared to tho e"n afton.
They are less separated and more branched with more dead
end "pockets". All these featur,es correspond to the larger

ydrophiliclhydrop obic interface and therefore, also to a
larger average· eparation of ne'ghboring ulfonic acid func
tional groups. Recent high-resolution SAXS data and the
,evolution of ·characteristic spacings with the water/polymer
rat" 0 revealed structural features even on the subnano
. cale.lll ] According to this study the microstructure of
Nafion® may be r pres Dted by an arrangenlent of low
dimensional pOl ymeric object with the . pace· between
filled with water. But on the basis of SAXS data alon the
controver y between this model and the frequent y as. umed
model of a ystem of interconnected inverse micelles[12]
will hardly be re olved.

3.2.2 H dration behavior

The hydration behavior at low water activities is quite
. 'mUar 0 both types of polymers. As can he seen from
Figure 2, a Ftt e water is absorbed at low water activ
ities (slightly mor or poly ether ketones compared to

afton ), and only clo. to be dew point of water does
the degree of hydration increase significantly, i. " most
of the water is only loosely bound. At 100% humidity

afion® actually talces up ignificantly fil0re water than sul
fonat d poly- the . etones (l4compared to 11 water per
sulfonic function) wh'ch .', due to the more polar charac
ter of the sulfonic aci funcfon of Nafion®, Interesfngly,
the water up-take in liquid wat r, i. " at the same water
activity, may be significantly higher, suggesting that in
thi. environment water in the membrane may be present
a an ex ndedecond phaseP3.14] While at low water
activitie..s the hydration isotherms are virtually indepen
dent of the sample pre-treat· .ent, only slightly dependent
on temperature and quite imilar for aU . ulfonated poly
ether ketones, the amount of absorbed liquid wat r may
vary dramatically. The increasing welling with increas
ing te p ratur (Figure 3) is generally irreversible to some
extent thus allowing a certain control of the maximum
water uptake at room mperature by appropriate pre
conditioning. While exagg. rated w .'ng in liquid water
begins at temperatures above 130°C for Nafion®, this tem
perature is significantly lower for sulfonated poly ,ether
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Sulfonated polyetherketone (S-PEEIKK)

o

o

1 nm

Ef) : Protonic
charge
carrier

• wide channells
• more separated

• less branched

• good connectivi!ty

• small -8°3-1-8°3- separation

• pKa --6

• narrow channels

• less separated

• highly branched

• dead-end channels

• large -803-1-803- separation

• pKa --1

Figure 1. Schematic illu,_ tration of the micro._ trucffire of Nafion 117 and a sulfonated poly-ether ketonePO]

ketones, which is most rkely a consequence of he Ie s
developed hydrophobic domain 't ower hydrophobic'ty
(see above) and the absence of any detectable crystallinity
which has been shown to have a positive effect on the sup
pres ion of swelling'n ation® typ membranesp4a] It is a
general observation tha welling' I creases wi creasing
degree of sulfonation (Figure 3).

3.2.3 Proton and water transport

Since the transport of protons and water takes place
in the hydrated hydrophilic domain. the corresponding
transport coefficients may be ~nderstood qualitatively on
the ba _is of the availabl microstructural data and the
ch mistry of th two typ s of sy t ms. In Section 3.2.3. t
proton conductivity comprising formation and mobility of
protonic charge carriers. and water diffusion are discussed
together, while electroosmotic drag and water permeation
are tr at d in Section 3.2.3.2.

Proton conductivity and water diffusion
In heterogeneous systems transport coefficients are depen
dent on the length scale under consideration as discussed
in the folowing sections.

1. Tran~1J0rt on a molecular scale «1 nm). On cale
sma} er than the size of the channels. the diffusion of
water and protonic charge carrier i reminiscent of the
situation in aqueous solutions of acids. [14-16] This is
indicated. by similar activation nthalpi s of the trans
port coefficients for membrane at degrees of hydration
where J... > 3 for Nation and J... > 5 for u fonated poly
ether ketones, i.e.• for relatively high water activities
corresponding to loosely bound wa er of hydration (see
above). Similar to d+lute aqueous solutions of acids,
the mobility of protonic defects (Do = oRT!(F2CH+))

is . orne-what higher than the water diffusion coeffi
ci nt in ful y hydrat d m mbranes (Figure 4). Thi
is characteristic or the presence of structural dif
fusion, i.... pro on mobility involving int rmolecular
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Figure 2. Hydration" sothenn for lafion and a suI onated poly
ether ketone at room temperature after tandardization in 1M

0 3 for I hand repeated wa bing in di illcd water at tbe same
t mperature (data taken fromef. 14).

down with d cr a. tng degr. of hydration and th
remaining elementary p oc~ of proton conductance
·8 imply the diffu ion of hydrated proton (vehicle
mechanism[16, 20]) as indicated by the proton mobil
ity coinciding with the water diffusion coefficient
(Figur 4). Only in th ulfonat d poly th r keton.
do the proton Inobilities fall significantly below the
water diffu ion coeffici.ent for very low water lev-
Is wh n assuming that all sulfonic acid site are

14012010060 80
T(OC)

4020
0'--------'-----'----'-----''----'----'----'--.....
o

proton tran f r and h drog n bond br a -ng and form
ing proc sec .D6-18] S-nc' t Ii. proc s is s n itive to
th bia ing of bydrogen bonds in l' .] ctne field of
ioni charge. [ ] tbi.. conduction m· chani m breaks

Fi ure 3. . welling of ·1 . at d pl· ther etone. f differ n
deo ees of ulfonation in liquid ater (membrane . ere initial y
dry).[IO]
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fully dissociated (Figure 4). In contra t to afion®
this as umption obvious y does not hold for sulfonated
poly ether ketones which are only strong acid com
pared to the superacidity of C afion as e timated
from empirical relations[9] and confirmed by quantum
chemical calculations of the hydrated as ociated . ul
fonic acids. [21]

2. Transport within a single channel (> 1 nm). In omplete
eli oc· a ion 0 ac··d des does not ful y e plain

e teep decrea e of the proton conductivity with
decreasing hydrati.on of the p lyarylenes,ll·' 141 which
i a1. a ob e v' d at high temp· ratur wher rno t fuel
cells op rate.1.22] As pposed to aqueous· lution of
acid, the charge of the anion ( °3-) i. fixed at
the hydrophobiclhydrophilic interface of the polymer
microstructure (Figure ) formin.g space charge layer
along the c e interfaces with the imnlObile ulfonate
anions and the mobile protonic charge carrier in
the hydrated hydrophilic dOlnain being the mirror
charge. The charge and potential dis ribution is
obtained by solving the Pois on-Boltzmann equation
with the dimensions of the hydrated channel and its
dielectric constant being the dorninant parameter;. he
potential distribution obtained by a two-dimensional
numerical simulation of a model channe. (Figure 5)
hows significant gradients around the fixed sites.

The potential banier building up b tween fixed ites
i shown to grow mor w'th d r a ing dielectric
con tan of th hydrafon wat r than ith d crea jng
s paration of fi d it . Th. .I .ctrical fi .ld around
th fixed site is pect d to localiz en th
di ociat d protonic c a l ge carriers w'tbin te vi . 'ty
of their an·onic coun r charge. This effect become
apparent a an additional contribu ion to th. acti arion
enthalp . p oton conducti i y w'th decr a '. g wat r

Figure 5. Pot ntial di tribution within a two-dimen. io al
model channel a obtained b numerically solving the
Poisson-Boltzmann equation for the following parame ers:
-SO]- separation = 0.9 Dm, channel width = 1.5 om e(cbannel) =
80 E(matrix) = 2[9) (parameters chosen cIo e to these of Nafion ).
The i opotential . are parated b 10m .

level t i.e., with decreasing dielectric co lstan. The
dielectric constant ha in fact b n measur d by
di· I ctric pectro copyL23] and later calculated by a
tati tical mechanical model[2, 25] (see also 'rst

principles modeling of sulfonic acid based ionomer
mem ranes, Volum 3). Th Iatt r . vealed that the
p nnittivity of water more slowly approaches the
permittivity of bulk water with increa ing di tance from
the fixed sites in the cas of· ulfonated poly-ether

tone c sugg ting· ong rIca· ation e leets fo this
type of polymer. Ba ed on the 'aIue phy ical scheme,
proton mobilitie and water diffusion coefficient were
also calculat.ed, assuming that tran port prevails in the
cent. r of th chann 1. [26] The e cellent agre m nt ith
e perim nta· r ult Ins t upport thi a umption.

. Long range transport (>lOnrn). Such ca cu ation.~

were however. re tricted to . ingle channel .~ i.e., long
range percolation effects were omitted. At lea t for
high wat r Ie Is, i.. in the range of low poly
m r/wat r in J raction. wa r diffu'on ·can b. used
a a probe for geometri al percolation within the
hydropbil'c domain. or Nafton® the water diffusion
co ffic' nt d c as. with th· wat volu faction
with a slope cl e to unity. wh·le the decreas in u 1

fonated poly e her ketone i .teepert as expecte{1 for
the progressively less connected hydrophilic domains
(F'gur 4). Bau. 0 th co. r lation b t nth
diffu ion of water and protonic charge cani r·, the lat
ter is affected by percolation con traints in a unBar
wa . But, becau e of the additional effect on smaller

ale ( a ov ), pro on conduct' ity d cases or
than water d· usion w' th dec eas' g wate· conte 1.

lectroosmotic drag and water permeability
Proton conductivity and water diffu ion are .nearly r lated
to he diagonal elements of the tran port matrix for pro
tons and wat r. ut the electroosmotic drag coefficient Kdrag

de cribes the coupl d tran _port of proton and water and is
defined as the ratio of the off-diagonal elemen (On agel'
cro -coeffid Dts L 12 = L 21 ) and the proton transport coef-

cient ( 11)

( !n ) = (L 11 12). (VI~H + FV'<I»
JH20 L 21 L 22 V'IJ,II.O

F- L 12
K drag = L I2 = -L

(JH 11

cr + = p2L II

_ RT dcH'tO
DH 0 = 2 d ill - L nc

H20
· . aH 0
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3.2.4 Behavior in water/methanol mixtures

since protons are actually transported as hydronium ions at
low levels of hydration (see above). The·ncrea. e of Kdrag

at low water levels which i only ob erved for Nafion®
(Figure 6), is not well understood yet, but the appearance
of a true pumping effect may be considered as a possible
e p anation. The shallow minimum of K drag falls into the
range A - 12-14 at room temperature, corresponding to
a water vapor aturated rnembrane (see also Figure 2),
for which electroosmotic drag coefficients betw en 1 and
1.4 (slightly below the data in Figur 6) w r reported
earlier. [27a]

Water permeation, Le., water flux as a result of a total
pre sure gradient is also affected by channel diameter
and polymer-water interaction but in addition to this,
percolation effects have to be included. At high water
contents where the proton conductivities of bo h types of
polymer are almost identical, the water permeability of
plain ulfonate-d poly ether ketone is only about a factor
of two lower than for afion®. A is observed for proton
conductivity water permeation decreases more strongly
with decreasing water volume fraction in ulfollated poly
ether ketones than in afion®" [10]

Since the membranes considered ar also nvi. ag d as s pa
rators in DMFC ,their beha ior in water/methanol mixtures
is of particular interest As can b s en from the swelling
as a function of the water/methanol ratio (Figure 7), the
presence of methanol hlli a tTemendou effect on the mem
brane morphology.£27a- ] For both Naft.on® and sulfonated
poly ether ketones, swelling progres. ively increases wi h

igure 7. Swelling of Nafion® and a sulfonated poly ether ketone
as a function of the methanol rno' e fraction of water/methanol
mixtures for two d"fferent temperatures.[27] Note, that the data
from Re. 27b-e] show inti ar trends for Nafion®, however. with
lower swelling for intermediate water/methanol ratios.

S·PEEKK
Nation

4

1 • 350 K
• 300 K

a
0 5 10 15 20 25 30 35 40 45 50

A= [H20] I [SOaH]

3

2

5,--------------------.

Figure 6. Electroosmotic drag coefficient of water . 'afton 117
and a sulfonated poly ether ketone a a functio 0, the degree a
hydration at two different temperatures (data from Ref . [9, 10] .

Hence Kdrau simply corre pond to the number of water
~

molecules per proton dragged" tough the membrane.
Recen advances in electrophoretic ( -)MR(9. 261 allow

on to determine thjs paramet r as a uncf o· of wate
content and temp ratur • and a few characterisfc results
are shown in Figure 6. The 1 ctroosmotic drag is generally
high r for Nafi,on® compar d to sulfonated poly ether
ketones; i increa~ es strongly wi h incr a. ing hydration
but only weakly with increasing temp ralur . Th~ tr nds
lnay also be qualitatively explained by the charact ri tic
difference of the microstructure and chemi try of the two
types of membrane . The water velocity profil s .around
a drifting protonic charge within a channel depend on
the water-proton interaction the viscosity of the water
(which has .orne distribution aero. s the channel) and
the dimensions of the channeUIO] Assuming the proton
conductance 0 be dominated by transport within the center
of "e channel (ee above), where the properties of water
approach those of bulk water, the proton-water interaction
should b· similar '.. both membranei providing the water
conten i not too low. Then the lower electroosmotic
drag of suUonat. d po y e e' ketone i mainly the re ult
of th narrow r channel (Figure 1) but is also affected
by the viscosity di tribution within the channe which
becomes increasingly apparent a low water leve s. or
identical channel izes (as revealed from the micro tructural
analysi ),(9,10] electroosmotic drag in nlfonated pOly ether
ketone is still lower than in Nafton®, which can eas"ly
be explained by the stronger bonding of th wa er direct]
interacting with the polymer (see hydration i otherms
Figure 2). rom a hydrodynamics per peerv th wat r
poly ether ketone interface has a more negati slip, which
may be treated as a reduced effective chann ] diameter. It
hould be tnentioned that Kdrag hardly falls below unity,
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3.3 Membrane modification by cross-linking and
bending

doe K dra not fall below mity b can e th proton remain
hydrated with at least on wat r mol cuI (hydr niu
ion). Since swe ing of plain sulfonat d poly eth r eon
i even higher than in afion the e! eetro smot'e drag
also increases more with increasing methanol cone ntratio
( igure 8).

Interestingly methanol has the oppo ite effect on th.
protonconduc ivity (Figure 9). At increasing methanol
mole fraction roton conductivity decreases significantly
although the total 01 ent uptake increaL . S'nc th
diffu ion coefficient of both water and methanol iner a ,
the conductivity decrease i fnost likely due to a decrea ing
dis ociatiol1 of the acidic function in the pre ence of
methanol. Because of the lower acidity of the ulfonic acid
function in poly ether ketones an even stronger deer ase
in the proton conductivity w"th increasing mole fraction of
methanol is expe{;ted.

Based on th dift r DC in th micro.truetu 0"uI
fonated poly aryl and afion along with th con e
quences for th morp o.og·cal tability, cro -linking and
blending wer en isaged to improv,e the prop rti s of plain
sulfonated poly arylenes.[I3] In one of the arly +ec s of
work on sulfonated poly ary1enes[5] cross-linked vari tie

had already been presented. Part of the sulfonic acid groups
had fi st been transferred to nlfonyl N -imidazolides b fore
these were react d with 4,41-diaminodiphenylsulfo ~ form
ing sulfonamide eros -links. In the particular ca reported
( ulfonated Victrex P EK) swelling wa, indeed, reduced

Fi ure 9. Proton conductiv'ty of Nafion 117 oaked in differ nt
.. ' 60°C ( 1 F' 7) [27]\ ate Imetha ·01 mIxture at ee a 0 ]gure .

40
S·PEK 0

35 • K drag (1.2 meq g-l)
0

• •o KH200dtag 0 0

30
o K eOH 0dmg . afion
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Figure 8. oflnalizcd electroosmo Ie drag co ffie' ent . KO iorag =
KdraglXi and the t tal drag coefficient 0 water and methanol ( ee
text) ill afion 1I7~ and a sulfonated poly ether ketone pre-lreated
in wat r/methanol mixture at 60 DC ( ee al 0 Figure 7).PI

increaL ing methano' concentration. While 'welling pa se
through a shallow maximum at ery h'gh methanol con
centrations in the case of ! afio. sign' . cant, p ain ul
fonated poly ether ton how aang r in rea e of
welling 'n the presenc of m hanoI p ialI at low

rnethanol concentrations. For high ion x .hang. apa iti
(> 1.4 meq g-I) even d' solution .n wat· (I. I a 1 mix
ture is observed. Analy i of the water/methanol ratio'
the melnbrane compared to t surrounding lution do
not . how any fractionalization for not t 0 I w 01vent
uptake A > 10) indicating that water and m .• banol ar
ab orbed in the arne part of the microstructur ,'.. th .
hydrophilic domain only.[27 7h-e] With it lipophilic -CH
and hydrophilic -OH part methanol obviously beha e like
a urfactant improving the wetability of the polymer by th
wa er/methanol mixture thus opening up the micro tructure
prior to complete di'solution.

Th transport coefficient affected the rno t by tm
mer a ed welling is he electroosrnotic drag which
ha . ntly en mea uroo for water and methanol
a a fu tion of their respective mole fractions. The
nOln ali.z d lectroosmoti.c drag coefficient K 0 drag drag

o ffi ~en div'ded by the mole fraction of the con idered
mol cuI) fo· both water and methanol in Nafion at
r Oln teInpe ·ature. pre-treated in water/methanol mixture
a 60 DC ( e Figure 7), are· own in . igure 8. To a good
appro'· atio he data or waer and methanol are identical
a d + a to value· higher an 30 for methanol rich-

. ture . Data taken frOln e micro tr ctural analy is (see"'~n

ab v ) indicat , that the el etroo filO i drag coefficient
ro g 'y . c+ a e with the fourth power of the channel
diam t which i reminiscen I of a Hagen-Poi euille-type

• •
b havior. On y f r low olvent level (nar 'ow channe I ),
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f Oll1430% to 180~ at the e p n e of about 50% of the pro
ton conductivity. More recently a proc . complising of the
alkylation of su fonate group with ctw-dlhalog noallcane
of different chain lengths ,a been de eloped 1\ r C 0 

linking ulfonated Udel® PSUP8. 291

In the first route, Inixed ulfonatel ulfi at PSU has
been obtained by partial oxidafon of ulfinated PS with
NaOel. The residual sulfinate group were men used for
the ross-linking reaction.l-8] In a second oute, blend
of ulfinated and ulfonated PS have een ero -linked,
resulting in eros -linked PS -sulfinate ill which sulfonated
PSU is entangled.[29] Particularly for art alkane-cros
I"nk r , both rout s reduc d welling compared to the very
high sw Bing of plain sulfonated PS up to temperatures
o. at I a t 80°C; again at th ,xp nse of th conductivity
which hardly ce d d a valu of 10-2 cm- I for eross-
~u:.......d membranes, But he mor s 'r. prohl m with tbi
typ ofcr -linking app ar t, b th brittl n of ,uch
membrane in t e dry ta e in rea ing th ri k 0 m mbran
fracturing.

In ontt t dire tional c val nt bond., ionk cro,- -
linking may trengt· en the membra, e wiUlou .. tr ducing
brittenes , The e are fonned by blending a ulfonated p 1y
mer e.g. in its a+-form with a ba ic polymer. Sub equent
ion-exchanging in acid leads to the formation of the aci I

H -form of the ulfonated polymer, which then reae with
the ha ic blend component. While weakly basic polymer
act only a pro on acceptors in hydrogen bonds with the
ac.die polym r strongly bask polymers may be ful y pro
tonat .d by tb. a· idic polymer introducing ionic interaction.
b· tw n th blend co lponent . When th re is an exc
ot' acidic sit to ba ic . ites in the blend ioni or hydro
g n bond ro-l"nk j along wi hun utrar d ulfonic
ac'd function, which may still act a a ourc f r proton'c

charge carner in the pre ence of water. Accordingly, ion
ically cross-linked blends of highly u]fonated Udel® PS
and Victrex PEEK as acidic cOlnponen and weakly basic
pol - ulfoneortho u fonediamines or more basic PBI (PBI
C . lazol ®) in different ratios according to different effec
tiv quival nt w "gh s ha been prepared.[30. 31]

Thi yp of hI nding can es the water- oluble acidic
poly - to b co irtllally in 1ubI " Sw lling in water
a db'tde· s in tIl dry stat ar r duced compared to
pla"n ulfonated polyme of s"milaI ion exchange capacity"
A expected, these effects iner a e wit" increa ing amount
a Id ba ic" ty of the ba iccomponent. But ev n for tb.
be t syste i 1 (blend 0 sulfonated P K and PB , se
scheme above) welling is st'll higher than for c valeotly
cross-linked membrane, indicating that ionic C"O s-link .
start ~o hydrolyze in water at temperature above about
800.· ." dditionally under these conditions irreversible
reaction st2ft to occur as indicated by the appearance of a
trong aromati mell and a 10. s of .on exchange capacity

(unpubILh re ults from the author' laboratory). It is also
worth mentioning that the hydration behavior and transport
proprtie. of uch bi nd r . mbi those of plain ulfonated
poly her i ton~ (unpubli"hed r nlt from th author's
labora ory) but the advantag ou pI' P 11"es ar con erved
to omewhat hig .er t Illperatur sinee the morphological

ability i in reased. ur1hermo -e, the fl i .ility "1 the dry
tate i eve better than or uner . -lin ed .embra . Thi

ha . also been achieved by blending sulfonated po~yeth r
ketone with inert polymers such as PESPOI

In or er to combine the reduced welling of covalently
cro s-l' nked membrane with the flexibility of ionically
cro s-linked membranes, the development of combined
co al ntly/ionically cro s-linked blend membranes is cur
rendy underway}- n

Sulfonated: Victrex® PEEK

ionic crosslink

o

o

/
H

ionic crosslink

Celazole® PHI



COPOL MERS
IDES)

·ATED LOC
ALIC POLY·'

S FO
( APH

5

A r inter, . ing approa h to controlling the ulfonation
.qu -ne along th p lyn· r ba kbone has r ently be n

ad a ced by u ". g ulfona ed nl0nomer in the polymer"za
ti n f differ nt phthalic a d naphth lic polyimide . Aft r
phthalic po] it'd shad n found t be in ufficiently ta
bI und r fu I c I cond~tion , tb fo u wa shifted to ul
~ na d ply" 'd, bas d 0 1,4,5,8-' aphthalene tetracar
bo ylic dianhydr"de (NID ).L 61 In a . t tep IDA
is polymerized with a diamine monomer containing two
sulfonae group (4 4'-diaminodipheny 2.2'-di ulfonic acid
(B S ) after the latter ha been neutrali;l)ed to obtain olu
bility 'n m cre 0 . TIle ratio of TD and SA .n the fi· t
step' varied to control the length of the ionicequence. n
a econd step. remaining A Inonomers are introduced
with ,either 44'-oxydianiline (ODA) or an equimolar mix
ture of 44' and 3,4/-0DA in order to pace the ionic blocks
by hydrophobicequences.

The number of monomer"c units X in the ulfonated
pat1 was varied rom to 9 while keeping the ratio XI Y
constant (3/7 corresponding to an ion exchange capaci y
of about 1.3 meq g-I) for rna t polymers except for a few
sample with higher ion xchange capacit "Th itreou
character of th polymeream fronl the phenylene bond
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conductivity « 10-2 S Clll- 1 at 40 0 C and 100 10 RH may
e en be acceptab e for certain application where low elec
troo motic drag is required. his has not ye· been confirmed
e perimentally but is expected to be low at low degrees of

ydratio (see above).
As is the case for ulfonated polyarylene main chain

polymers grafted PBI suffers from a loss of flexibility
in the dry state which acmaly can not be recover d by
repeated soaking in water. This raise th qu .lion of
pecific interaction b tw n th unprotona. d imida ole

and the acidic function, which has not yet b n addre s d.
It is worth men ioning t, at for alk I ubstitut d varie. i .
orne of the drawbacks eem to be 1 ss se r.[35] The high

flexibili y of the side chainL reduc the brittl n. and 1 ad
to a higher wat r uptak. nfortunat 1y proton conducti ity
barelyexc d a alu f 10- Scm-I.

•

N ~ -;::?'
f

N ~ ~ N
I ~ n

CH2

x

Since aromatic PBls are well known for their remar 
able themlaI ,tability and vapor barrier propert"es, they
have been co' s" de oed not only a ,constituen of pro
ton conductingcomplexe (adduc ) with oxo-acids ( ee
High-tempera . e enlbra es VolUl e 3) but also a
th baekbon of sulfanat d polym r' conducting proton in
th hydrated tate. I 2,. -'1 While main chain ulfonated BI

hieh" re rred to a tabilized PEr' due to it remark-
abl th rmal, mchani al and che rueal durability.~341 d e
not . W -n in water and hene do not w noticeable
proton con ucti ity PBI in hich th imidazol h dro
gen is replaced by a sulfonat d aryl or all yl sub. tim nts
how interesting hydration and conductiv~typr perfe "For

instance, polybenzimidazole-N-benzylsulfonate i directly
obtained by forming a PB anion via reaction with a solu ]e
base e.g., LiH) and subsequent reaction with. odium (4
bromomethyl) benzene ulfonate. l32J

4 GRAFTED PBI

Inter ting l y. the tbermal stability in the dry tate'
. ig "ficant y i lcrea ed compared to main c am ulfonated
PBI and the polymer tak up abou 7 water per ulfonic
acid ul1ctional almost independeI t of the degree of -ul
fonation (40-70~ of the imidazole hydrogen replaced
by b nzyLu f nate coneponding t. ion e change apac
~fe of about ·.8- 3 m q g-l . D pite th "gnificantly
high r ion e cba g eapac'ty, hi' n1 ab ut alf f th
wat r uptak of Nafion® or ulfonat poly th r k tone.
Unfortunate y,. no temp ratuI depndnt swl 'ng data ar
avaHabl as y t. If thi 10 elfng a maintain d 0

high temperatur , hich i to be exp cted from th itt. 
ous character of the PBI bac bone, the comparatively ]ow

y

oo

a

>-+---+-IN

x
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The chemical and themlaI tability and the high fie "b"lity
of polypho phazelle backbones and the ease of chemically
attaching various side chains to this backbone has already
enabled the uccessfu1 development of the fully poly
merle Li+ conducting electroIyte methoxy-ethoxy-ethoxy
pho phazene (MEEP) for battery applications.[39] Function
alization of poly-dichlorophosphazene with methylphenoxy
groups leads to poly-hi -3-methylphenoxyphosphazene,
which can easily be sulfonated with S03 in 1,2
dichlo·o than ,DeE) to yield high .on exchange capacitie.
(up to 2.0 meq g-l). [401

SAXS data dearly how nano-separation as a function of
ion-exchange capacity and degree of hydration)41] whi h
closely resemble· that in ulfonated poly ether keton s.
Additionally ~ diffraction intensity in the wide-angle range
indicates some two-dimensional short-range order which

p 1m ation ar, avai abl at pres n. These are expected to
stro 'gly depend 0 te fin structure of the hydrophilic
domain see above). Swelling data at higher temp rature
hay not b n r port d yet, but th ignificantly lower
swelling in pure nethanol compared to wate· at room
telnperature,1 371 w"ch ·s a unique fea ue of this class of
membrane ,provide an in ere ting perspective for D C
applications.

It should be noted that the limited solubility of naphthalic
polyimides in ill-cre 01 has recently been improved by
introducing phenyl ether bonds and/or bulky groups. [38J

6 SULFONATED
POLY..PHENOXYPHOSPHAZENES
(POP)

igure 10. Schematic illustration of the suggesed microstructure of a naphthalic polyimideC61 (see text).

Hydrophilic Hydrophobic
~
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in the ulfonated part while the un ulfona, d hydrophob' c
part ha some residual flexibility.

or aU hydrophilic sequence lengths X the water
uptak nnd r 100% re at'v umidity i around A =

OH2aI-so H, which i cloe to th. valu. ob fV d or
sulfonated poly ether ketones (Figu e 2). But the amou t

of water taken up when the membrane i soaked in water
increas s with increasing block length X and reaches a
value of A= 30 fo X = 9. Surp : ingly, pro on conduc
ti.vity pas e through a maximu:II at = 3 (0' = 1.8 x
10-2 S cm-I at room tempera ure" indicating that the
micro tructure chang qualitatively wi.th X. As opposed
to phthalic polyimid ,wh ' re ,e size of the ionic domain

varie rnearly w'th th bloc length. th micro trucrnral
change in naphthalic polyimide are more conlp ex a "ndi
cated by SAXS measurements.[361 In fact only for X = 3
L a d~ tinct ionomer peak ob erved corresponding to a
typ'cal eparation of 25 run which does not conespond to
the length of the ionic equence (7 nm). For a I ulfona
ti.on patterns, the absence of typO cal Porod behavior at I"gb
momentum transfers suggests the absence of sharp inter
faces b. tween the hydrophobic and hydroph'Hc parts and
orne tructural regularity within the hydrophir c part Th

overall picture which emerges from the SAXS study '., that
the hydrophobic pat.1S probably aggregate during the film
forming process forming lamm lar or disk-like domain
urrounded by highly olvated ionic stic_~ . The lact.f :orm a

continuou hydrophilic dOlnain in which hydrophilic i lands
are embedded ( igure 10).

Thi microstructur also explain th residu~l volu le
change upon water uptake. Th· anisotropy of th volume
change and also of the proton conductivity uggest that the
hydrophob'c lamellae do align parallel to the membrane
utfac s. Unfortunat Jy, no data on electroosrnotic drag and
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CH:3 room temperature. However photo cro -linking w'th b n
zophenone as the photoinitiatorf40] ignificantly improve,
the welling in water and water/methanol mixture .

o
II

-rP=N..L,I;;
o

7 PERFORMANCE IN HYDROGEN AND
METHANOL FUEL eEL · S

Figure 11. Proton conductivity of Nafion 117® and a sulfonated
poly ether ketone as a function of the degree of hydration. he
regime. where water is present as a di tinct econd phase is
shaded.U )
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A few hydrocarbon-based membranes ha e already been
te, ted'n fue cell. The ulfonated poly ether ketones
di play cunent/voltage characteristic in hydrogen fuel cells
imilar or v n better than .. at for afton, and have

b en r p rt d by, verallaboratorie (e.g. ef. [8 . his
is surprising c n. idering th low r p oton conductivity of
sulfonated pol th r ke one for a gi yen wa er content.
fact high conducti tty trongly depeI on the pre ence
of Ii uid water (Figure 11), and a harp decrease in
conducti ity is obs rved for wat r activities below the
dew point of water see also Figure 4). Ob iously, high
hydration is maintained under the u ual fuel c 11 condition.
The lower electroosmotic drag of water (, ee Figur 6)
reduces the prob em of dehydrating the membrane at
the anode ide and t e generally thinner membranes
(20-40 !-LIn compared to OO!-Lm for afion 117 ) allow
for a more effective back transport of water from the
cathode to the anode side by permeation at high water
activity whe e the chemical driving force disappear ) and
by hen' cal diffu ion (at low water a tivitie . There

i not completely disrupted by welling. Proton conductiv
iti s as a function f the water volume fraction have been
interpreted in I'm. of a perco ation thre hold at ignif
icantly higher wa r nt nt than or afion®.142] Apart
from all the effect dL u ed [or ulfonated poly ether
ketones Section 3.2.3.1), thL finding j, in accodance with
a les pronounced hydrophobiclhydrophilic separation a
compared to 'afion. Although the e micro. tructural ea
tures are remini cent of the poly ether k ton s and the
chemical character of the sulfonic acid function i also
expected to be similar the reported transport coefficients

,ow di tjnctly different behavior. While the proton con
ducti ity show, a imilar dependence 01, the water content
as ob erved for sulfonat d poly ther ketone (1 41 1 and
Figure 4) the ater and m thanol diffus· on coefficient
are more than on ord r of magnitud lower. The water
diffu ion coefficients cr actually btained from the de 
orption kinetlcs[40] and the mutual diffusion of methanol
and water from the equilibration rate of a m mbran con
taining CH30D and D20 with surrounding DZO.[4] In
both case , the driving force is a gradient of the activi
ti (c emical potential ) of water and/or Inethanol and
the obtained c; emical diffu· ion coefficients are related to
he component i se]f-diffusiOl. coefficients by the corre

.ponding th rmodynamic facto (dJna;ldln,.). For waer,
this factor approache TO for a ivitie co e to uniy

igure 2), i.e., the chemical dri ing force for equilib at' g
concentration gradient almost anishe. Th r for tra r
or elf-diffusion data are required to determin h th r
POP shows transport behavior that is qualitati }7 diffi r
ent to other hydrated sulfonated polymers. Thi also hold
for wate and methanol crossover which, on the basis
of the a allabl diffu ion data . likely to be ower. As
point d out above, however the complex relation between
elf-diffusion, ch mical diffu ion, electroosmotic drag and

permeation mak uch ad hoc conclu ion problematic.
A oppo ed to ulfonated poly ether ketones, POP mem

branes show surpri ing 0 idation resistance in ho hydro
gen peroxide/ferroll. ion olution) but like most· u 'fonated
polyarylene plain POP dissol es in liquid m thanol at
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Figure 12. S hematic iHus ration of the different sources sin ,
and transport peoce ses det nnining the waterfm thanol profiles
in the membrane and cro over from the anode to the cathode.

membra (Figur. 6) pro 'd d that·. xagg at d w lling i
prevent d. Thi may e a hi ved by cr . -linking~ and ,b
surpri ingly good perfornlanc of unoptinlized .Au. i g
lil onat d poly arylen et· r e .er keton ( -PE K)/PB

bIen a ,he melnbran ma,e "aIr H d n Ion trate h
app al of thi approach.

Since the very high proton conductivity of all of the ab ve
di cu ed membrane rna r" al relies on water activitie
close to the dew point of water, the maximum operation
temperature i' approximat ly given by the boiling point of
water, i.e. OO°C a p = 105 Pa, which is a characteri tic
limitation for conventional memb iane . It has been hown
however, that intercalation of heterocycles (e.g.• imidazole

. .
pyrazole. and benzimidaz e) lead to proton conductivi-
tie. between 150 and 250 0 which are comparable to the
conductivities 0, hydrated polymers,[44] Indeed uch hete
rocycles form similar hydrogen bond network to water and
the transport properties ill the liqu'd stat.e are a so similar to
water for a given temperature relative to the melting point
(e.g. for a mixture of benzinlidazole with 10 mlo H3PO4 a
conductivity of 5 x 10-2 Scm-I is observed at 200°C),[45]
Of course the volatility of heterocycles prevents them from
being used in open electrochemical systems, such as fuel
ceUs. n contrast to using water a the proton solvent, w ~ch
is u ually upplied to the membrane by humidifying the
anode and cathode ga. s and is produced at the cathode
by the e ectrochemica reac'on th use of heterocycles

8 A UNCONVEN IONAL APPROACH

o 0 0 Eleclroosmotic dra.g
CO2 000 0 and permeatron of
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ae al 0 ind"cafon that owe ohmic resi tance 0 the
m mbranel ectrod 'nt rface i ill re favorab e for t e
perf rmance of hydr .carbon based ill mbra e , The go d
perfonnance i also a direct indication of low hydrogen
and oxygen permeability which is not treated explicitly in
this chapter (it bould be noted howe er that ionomers a
additiv 0 be gas diffu ion lec odes require at 1 ast some
gas p r ability), Lo g t rm t ts of u Ionated poly th r
ketone (e.g., Ref. [8]) and poly-imid· Inembranes l361 hay
aJready demonstrated tha these may function in a hydrogen
fuel cell at a typical temperature of T = 80 0 C for everal
thousand hours. Although such membranes readily dL sol e
in hydrog n p ro id so utions they ar appar ntly r . Ltant
to xidaf on under th condition an op rating fu 1 1.

But the failure of single cells and the clo er in pection 0

membranes even after uccessfullong term operation reveal
different type of irreversible change (unpublished results
from diffi r nt laboratori s), a re uJt of the brittlene s in
tb dry at, ill b. an may ·mply d lop crac wh n
the m mb'ane', no lim or y u 'di d. nd r wet con
ditions on the other hand plain -uU nated polyaryl n
tend to . lowly 10 e some ion exchange capacity tough
nes , and final y their morphological integrity, lthough
th pI' c· ran fo' thi b ha-- .or ar not y t d ar on
h uld ' pi·' 'nd hat for ' a' u cro s-lin ed p ly-

mec th c1eavag· of a very low por ion of bond - ay
have a drastic effect on the morphological stab" ty, otb
brittleness in the dry state and decreasing toughness in
the w t . tate are reduc d for ionically ros -linked mem
b an, but unfotunat ly, th long t ro b . a ior of . uc
n embrane - ha· not been tudied yet. R cenHy, it ha b 11

claimed that flexible eros -linked ulfonated poly arylene
ether ketone (S-P K) membrane may be acces ible. 4. 1

Improved tability i expected for poly-pho phazene and
PBI ba ed membran , but a1 0 for t ,es no fuel cell tests
ha be n report ., ar.

While for hydrogen fuel ceU applications hydrocarbon
ba ed membrane have to e sentially matcb the propertie
of afion®, their c aracteristic microstructural feature
may offer new p r p cti . for liquid DMFC application .
0' thih h'gh we lling of Na I n in wa rIm thanol

mi ture (. igure 7) and the re ulting high electr00l110tic
drag ( igure 8) of water and methanol imit the methanol
concentration in the anode feed to a few percent (typically
1 M). igure 12 schematically illustrate which ources.
sinks and transport processes detennine the water/m thanol
profil in the m brane and th ffectiv wat rand
m thanol eros ov r froD th anod t h cathod. F nit
element type calculation· using available thermodynamic
and transport data clearly show a water and methanol
cro saver is dominated by electroo motic drag for not too
low protonic current. KdJ'au is low r in hydrocarbo ba d

b



as the proton solvent require th ir immobil' ation th
polymer membran in uch a way that high mobility of
th protonic charg carrier i ill guaran eed. While pro
ton mobility in hydrated polymers ha larg contribution
from the diffusion of hydrated protons (s e al 0 Figur 4)
proton mobility in an en ironm nt of immobHi d h t '0

cycle~ mu t compl' 1 r]y on tructure diffu'on, conl
pri iog pro on tran r between heterocyc e an solvent
reorganization. or 0 igomeric model y tern consistino
of polyethylene oxide egn en (pac r ) t rminat d by
imidazole group, u ham chani m has r ntly been
confirm d experiJn ntally. [461 uch oligomer are highly
i c u il which locally aggregate in su h a wa that

dynamical hydrogen bond are formed betw en tenninating
group of different oligomer Figur ] 3 , It i ithin thi
hydroa n ond d tru tur t .at high mobility of protoni
d ftc pr t n ). ob er ed (j > 10-6 cm2 - t ,

Recent· hi mechanism has even been confinned for fa t
proton transport at medium temp ratur 150-250 0 in
fully polymeric y. tern compri ing . imilar ft pa er in
their archit ctur. r c n wor f 0 n I e au hOI aboratory).
But be· re till cl of material may be can idered for
fuel cell applica ion , chemically more stable pacer. ha
to be found and the p i oning of th anod, whi h ha . b· en
ob. r d for mom ri in 'da 01 a a pr t n olven,l 71

ha to .x Iud d.

"Imi-n"

Hydro arbon membranes 433

9 UMMARY AND OUT OOK

Many ulfonated full aromatic high p rformaoce polymer
combine good durabilit and high pI' t n condu tivity in
the wet state making th ill int r ting low-co t alternative
for perfJuoro ulfonic polymers e.g. Nafion) as memb anes
in hydrogen fuel c 11 , How vel', a :umb r of COll tra' t
have to be cons'd r d, some of whi h may be 0 e 'come by
membrane modification ,

Whit the sharp d cr e i conduct'vity with decreas
ing water cont ot L a db'eet con quence of the inhe ently
lower acidity and oano- parati n compar d t P rfluoro
ulfonic polymer, th poor m hani al prop rti, brittIe

ne in the dry tate and increasing ftn ~. in th w t tat )
may be irnpro ed by bl nding and! r 1'0. linking.

On the other hand, th low 1 ctr . motic drag (espe-
cially obser ed in . ulfona d pIth r t n ) r duce
he problem of membran d humidifi ation a d pr ide
an intere ting p rspecti for liquid DMF ~,H w v r, for
thi application the tr m ndous . w lUng in wa e1'/m tanoI
mixture ha. 0 be r duc d . ign'· antly which al 0 luay
be achie ed by appropdat bI ncling andlo· 1'0 linking.

While pro on and wat. r tran po t are gel ra y related
in the abo type. of m mbran pur pr ton conductiv·ty
in low humidity en uonm ot thigh r t mp ratur may
be ach'e d with h tero cl,g. imidaz I proton

N

( }-CH2-O
N
\

H

1: Proton transfer

2: Structural reorganization by hydrogen bond

Figure 13. Schematic iHu tration of imidazole aggr gation and diffusion of protonic defect in the 0 igomeric sy tcm Imi-n, (Reproduced
from chuster et al. (2001)[46] with penni sian from Else irS ience,)
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solvent in fully polytneric sy tern· which tnay brant
for fuel cell u .ng wat rIm thanol apor as a fu 1.
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