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ABSTRACT

The present invention relates to novel polyaZoles, a proton

conducting polymer membrane based on these polyaZoles
and its use as polymer electrolyte membrane (PEM) for pro

ducing membrane-electrode units for PEM-fuel cells, and
also other shaped bodies comprising such polyaZoles.
22 Claims, No Drawings
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PROTON-CONDUCTING MEMBRANE AND
ITS USE

play improved mechanical properties, speci?c conductivities
do not exceed 0.1 S/cm (at 140° C.).
It is an object of the present invention to provide acid
containing polymer membranes based on polyaZoles, Which
?rstly have the use advantages of the polymer membrane
based on polyaZoles and, secondly, have an increased speci?c

RELATED APPLICATIONS

This application is a divisional application of Ser. No.

conductivity, in particular at operating temperatures above

10/527,649 ?led Jul. 12, 2005 Which national stage applica
tion (under 35 U.S.C. 371) ofPCT/EP2003/009198 ?ledAug.
20, 2003 Which are both incorporated by reference in their
entirety and Which claims bene?t to German application 102
42 708.9 ?led Sep. 13, 2002.

100° C., and make do Without additional moistening of the
fuel gas.
We have noW found that a proton-conducting membrane
based on polyaZoles can be obtained When the parent mono
mers are suspended or dissolved in phosphoric acid, spread as
a thin layer by means of a doctor blade and polymerized in the

The present invention relates to a novel proton-conducting
polymer membrane based on polyaZoles, Which can, oWing to
its excellent chemical and thermal properties, be used for a
variety of purposes and is particularly suitable as polymer
electrolyte membrane (PEM) in PEM fuel cells.

phosphoric acid.
In the case of this novel membrane, the speci?c after
treatment described in the German patent application No.
101098294, an additional preparation of a polymer solution
and the subsequent doping of the ?lm can be dispensed With.

PolyaZoles such as polybenZimidaZoles (®CelaZole) have
been knoWn for a long time. Such polybenZimidaZoles (PBls)

are usually prepared by reacting 3,3',4,4"-tetraaminobiphe

The doped polymer membranes display a signi?cantly
20

improved proton conductivity.

nyl With isophthalic acid or diphenylisophthalic acid or esters

The present invention provides a proton-conducting poly

thereof in the melt. The resulting prepolymer solidi?es in the
reactor and is subsequently comminuted mechanically. The

mer membrane Which is based on polyaZoles and is obtain

pulverulent prepolymer is subsequently fully polymeriZed in

A) mixing of one or more aromatic tetraamino compounds

a solid-state polymeriZation at temperatures of up to 400° C.

able by a process comprising the steps
25

and the desired polybenZimidaZole is obtained.
To produce polymer ?lms, the PBI is, in a further step,
dissolved in polar, aprotic solvents such as dimethylaceta
mide (DMAc) and a ?lm is produced by classical methods.

Proton-conducting, i.e. acid-doped, polyaZole membranes

thereof Which contain at least tWo acid groups per carboxy
lic acid monomer, or mixing of one or more aromatic

and/or heteroaromatic diaminocarboxylic acids, in phos
phoric acid to form a solution and/or dispersion,
30

for use in PEM fuel cells are already known. The basic polya
Zole ?lms are doped With concentrated phosphoric acid or
sulfuric acid and then act as proton conductors and separators

in polymer electrolyte membrane fuel cells (PEM fuel cells).
Due to the excellent properties of the polyaZole polymer,
such polymer electrolyte membranes can, When processed to
produce membrane-electrode units (MEUs), be used in fuel
cells at long-term operating temperatures above 1000 C., in
particular above 1200 C. This high long-term operating tem
perature alloWs the activity of the catalysts based on noble

With one or more aromatic carboxylic acids or esters

B) heating of the solution and/or dispersion obtained in step
A) to temperatures of up to 350° C., preferably up to 280°

C., to form the polyaZole polymer,
C) application of a layer using the mixture from step B) to a
support or an electrode,
35

D) treatment of the membrane formed in step C) (until it is

self-supporting).
The aromatic and heteroaromatic tetraamino compounds
used according to the invention are preferably 3,3',4,4'-tet
40

metals Which are present in the membrane-electrode unit

raaminobiphenyl, 2,3,5,6-tetraaminopyridine, 1,2,4,5-tet
raaminobenZene, bis(3,4-diaminophenyl)sulfone, bis(3,4-di
aminophenyl)ether, 3,3',4,4'-tetraaminobenZophenone, 3,3‘,

(MEU) to be increased. Particularly When using reformates of

4,4'-tetraaminodiphenylmethane

hydrocarbons, signi?cant amounts of carbon monoxide are
present in the reformer gas and these usually have to be
removed by means of a costly gas Work-up or gas puri?cation.

tetraaminodiphenyldimethylmethane and their salts, in

and

3,3',4,4'

particular their monohydrochloride, dihydrochloride, trihy

This ability to increase the operating temperature enables
signi?cantly higher concentrations of CO impurities to be

drochloride and tetrahydrochloride derivatives.
The aromatic carboxylic acids used according to the inven
tion are dicarboxylic acids, tricarboxylic acids and tetracar

tolerated over the long term.

boxylic acids or their esters or their anhydrides or their acid

45

The use of polymer electrolyte membranes based on polya

Zole polymers alloWs, ?rstly, the costly gas Work-up or gas

50

chlorides. The term aromatic carboxylic acids likeWise
encompasses heteroaromatic carboxylic acids. The aromatic

puri?cation to be omitted in some cases and, secondly, the

dicarboxylic acids are preferably isophthalic acid, tereph

catalyst loading in the membrane-electrode unit to be
reduced. Both are indispensable prerequisites for large-scale

thalic acid, phthalic acid, 5-hydroxyisophthalic acid, 4-hy
droxyisophthalic acid, 2-hydroxyterephthalic acid, 5-ami
noisophthalic acid, 5-N,N-dimethylaminoisophthalic acid,
5-N,N-diethylaminoisophthalic acid, 2,5-dihydroxytereph
thalic acid, 2,6-dihydroxyisophthalic acid, 4,6-dihydroxy
isophthalic acid, 2,3-dihydroxyphthalic acid, 2,4-dihydrox
yphthalic acid, 3,4-dihydroxyphthalic acid, 3-?uorophthalic
acid, 5-?uoroisophthalic acid, 2-?uoroterephthalic acid, tet
ra?uorophthalic acid, tetra?uoroisophthalic acid, tetra?uoro
terephthalic acid, 1,4-naphthalenedicarboxylic acid, 1,5
naphthalenedicarboxylic acid, 2,6-naphthalenedicarboxylic
acid, 2,7-naphthalenedicarboxylic acid, diphenic acid, 1,8
dihydroxynaphthalene-3,6-dicarboxylic acid, bis(4-carbox
yphenyl)ether, benZophenone-4,4'-dicarboxylic acid, bis(4
dicarboxyphenyl)sulfone, biphenyl-4,4'-dicarboxylic acid,
4-tri?uoromethylphthalic acid, 2,2-bis(4-carboxyphenyl)

use of PEM fuel cells, since otherWise the costs of a PEM fuel
cell system are too high.

55

The previously knoWn acid-doped polymer membranes
based on polyaZoles display a favorable property pro?le.
HoWever, oWing to the applications desired for PEM fuel
cells, in particular in the automobile sector and in decentral
iZed poWer and heat generation (stationary sector), these need
to be improved overall. Furthermore, the previously knoWn
polymer membranes have a high content of dimethylaceta
mide (DMAc) Which cannot be removed completely by
means of knoWn drying methods. The German patent appli
cation No. 101098294 describes a polymer membrane Which
is based onpolyaZoles and in Which the DMAc contamination

has been eliminated. Although such polymer membranes dis

60
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US 8,277,983 B2
3

4

hexa?uoropropane, 4,4'-stilbenedicarboxylic acid, 4-car

The phosphoric acid used in step A) is a commercial phos
phoric acid as can be obtained, for example, from Riedel-de

boxycinnamic acid, or their C1-C20-alkyl esters or C5-C12
aryl esters, or their acid anhydrides or acid chlorides. The

Haen.

aromatic tricarboxylic acids, tetracarboxylic acids or their

It is preferably a concentrated phosphoric acid H3PO4

C1-C20-alkyl esters or C5-C12-aryl esters or their acid anhy
drides or their acid chlorides are preferably 1,3,5-benZenet

Which usually has a concentration of 85%. More highly con
centrated phosphoric acids are also possible, but these contain

ricarboxylic acid (trimesic acid), 1,2,4-benZenetricarboxylic
acid (trimellitic acid), (2-carboxyphenyl)iminodiacetic acid,
3,5,3'-biphenyltricarboxylic acid, 3,5,4'-biphenyltricarboxy

no polyphosphoric acids HMZPMOM+1 (n22)
The mixture produced in step A) has a Weight ratio of
phosphoric acid to the sum of all monomers of from 1:10 000

lic acid.
The aromatic tetracarboxylic acids or their C1-C20-alkyl
esters, C5-C12-aryl esters or their acid anhydrides or their

to 10 000:1, preferably from 1:1000 to 1000:1, in particular

acid chlorides are preferably 3,5,3',5'-biphenyltetracarboxy

out in step B). For this purpose, the mixture is heated to a

lic acid, 1,2,4,5-benZenetetracarboxylic acid, benZophenon
etetracarboxylic acid, 3,3',4,4'-biphenyltetracarboxylic acid,

temperature of up to 350° C., preferably up to 280° C., in
particular up to 250° C. The mixture is preferably heated in a
closed reactor, so that the phosphoric acid is not converted

from 1:100 to 100:1.

The polymeriZation of the mixture from step A) is carried

2,2',3,3'-biphenyltetracarboxylic acid, 1,2,5,6-naphthalene
tetracarboxylic acid, 1,4,5,8-naphthalenetetracarboxylic

into diphosphoric acid (H4P2O7), i.e. the simplest form of the

polyphosphoric acids Hn+2PnO3n+1 (n:2), by elimination of

acid.

The heteroaromatic carboxylic acids used according to the

20

invention are hetero-aromatic dicarboxylic acids and tricar
boxylic acids and tetracarboxylic acids or their esters or their

anhydrides. For the purposes of the present invention, het
eroaromatic carboxylic acids are aromatic systems in Which
at least one nitrogen, oxygen, sulfur or phosphorus atom is

25

present in the aromatic. Preference is given to pyridine-2,5

dicarboxylic acid, pyridine-3,5-dicarboxylic acid, pyridine
2,6-dicarboxylic acid, pyridine-2,4-dicarboxylic acid, 4-phe
nyl-2,5-pyridinedicarboxylic
acid,
3,5-pyraZole
dicarboxylic acid, 2,6-pyrimidinedicarboxylic acid, 2,5
pyraZinedicarboxylic acid, 2,4,6-pyridinetricarboxylic acid,

30

Water at above 200° C. The polymeriZation thus takes place
under the partial pressure of Water vapor prevailing at the
particular temperature. In one variant, the Water formed by
the polycondensation can be completely or partly removed.
This can be effected by separating off the Water or by use of

anhydrides.
The polyaZole-based polymer formed in step B) comprises
recurring aZole units of the general formula (I) and/or (II)
and/or (III) and/or (IV) and/or (V) and/or (VI) and/or (VII)
and/or (VIII) and/ or (IX) and/or (X) and/ or (XI) and/or (XII)
and/or (XIII) and/ or (XIV) and/ or @(V) and/ or @(VI) and/or

@(VII) and/or (XVIII) and/or @(IX) and/or @(X) and/or

@(XI) and/or @(XII)

benZimidaZole-5,6-dicarboxylic acid, and also their C1-C20
alkyl esters or C5-C12-aryl esters, or their acid anhydrides or
their acid chlorides.
The content of tricarboxylic acids or tetracarboxylic acids
(based on dicarboxylic acid used) is in the range from 0 to 30

(I)

35

mol %. preferably from 0.5 to 20 mol %. in particular from 1

(11)

to 20 mol %.

The aromatic and heteroaromatic diaminocarboxylic acids
used according to the invention are preferably diaminoben
Zoic acid and its monohydrochloride and dihydrochloride

40

(III)

derivatives .

Mixtures of at least 2 different aromatic carboxylic acids

are preferably used in step A). Particular preference is given
to using mixtures comprising not only aromatic carboxylic
acids but also heteroaromatic carboxylic acids. The mixing
ratio of aromatic carboxylic acids to heteroaromatic carboxy
lic acids is from 1:99 to 99:1, preferably from 1:50 to 50:1.
These mixtures are, in particular, mixtures of N-heteroaro

45

X

50

xx

N

matic dicarboxylic acids and aromatic dicarboxylic acids.
(IV)

Nonlimiting examples are isophthalic acid, terephthalic acid,

phthalic acid, 2,5-dihydroxyterephthalic acid, 2,6-dihy
droxyiso-phthalic acid, 4,6-dihydroxyisophthalic acid, 2,3
dihydroxyphthalic acid, 2,4-dihydroxyphthalic acid, 3,4-di
hydroxyphthalic acid, 1,4-naphthalenedicarboxylic acid, 1,5
naphthalenedicarboxylic acid, 2,6-naphthalenedicarboxylic
acid, 2,7-naphthalenedicarboxylic acid, diphenic acid, 1,8
dihydroxynaphthalene-3,6-dicarboxylic acid, bis(4-carbox
yphenyl)ether, benZophenone-4,4'-dicarboxylic acid, bis(4
carboxyphenyl)sulfone, biphenyl-4,4'-dicarboxylic acid,
4-tri?uoromethyl-phthalic acid, pyridine-2,5-dicarboxylic
acid, pyridine-3,5-dicarboxylic acid, pyridine-2,6-dicar
boxylic acid, pyridine-2,4-dicarboxylic acid, 4-phenyl-2,5
pyridinedicarboxylic acid, 3,5-pyraZoledicarboxylic acid,
2,6-pyrimidinedicarboxylic acid, 2,5-pyraZine-dicarboxylic
acid.

55
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45

50

(XIII)

Where
the radicals Ar are identical or different and are each a tet
raValent aromatic or heteroaromatic group Which can be

monocyclic or polycyclic,
55

the radicals Arl are identical or different and are each a diVa
lent aromatic or heteroaromatic group Which can be mono

cyclic or polycyclic,

(XIV)

the radicals Ar2 are identical or different and are each a diVa
lent or triValent aromatic or heteroaromatic group Which
60

can be monocyclic or polycyclic,
the radicals Ar3 are identical or different and are each a triVa
lent aromatic or heteroaromatic group Which can be mono

cyclic or polycyclic,
65

the radicals Ar4 are identical or different and are each a triVa
lent aromatic or heteroaromatic group Which can be mono

cyclic or polycyclic,

US 8,277,983 B2
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the radicals Ar5 are identical or different and are each a tet
ravalent aromatic or heteroaromatic group Which can be

Arl, Ar4,Ar6,Ar7,Ar8, Ar9,Ar1O, Arll can have any sub
stitution pattern; in the case of phenylene, Arl, Ar4, Ar6, Ar7,
Ars, Ar9, Arlo, Arll can be, for example, ortho-, meta- or
para-phenylene. Particularly preferred groups are derived

monocyclic or polycyclic,
the radicals Ar6 are identical or different and are each a diva
lent aromatic or heteroaromatic group Which can be mono

from benZene and biphenylene, Which may also be substi
tuted.

cyclic or polycyclic,

Preferred alkyl groups are short-chain alkyl groups having
from 1 to 4 carbon atoms, e.g. methyl, ethyl, n- ori-propyl and

the radicals Ar7 are identical or different and are each a diva
lent aromatic or heteroaromatic group Which can be mono

cyclic or polycyclic,

t-butyl groups.
Preferred aromatic groups are phenyl or naphthyl groups.
The alkyl groups and the aromatic groups may be substituted.

the radicals Ar8 are identical or different and are each a triva
lent aromatic or heteroaromatic group Which can be mono

cyclic or polycyclic,

Preferred substituents are halogen atoms such as ?uorine,

amino groups, hydroxy groups or short-chain alkyl groups
such as methyl or ethyl groups.

the radicals Ar9 are identical or different and are each a diva
lent or trivalent or tetravalent aromatic or heteroaromatic

Preference is given to polyaZoles having recurring units of

group Which can be monocyclic or polycyclic,

the formula (I) in Which the radicals X Within one recurring

the radicals Ar1O are identical or different and are each a
divalent or trivalent aromatic or heteroaromatic group

unit are identical.

The polyaZoles can in principle also have different recur

Which can be monocyclic or polycyclic,
the radicals Arll are identical or different and are each a
divalent aromatic or heteroaromatic group Which can be 20

monocyclic or polycyclic,

Further, preferred polyaZole polymers are polyimidaZoles,

the radicals X are identical or different and are each oxygen,
sulfur or an amino group Which bears a hydrogen atom, a

group having l-20 carbon atoms, preferably a branched or
unbranched alkyl or alkoxy group, or an aryl group as

ring units Which differ, for example, in their radical X. HoW
ever, preference is given to only identical radicals X being
present in a recurring unit.

polybenZothiaZoles, polybenZoxaZoles, polyoxadiaZoles,
polyquinoxalines, polythiadiaZoles, poly-(pyridines), poly
25

further radical,

(pyrimidines) and poly(tetraZapyrenes).
In a further embodiment of the present invention, the poly
mer comprising recurring aZole units is a copolymer or a

the radicals R are identical or different and are each hydrogen,
an alkyl group or an aromatic group and
n, m are each an integer greater than or equal to 10, preferably

greater than or equal to 100.

blend comprising at least tWo units of the formulae (1) to
@(Xll) Which differ from one another. The polymers can be in
30

from benzene, naphthalene, biphenyl, diphenyl ether, diphe
nylmethane, diphenyldimethylmethane, bisphenone, diphe
nyl sulfone, quinoline, pyridine, bipyridine, pyridaZine, pyri
midine, pyraZine, triaZine, tetraZine, pyrrole, pyraZole,

mers.

In a particularly preferred embodiment of the present
invention, the polymer comprising recurring aZole units is a
35

anthracene, benZopyrrole, benZotriaZole, benZoxathiadiaZ
ole, benZoxadiaZole, benZopyridine, benZopyraZine, ben
ZopyraZidine, benZopyrimidine, benZopyraZine, benZotriaZ

ine,
indoliZine,
quinoliZine,
pyridopyridine,
imidaZopyrimidine, pyraZinopyrimidine, carbaZole, acridine,
phenaZine, benZoquinoline, phenoxaZine, phentothiaZine,
acridiZine, benZopteridine, phenanthroline and phenan

the form of block copolymers (diblock, triblock), random

copolymers, periodic copolymers and/or alternating poly

Preferred aromatic or heteroaromatic groups are derived

polyaZole comprising only units of the formula (1) and/or (H).
The number of recurring aZole units in the polymer is
preferably greater than or equal to 10. Particularly preferred
polymers contain at least 100 recurring aZole units.

40

For the purposes of the present invention, polymers com
prising recurring benZimidaZole units are preferred. Some

examples of extremely advantageous polymers comprising
recurring benZimidaZole units are represented by the folloW

ing formulae:

threne, Which may also be substituted.
H

H

N

N

N\

N

N

N

hgr KITCWQP
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N

N

.IN
H
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H
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-continued

H

l

N

4<mw>L
N

N

N

m

|
H

N
|
H

For the purposes of the present invention, “self-support

Where n and m are each an integer greater than or equal to 10,

preferably greater than or equal to 100.
The polyaZoles obtainable by means of the process
described, but in particular the polybenZimidaZoles, have a
high molecular Weight. Measured as intrinsic viscosity, it is at
least 1.4 dl/ g and is thus signi?cantly above that of commer

ing” means that the membrane formed can be detached from

the support Without damage and can, if desired, subsequently

be directly processed further.

cial polybenZimidaZole (IV<1.1 dl/g).
If tricarboxylic acids and/or tetracarboxylic acids capable
of crosslinking are also present in the mixture obtained in step

20

A), they effect branching/crosslinking of the polymer

The after-treatment in step D) is carried out by action of
heat in the presence of atmospheric oxygen. This leads to
crosslinking, so that the membrane becomes self-supporting.
The after-treatment in step D) can also be carried out exclu
sively by the action of heat. This variant is selected When the

temperature chosen in step B) has not crosslinked tricarboxy

formed. This contributes to an improvement in the mechani

lic or tetracarboxylic acids present or has not crosslinked

cal properties of the membrane formed. In particular, the

them completely. The temperature is selected in the range

membrane becomes self-supporting more quickly as a result

of the crosslinking by means of any tricarboxylic acids or
tetracarboxylic acids present, so that the treatment in step D)

25

may be able to be shortened. If a very high content of tricar

boxylic acids or tetracarboxylic acids capable of crosslinking
is present, the after-treatment may be able to be omitted

entirely.

30

35

usually carried out by bringing the membrane into contact

40

The after-treatment or crosslinking can also be effected by
action of IR or NIR (IRIinfrared, i.e. light having a Wave
length of more than 700 nm; NIRInear IR, i.e. light having a
Wavelength in the range from about 700 to 2000 nm or an

boxylic acid, 2,5-pyraZinedicarboxylic acid, the temperature
in step B) is advantageously in the range up to 300° C.,

peratures of up to 550° C. This ensures crosslinking of the
membrane so that it becomes self-supporting. The treatment
time is from 0.5 seconds to 10 minutes. This treatment is
With a heated surface.

sulfone, biphenyl-4,4'-dicarboxylic acid, 4-tri?uorometh

ylphthalic acid, pyridine-2,5-dicarboxylic acid, pyridine-3,5
dicarboxylic acid, pyridine-2,6-dicarboxylic acid, pyridine
2,4-dicarboxylic acid, 4-phenyl-2,5-pyridinedicarboxylic
acid, 3,5-pyraZole-dicarboxylic acid, 2,6-pyrimidinedicar

polybenZimidaZole ?bers for protective clothing. For this pur
pose, the surface to be treated is Wetted With sulfuric acid or

dilute sulfuric acid and is subsequently heated brie?y to tem

Furthermore, it has been found that When using aromatic

dicarboxylic acids (or heteroaromatic dicarboxylic acids)
such as isophthalic acid, terephthalic acid, 2,5-dihydroxy

terephthalic acid, 4,6-dihydroxyisophthalic acid, 2,6-dihy
droxyisophthalic acid, diphenic acid, 1,8-dihydroxynaphtha
lene-3,6-dicarboxylic acid, bis(4-carboxy-phenyl)ether,
benZophenone-4,4'-dicarboxylic acid, bis(4-carboxyphenyl)

from 2200 C. to 400° C., preferably from 2500 C. to 380° C.
The treatment time is from 5 seconds to 10 hours.
In another form of the after-treatment in step D), the treat
ment can be carried out using sulfuric acid, in particular dilute
sulfuric acid. This treatment is knoWn for the production of

45

preferably from 100° C. to 250° C.
The layer formation in step C) is carried out by means of
measures knoWn per se from the prior art for polymer ?lm

production (casting, spraying, spreading by doctor blade).
Possible supports are, in particular, supports Which are
inert under the conditions selected. HoWever, apart from these
inert supports, supports composed of polymer ?lms Which are
not inert can also be used. Among this group, polymer ?lms
based on polyaZoles are particularly preferred.

50

To adjust the viscosity, the solution can, if appropriate, be

55

energy in the range from about 0.6 to 1.75 eV). A further
method is irradiation With [3-rays. The radiation dose is in the
range from 5 to 200 kGy.
According to the invention, the concentration of the phos
phoric acid is reported as mole of acid per mole of repeating
unit of the polymer. For the purposes of the present invention,
a concentration (mole of phosphoric acid per mole of repeat

ing units of the formula (III), i.e. polybenZimidaZole) of from
10 to 50, in particular from 12 to 40, is preferred. Such high
degrees of doping (concentrations) can be obtained only With

di?iculty, if at all, by doping of previously produced polya
Zole ?lms With commercially available ortho-phosphoric
acid, since a decrease in the mechanical integrity is observed.

admixed With phosphoric acid (concentrated phosphoric

The polymer membrane of the invention displays

acid, 85%). In this Way, the viscosity can be set to the desired
value and the formation of the membrane can be made easier.
The layer produced in step C) has a thickness of from 20 to
4000 um, preferably from 30 to 3500 pm, in particular from

improved materials properties compared to the previously
knoWn doped polymer membranes. In particular, it displays
improved poWer compared to knoWn doped polymer mem
60

branes. This is due, in particular, to an improved proton con
ductivity. At temperatures of 120° C., this is at least 0.1 S/cm,
preferably at least 0.11 S/cm, in particular at least 0.12 S/cm.
To achieve a further improvement in the use properties,

65

acids can also be added to the membrane. The addition can be

50 to 3000 pm.

The intramolecular and intermolecular structures present
in step C) lead to ordered membrane formation Which is

responsible for the particular properties of the membrane
formed.
The treatment of the membrane in step D) makes it self

supporting.

?llers, in particular proton-conducting ?llers, and additional
carried out either in step A) or in step B) or after the polymer

iZation in step B).
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Nonlimiting examples of proton-conducting ?llers are
sulfates such as CsHSO4, Fe(SO4)2, (NH4)3H(SO4)2,

lamines, sterically hindered alkylamines, sterically hindered
hydroxylamines, sterically hindered hydroxylamine ethers,
phosphites such as lrgafos, nitrosobenZene, methyl-2-ni
tro sopropane, benZophenone, benZaldehyde ter‘t-butyl nitron,
cysteamine, melanines, lead oxides, manganese oxides,

LiHSO4, NaHSO4, KHSO4, RbSO4, LiN2H5SO4,
NH4HSO4,
phosphates such as Zr3(PO4)4, Zr(HPO4)2, HZr2(PO4)3,

nickel oxides, cobalt oxides.
Possible ?elds of use of the doped polymer membranes of
the invention include, inter glia, use in fuel cells, in electroly
sis, in capacitors and in battery systems. OWing to their prop

KH2PO4, NaH2PO4, LiH2PO4, NH4H2PO4, CsH2PO4,
CaHPO4, MgHPO4, HSbP2O8, HSb3P2Ol4, HSSbSPZOZO,
polyacids

such

as

H3PW12O4OnH2O

(n:21-29),

er‘ty pro?le, the doped polymer membranes are preferably
used in fuel cells.
The present invention also provides a membrane-electrode
unit comprising at least one polymer membrane according to

HTiTaO5, HSbTeO6, H5Ti4O9, HSbO3, H2MoO4,
selenites and arsenides such as (NH4)3H(SeO4)2, UO2AsO4,

the invention. For further information on membrane-elec

(SeO4)2s
oxides such as A1203, Sb2O5, ThO2, SnO2, ZrO2, M003,
silicates such as Zeolites, Zeolites(NH4+), sheet silicates,

framework silicates, H-natrolites, H-mordenites, NH4
analcines, NH4-sodalites, NH4-gallates, H-montmorillo
nites,

20

acids such as HClO4, SbF5,
?llers such as carbides, in particular SiC, Si3N4, ?bers, in

selected is incorporated by reference into the present descrip

particular glass ?bers, glass poWders and/or polymer
?bers, preferably ones based on polyaZoles.
In addition, this membrane can further comprise per?uori

25

tion.
In one variant of the present invention, the membrane for
mation in step C) can be carried out directly on the electrode
rather than on a support. The treatment according to step D)
can in this Way be correspondingly shortened, since it is no

30

longer necessary for the membrane to be self-supporting.
Such a membrane is also provided by the present invention.
The present invention further provides an electrode pro
vided With a proton-conducting polymer coating Which is
based on polyazoles and is obtainable by a process compris

nated sulfonic acid additives (01-20% by Weight, preferably
02-15% by Weight, very particularly preferably 02-10% by
Weight). These additives lead to an increase in poWer, in the
vicinity of the cathode to an increase in the oxygen solubility
and oxygen diffusion and to a reduction in the adsorption of

phosphoric acid and phosphate onto platinum. (Electrolyte
additives for phosphoric acid fuel cells. Gang, Xiao; Hjuler,
H. A.; Olsen, C.; Berg, R. W.; Bjerrum, N. J. Chem. Dep. A,

ing the steps

Tech. Univ. Denmark, Lyngby, Den. J. Electrochem. Soc.
(1993), 140(4), 896-902 and Per?uorosulfonimide as an addi

tive in phosphoric acid fuel cell. RaZaq, M.; RaZaq, A.; Yea
ger, E.; DesMarteau, Darryl, D.; Singh, S. Case Cent. Elec
trochem. Sci., Case West, Reserve Univ., Cleveland, Ohio,
USA. J. Electrochem. Soc. (1989), 136(2), 385-90.)
Nonlimiting examples of per?ourated additives are: trif
luoromethanesulfonic acid, potassium tri?uoromethane
sulfonate, sodium tri?uoromethanesulfonate, lithium tri?uo
romethanesulfontate,
ammonium
tri?uoro

A) mixing of one or more aromatic tetraamino compounds
35

lic acid monomer, or mixing of one or more aromatic

and/or heteroaromatic diaminocarboxylic acids, in phos
phoric acid to form a solution and/or dispersion,
40

C., to form the polyaZole polymer,
C) application of a layer using the mixture from step B) to an

electrode,
45

C).
repeated at this point.
50

In a further variant, a catalytically active layer can be
60

applied to the membrane according to the invention and this
catalytically active layer canbe joined to a gas diffusion layer.
For this purpose, a membrane is formed according to steps A)
to D) and the catalyst is applied. These structures are also

provided by the present invention.

Nonlimiting examples of such additives are:

nols such as lrganox, aromatic amines, sterically hindered
amines such as Chimassorb; sterically hindered hydroxy

Such a coated electrode can be installed in a membrane

electrode unit Which, if appropriate, has at least one polar
membrane according to the invention.

trode unit as described in JP2001118591 A2. The mode of
action and molecular structures of such additives are

bis(tri?uoromethyl)nitroxide, 2,2,-diphenyl- 1 -picrinylhy
draZyl, phenols, alkylphenols, sterically hindered alkylphe

The coating after step C) has a thickness of from 2 to 3000
um, preferably from 3 to 2000 um, in particular from 5 to
1500 pm.
The after-treatment in step D) is carried out for the purpose

of fully polymerizing any oligomers still present.
55

the life and stability of the membrane and membrane-elec

described in F. Gugumus in PlasticsAdditives, HanserVerlag,
1990; N. S. Allen, M. Edge Fundamentals of Polymer Deg
radation and Stability, Elsevier, 1992; or H. ZWeifel, Stabili
Zation of Polymeric Materials, Springer, 1998.

D) if appropriate, treatment of the membrane formed in step
The above-described variants and preferred embodiments
also apply to this subject matter, so that they Will not be

Furthermore, the membrane can further comprise additives

Which scavenge (primary antioxidants) or destroy (secondary
antioxidants) the free peroxide radicals produced in the
reduction of oxygen during operation and thereby improve

B) heating of the solution and/or dispersion obtained in step
A) to temperatures of up to 3500 C., preferably up to 2800

sodium nona?uorobutanesulfonate, lithium nona?uorobu

tanesulfonate, ammonium nona?uorobutanesulfonate,
cesium nona?uorobutanesulfonate, triethylammonium per
?uorohexanesulfonate, per?uorosulfonimides and Na?on.

With one or more aromatic carboxylic acids or esters

thereof Which contain at least tWo acid groups per carboxy

methanesulfonate, potassium per?uorohexanesulfonate,
sodium per?uorohexane-sulfonate, lithium per?uorohexane
sulfonate, ammonium per?uorohexanesulfonate, per?uoro
hexanesulfonic acid, potassium nona?uorobutanesulfonate,

trode units, reference may be made to the specialist literature,
inparticularthe patents US. Pat. No. 4,191,618, US. Pat. No.
4,212,714 and US. Pat. No. 4,333,805. The disclosure ofthe
abovementioned references [US Pat. No. 4,191,618, US.
Pat. No. 4,212,714 and US. Pat. No. 4,333,805] in respect of
the structure and the production of membrane-electrode units
and also the electrodes, gas diffusion layers and catalysts to be

Furthermore, the formation of the membrane according to
65

steps A) to D) can also be carried out on a support or a support

?lm to Which the catalyst has previously been applied. After
removal of the support or the support ?lm, the catalyst is

US 8,277,983 B2
15

16

present on the membrane according to the invention. These
structures are also provided by the present invention.

stability and life and also an improved separation behavior. A

further advantage is, in particular, that these polymer ?lms do

The present invention provides a polymer ?lm Which is
based on polyaZoles and is obtainable by a process compris

not contain any impurities Which are costly to remove or

ing the steps

cannot be removed completely.
Such separation membranes can be produced as dense

A) mixing of one or more aromatic tetraamino compounds

polymer ?lms, porous holloW ?ber membranes or as porous,

With one or more aromatic carboxylic acids or esters

open-celled polymer ?lms, if desired With a compact cover

thereof Which contain at least tWo acid groups per carboxy

ing layer.

lic acid monomer, or mixing of one or more aromatic

To produce a porous membrane, the polymer solution from
step A) can additionally contain a pore former such as glyc
erol. In the treatment in step F), knoWn porous structures are

and/or heteroaromatic diaminocarboxylic acids, in phos
phoric acid to form a solution and/or dispersion,

B) heating of the solution and/or dispersion obtained in step

formed by solvent replacement. Depending on the chosen
composition of the precipitant, different morphologies of the

A) to temperatures of up to 350° C., preferably up to 280°

C., to form the polyaZole polymer,
C) application of a layer using the mixture from step B) a

separation membranes can be obtained in this Way. The fol

loWing structures are preferred for separation applications: i)
symmetrical, porous structure, ii) unsymmetrical porous

support,
D) treatment of the membrane formed in step C) until it is

structure having denser polymer close to one membrane sur
face.

self-supporting,
E) detachment of the membrane formed in step C) from the

support,
F) removal of the phosphoric acid present and drying.
Subsequent to step E), the phosphoric acid present in the
polymer ?lm is removed in step F). This is carried out by

20

closed in Journal of Membrane Science, Volume 20, 1984,

means of a treatment liquid in the temperature range from

room temperature (200 C.) to the boiling point of the treat

25

ment liquid (at atmospheric pressure).
Treatment liquids used for the purposes of the invention
and for the purposes of step F) are solvents Which are liquid at
room temperature [i.e. 20° C.] and are selected from the group

consisting of alcohols, ketones, alkanes (aliphatic and
cycloaliphatic), ethers (aliphatic and cycloaliphatic), glycols,
esters, carboxylic acids, With the above members of the group

cal, porous structure can be utiliZed for reverse osmosis in a
30

A particularly advantageous application is the separation
of hydrogen and carbon dioxide from gas mixtures in com
bination With a porous metallic support. Alternative technolo
35

brane, resulting in a reduction in the ef?ciency. The polya
Zole-based separation membranes of the invention can be
operated continuously at temperatures up to 400° C. and thus
40

45
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membranes can be produced in the form of ?at ?lms or as

liquid. The order is not critical.

Subsequent to the treatment according to step F) the poly

into the present description. In particular, such separation

mer ?lm can be additionally crosslinked on the surface by the

holloW ?ber membranes.
To achieve a further improvement in the use properties,
?llers can be additionally added to the polymer ?lms. The

ment in the properties. This treatment can partly or com

pletely replace the above drying or can be combined With it.
Crosslinking can also, as indicated above, be effected by
action of IR or NIR light or by means of [3-rays.
Furthermore, a thermal after-treatment With sulfuric acid

lead to an increase in the yield and a reduction in costs.
For further information on separation membranes based on

polyaZoles, reference may be made to the specialist literature,
in particular the patents WO 98/14505; US. Pat. No. 4,693,
815;U.S. Pat. No. 4,693,824; US. Pat. No. 375,262;U.S. Pat.
No. 3,737,042; US. Pat. No. 4,512,894; US. Pat. No. 448,
687; US. Pat. No. 3,841,492. The disclosure of the above
mentioned references in respect of the structure and produc
tion of separation membranes is incorporated by reference

can also be dabbed off and thus freed of excess treatment

action of heat in the presence of atmospheric oxygen. This
hardening of the ?lm surface achieves an additional improve

gies for CO2 separation require cooling of the gas to 150° C.
because of the loW thermal stability of the polymer mem

temperature and pressure chosen as a function of the partial

vapor pressure of the treatment liquid. Drying is usually car
ried out at atmospheric pressure and temperatures in the range
from 20° C. to 200° C. More gentle drying can also be carried
out under reduced pressure. In place of drying, the membrane

variety of applications, in particular desalination of Water,
dialysis or processing of gases.

tures thereof.

The treatment liquid introduced in step F) is subsequently
removed again. This is preferably achieved by drying at a

pages 147-66.
Such phase inversion membranes and structures are knoWn
to those skilled in the art. Membranes having a symmetrical
porous structure are employed as separation or ?ltration
membranes for ?ltration of air and gas or for micro?ltration or

ultra?ltration of liquids. Membranes having an unsymmetri

being able to be halogenated, Water and mixtures thereof.

Preference is given to using C1-C10-alcohols, C2-C5-ke
tones, C1-C10-alkanes (aliphatic and cycloaliphatic),
C2-C6-ethers (aliphatic and cycloaliphatic), C2-C5-esters,
C1-C3-carboxylic acids, dichloromethane, Water and mix

Scanning electron micrographs of such particularly suit
able structures of polybenZimidaZole membranes are dis

addition can be carried out either in step A and/or B or after
55

the polymeriZation (step B).
Nonlimiting examples of such ?llers are

as described above can be carried out subsequent to the treat

oxides such as A1203, Sb2O5, ThO2, SnO2, ZrO2, MoO3

ment according to step F). This leads to a further improve
ment in the use properties of the surface.
The polymer ?lm of the invention has improved materials

silicates such as Zeolites, Zeolites(NH4+), sheet silicates,
60

properties compared to the previously knoWn polymer ?lms.
Furthermore, not only does the polymer ?lm of the inven
tion display the knoWn advantages of separation membranes
based on polyaZoles, e. g. high thermal stability and resistance
to chemicals, but the separation membranes according to the

framework silicates, H-natrolites, H-mordenites, NH4
analcines, NH4-sodalites, NH4-gallates, H-montmorillo
nites

?llers such as carbides, in particular SiC, Si3N4, ?bers, in

particular glass ?bers, glass poWders and/or polymer

invention have improved mechanical properties as a result of

?bers, preferably ones based on polyaZoles.
Furthermore, the polymer ?lm can also contain additives
Which scavenge or destroy any free radicals produced during

a higher molecular Weight Which lead to increased long-term

use in gas ?ltration.

65
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Nonlimiting examples of such additives are:

at least 1.4 dl/ g, preferably at least 1.5 dl/ g, and is thus

bis(tri?uoromethyl)nitroxide, 2,2-diphenyl-l -picrylhy
draZyl, phenols, alkylphenols, sterically hindered alkylphe

signi?cantly above that of commercial polybenZimidaZole

nols such as lrganox, aromatic amines, sterically hindered
amines such as Chimassorb; sterically hindered hydroxy

nitrone, cysteamine, melanines, lead oxides, manganese

The polymer poWders obtained in this Way are suitable, in
particular, as raW material for producing shaped bodies, in
particular ?lms and ?bers.
The present invention further provides a polymer ?ber
Which is based on polyaZoles, Whose molecular Weight
expressed as intrinsic viscosity is at least 1.4 dl/g and Which
is obtainable by a process comprising the steps

oxides, nickel oxides, cobalt oxides.

A) mixing of one or more aromatic tetraamino compounds

lamines, sterically hindered alkylamines, sterically hindered
hydroxylamines, sterically hindered hydroxylamine ethers,
phosphates such as lrgafos, nitrosobenZene, methyl-2-ni

trosopropane, benZophenone, benZaldehyde tert-butyl
Possible ?elds of use of the polymer ?lms of the invention
include, inter alia, use as ?lter medium in gas ?ltration and
separation or gas puri?cation, and also in reverse osmosis, as
substrates for ?exible electric circuits, as battery separators,
as protective ?lm for electric cables, as insulator in electric
components and devices such as capacitors, as protective ?lm
for metal surfaces and other surfaces.

The present invention therefore also provides a polymer

With one or more aromatic carboxylic acids or esters

thereof Which contain at least tWo acid groups per carboxy
lic acid monomer, or mixing of one or more aromatic

and/or heteroaromatic diaminocarboxylic acids, in phos
phoric acid to form a solution and/or dispersion,

B) heating of the mixture obtained in step A) to temperatures
of up to 350° C., preferably up to 280° C., to form the
20

C) extrusion of the polyaZole polymer formed in step B) to
form ?bers,
D) introduction of the ?bers formed in step C) into a liquid

Which is based on polyaZoles as per the above features, Whose

molecular Weight expressed as intrinsic viscosity is at least
1.4 dl/g and Which is obtainable by a process comprising the

bath,

steps
A) mixing of one or more aromatic tetraamino compounds

25

With one or more aromatic carboxylic acids or esters

thereof Which contain at least tWo acid groups per carboxy
30

B) heating of the mixture obtainable according to step A)

acter of is staple ?bers. The thicknesses of the ?bers formed
are not subject to any restrictions, so that mono?laments, i.e.
35

Wire-like ?bers, can also be produced. Apart from these,
holloW ?bers can also be produced. The desired thickness is
determined by the envisaged use of the ?ber. The entire han
dling of the ?bers formed can be carried out by means of

been described above, so that they Will not be repeated at this

point.
The precipitation in step C) can be achieved by introducing

The extrusion in step C) can be carried out by means of all
knoWn ?ber formation methods. The ?bers formed can be
continuous ?laments or, if ?ber formation is carried out by a

method analogous to the “melt bloW method”, have the char

under inert gas to temperatures of up to 350° C., preferably
up to 280° C., to form the polyaZole polymer,

C) precipitation of the polymer formed in step B) and isola
tion and drying of the polymer poWder obtained.
The preferred embodiments for the steps A) and B) have

E) isolation and drying of the ?bers obtained.
The preferred embodiments for the steps A) and B) has
been presented above, so that they Will not be repeated at this

point.

lic acid monomer, or mixing of one or more aromatic

and/or heteroaromatic diaminocarboxylic acids, in phos
phoric acid to form a solution and/or dispersion,

polyaZole polymer,

knoWn ?ber technologies.
40

After extrusion in step C), the ?bers formed are introduced
into a precipitation bath. This introduction is carried out in the

the material from step B) into a precipitation bath. This intro
duction is generally carried out in the temperature range from

temperature range from room temperature (20° C.) to the

room temperature (200 C.) to the boiling point of the precipi

boiling point of the precipitation liquid (at atmospheric pres

tation liquid (at atmospheric pressure).

sure).

Precipitation liquids used for the purposes of the invention

Precipitation liquids used for the purposes of the invention

and for the purposes of step C) are solvents Which are liquid
at room temperature [i.e. 20° C.] and are selected from the

and for the purposes of step C) are solvents Which are liquid
at room temperature [i.e. 20° C.] and are selected from the

group consisting of alcohols, ketones, alkanes (aliphatic and
cycloaliphatic), ethers (aliphatic and cycloaliphatic), esters,
carboxylic acids, With the above members of the group being

group consisting of alcohols, ketones, alkanes (aliphatic and
cycloaliphatic), ethers (aliphatic and cycloaliphatic), esters,
50

carboxylic acids, With the above members of the group being

able to be halogenated, Water and mixtures thereof.

able to be halogenated, Water and mixtures thereof.

Preference is given to using Cl-Cl0-alcohols, C2-C5-ke
tones, Cl -Cl0-alkanes (aliphatic and cycloaliphatic),
C2-C6-ethers (aliphatic and cycloaliphatic), C2-C5-esters,
Cl-C3-carboxylic acids, dichloromethane, Water and mix

Preference is given to using Cl-Cl0-alcohols, C2-C5-ke
tones, Cl -Cl0-alkanes (aliphatic and cycloaliphatic),
C2-C6-ethers (aliphatic and cycloaliphatic), C2-C5-esters,
Cl-C3-carboxylic acids, dichloromethane, Water and mix

55

tures thereof.

tures thereof.

The ?ber is subsequently freed of the precipitation liquid
again. This is preferably achieved by drying at a temperature

The precipitated polymer is subsequently freed of the pre

cipitation liquid again. This is preferably achieved by drying

and pressure selected as a function of the partial vapor pres

at a temperature and pressure selected as a function of the

partial vapor pressure of the precipitation liquid. Drying is

60

usually carried out at atmospheric pressure and temperatures

20° C. to 200° C. Gentler drying can also be carried out under

in the range from 20° C. to 200° C. Gentler drying can also be
carried out under reduced pressure. The drying method is not

subject to any restrictions.
The polyaZoles obtainable by means of the process
described, but in particular the polybenZimidaZoles, have a
high molecular Weight. Measured as intrinsic viscosity, this is

sure of the precipitation liquid. Drying is usually carried out
at atmospheric pressure and temperatures in the range from
reduced pressure. The drying method is not subject to any
restrictions.

65

The treatment in the precipitation bath can lead to forma
tion of porous structures. Depending on the application, these
may be desirable for the subsequent use.
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dihydroxyphthalic acid, 3-?uorophthalic acid, 5-?uoroisoph
thalic acid, 2-?uoroterephthalic acid, tetra?uorophthalic
acid, tetra?uoroisophthalic acid, tetra?uoroterephthalic acid,
1,4-naphthalenedicarboxylic acid, 1,5-naphthalene-dicar
boxylic acid, 2,6-naphthalenedicarboxylic acid, 2,7-naphtha
lenedicarboxylic acid, diphenic acid, 1,8-dihydroxynaphtha
lene-3,6-dicarboxylic acid, bis(4-carboxyphenyl)ether,
benZophenone-4,4'-dicarboxylic acid, bis(4-dicarboxyphe
nyl) sulfone, biphenyl-4,4'-dicarboxylic acid, 4-tri?uorom
ethylphthalic acid, 2,2-bis(4-carboxyphenyl)hexa?uoropro

General Measurement Methods:
Measurement methods for IEC

The conductivity of the membrane depends strongly on the
content of acid groups expressed as the ion-exchange capac

ity (IEC). To measure the ion-exchange capacity, a specimen
having a diameter of 3 cm is stamped out and placed in a glass
beaker containing 100 ml of Water. The acid liberated is

titrated With 0.1M NaOH. The specimen is subsequently
taken up, excess Water is dabbed off and the specimen is dried
at 160° C. for 4 hours. The dry Weight, m0, is then determined

gravimetrically to a precision of 0.1 mg. The ion-exchange
capacity is then calculated from the consumption of 0.1M
NaOH to the ?rst titration end point, V1 in ml, and the dry
Weight, mO in mg, according to the folloWing formula:

pane, 4,4'-stilbenedicarboxylic acid, 4-carboxycinnamic
acid, or their C1-C20-alkyl esters or C5-C12-aryl esters, or
their acid anhydrides or acid chlorides.

4. The process as claimed in claim 1, Wherein the aromatic

carboxylic acid is tricarboxylic acids, tetracarboxylic acids or

Measurement Method for Speci?c Conductivity
The speci?c conductivity is measured by means of imped
ance spectroscopy in a 4-pole arrangement in the potentio
static mode using platinum electrodes (Wire, 0.25 mm diam

their C1-C20-alkyl esters or C5-C12-aryl esters or their acid
anhydrides or their acid chlorides.
20

5. The process as claimed in claim 1, Wherein the aromatic

eter). The distance betWeen the current-collecting electrodes

carboxylic acid is tetracarboxylic acids, their C1-C20-alkyl

is 2 cm. The spectrum obtained is evaluated using a simple
model comprising a parallel arrangement of an ohmic resis
tance and a capacitor. The specimen cross section of the

esters or C5-C12-aryl esters or their acid anhydrides or their

membrane doped With phosphoric acid is measured immedi
ately before mounting of the specimen. To measure the tem
perature dependence, the measurement cell is brought to the

acid chlorides.
6. The process as claimed in claim 4, Wherein the content of
25

desired temperature in an oven and the temperature is regu
lated by means of a Pt-100 resistance thermometerpositioned

in the immediate vicinity of the specimen. After the tempera

30

ture has been reached, the specimen is maintained at this
temperature for 10 minutes before commencement of the
measurement.

The invention claimed is:
1. A process to produce a proton-conducting polymer

tricarboxylic acids or tetracarboxylic acids (based on dicar
boxylic acid used) is from 0.5 to 20 mol %.
7. The process as claimed in claim 1, Wherein the aromatic
carboxylic acids are heteroaromatic dicarboxylic acids, tri
carboxylic acids or tetracarboxylic acids Which contain at
least one nitrogen, oxygen, sulfur or phosphorus atom in the
aromatic.

8. The process as claimed in claim 1, Wherein a polyaZole

based polymer comprising recurring aZole units of the gen
35

eral formula (l)-(XXH) or a mixture thereof,

membrane Which comprises the steps
A) mixing of one or more aromatic tetramino compounds
With one or more aromatic carboxylic acids or esters

thereof Which contain at least tWo acid groups per car
boxylic acid monomer, or mixing of one or more aro

40

(1)

matic and/or heteroaromatic diaminocarboxylic acids,
in phosphoric acid to form a solution and/ or dispersion

Wherein said phosphoric acid does not contain any poly

phosphoric acid,
B) heating of the solution and/or dispersion obtained in

45

step A) to temperatures of up to 3500 C. to form a

polyaZole polymer,
C) applying a layer using the mixture from step B) to a

support,
D) treating the membrane formed in step C) and

(H)
50

Wherein the heating is done in such a manner that the

phosphoric acid being present is not converted into poly
phosphoric acid.
2. The process as claimed in claim 1, Wherein the aromatic

tetramino compound is 3,3',4,4'-tetraminobiphenyl, 2,3,5,6
tetraminopyridine, 1 ,2,4,5 -tetraminobenZene, bis(3 ,4-diami

55

nophenyl)sulfone, bis(3,4-diaminophenyl)ether, 3,3',4,4'-tet
raminobenZophenone, 3,3‘,4,4'-tetraminodiphenylmethane
or 3,3',4,4'-tetra-aminodiphenyldimethylmethane.
3. The process as claimed in claim 1, Wherein said aromatic

(111)
60

dicarboxylic acid is isophthalic acid, terephthalic acid,

phthalic acid, 5-hydroxyisophthalic acid, 4-hydroxyisoph
thalic acid, 2-hydroxyterephthalic acid, 5-aminoisophthalic
acid, 5-N,N-dimethylaminoisophthalic acid, 5-N,N-diethy
laminoisophthalic acid, 2,5-dihydroxyterephthalic acid, 2,5
dihydroxyisophthalic acid, 2,3-dihydroxyisophthalic acid,
2,3-dihydroxyphthalic acid, 2,4-dihydroxyphthalic acid, 3,4

65
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Where
the radicals Ar are identical or different and are each a
tetravalent aromatic or heteroaromatic group Which can

be monocyclic or polycyclic,
65

the radicals Arl are identical or different and are each a
divalent aromatic or heteroaromatic group Which can be

monocyclic or polycyclic,

US 8,277,983 B2
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benZothiaZoles, polybenZoXaZoles, polyoXadiaZoles,
polyquinoxalines, polythiadiaZoles and poly(tetraZapyrenes)

23
the radicals Ar2 are identical or different and are each a
divalent or trivalent aromatic or heteroaromatic group

is formed in step B).

Which can be monocyclic or polycyclic,

10. The process as claimed in claim 1, Wherein the viscos

the radicals Ar3 are identical or different and are each a
trivalent aromatic or heteroaromatic group Which can be

ity is adjusted by addition of phosphoric acid after step B) and
before step C) and Wherein the heating is done in such a
manner that the phosphoric acid being present is not con
verted into polyphosphoric acid.

monocyclic or polycyclic,
the radicals Ar4 are identical or different and are each a
trivalent aromatic or heteroaromatic group Which can be

11. The process as claimed in claim 1, Wherein a layer
having a thickness of from 20 to 4000 pm is produced in step

monocyclic or polycyclic,
the radicals Ar5 are identical or different and are each a
tetravalent aromatic or heteroaromatic group Which can

C).
12. The process as claimed in claim 1, Wherein the mem

brane produced in step C) is treated in step D) until the

be monocyclic or polycyclic,

membrane is self-supporting and can be detached from the

the radicals Ar6 are identical or different and are each a
divalent aromatic or heteroaromatic group Which can be

support Without damage.
13. The process as claimed in claim 1, Wherein the mem

monocyclic or polycyclic,

brane produced in step C) is treated in step D) by the action of

the radicals Ar7 are identical or different and are each a
divalent aromatic or heteroaromatic group Which can be

heat in the presence of atmospheric oxygen.
14. The process as claimed in claim 1, Wherein the mem

monocyclic or polycyclic,
the radicals Ar8 are identical or different and are each a 20
trivalent aromatic or heteroaromatic group Which can be

15. The process as claimed in claim 1, Wherein the mem

brane produced in step C) is crosslinked by treatment With
sulfuric acid in step D).

monocyclic or polycyclic,
the radicals Ar9 are identical or different and are each a
divalent or trivalent or tetravalent aromatic or heteroaro

matic group Which can be monocyclic or polycyclic,

brane produced in step C) still contains tricarboxylic or tet
racarboxylic acids Which are crosslinked in step D).

16. The process as claimed in claim 1, Wherein the mem
25

the radicals Ar1O are identical or different and are each a
divalent or trivalent aromatic or heteroaromatic group

brane produced in step C) is crosslinked by action of IR or
NIR light or by irradiation With [3-rays in step D).
17. The process as claimed in claim 1, Wherein the mem

brane has a layer comprising a catalytically active compo

Which can be monocyclic or polycyclic,
nent.
the radicals Arll are identical or different and are each a
18. The process as claimed in claim 1, Wherein the forma
30
divalent aromatic or heteroaromatic group Which can be
tion of the membrane according to steps A) to D) is carried out

monocyclic or polycyclic,

on the support or a support ?lm on Which a catalyst is present,

the radicals X are identical or different and are each oxy
gen, sulfur or an amino group Which bears a hydrogen

atom, a group having 1-20 carbon atoms, the radicals R
are identical or different and are each hydrogen, an alkyl

35

group or an aromatic group and

20. The process according to claim 1, Wherein the heating

formed in step B).
9. The process as claimed in claim 1, Wherein a polymer

poly(pyridines), poly(pyrimidines), polyimidaZoles, poly

tion of the membrane according to steps A) to D) is carried out
on an electrode as support.

n and m are each an integer greater than or equal to 10, is

selected from the group consisting of polybenZimidaZole,

and the catalyst is located on the membrane according to the
invention after removal of the support or the support ?lm.
19. The process as claimed in claim 1, Wherein the forma

is done in a closed reactor so that the phosphoric acid being
40

present is not converted into polyphosphoric acid.
21. The process as claimed in claim 1, Wherein a polymer

comprising recurring benZimidaZole units of the formula
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Where n and m are each an integer greater than or equal to

10, is formed in step B).
22. The process according to claim 1, Wherein Water
formed by the polycondensation, if any, is completely or 15

partially removed.

