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ABSTRACT 

A membrane electrode assembly comprises ?rst and second 
electrodes and a composite membrane interposed therebe 
tWeen. The composite membrane comprises a porous sub 
strate impregnated With a polymeric composition compris 
ing polymerized ot,[3,[3-tri?uorostyrene monomeric units. 
Where the polymeric composition includes ion-exchange 
moieties, the resultant membrane electrode assembly is 
useful in electrochemical applications, particularly as a 
membrane electrode assembly in electrochemical fuel cells. 
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ALPHA, BETA, 
BETA-TRIFLUOROSTYRENE-BASED COMPOSITE 

MEMBRANES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/901,269 ?led Jul. 9, 2001, now US. 
Pat. No. issued . The ‘269 application is, in 
turn, a continuation of US. patent application Ser. No. 
09/441,181 ?led Nov. 15, 1999, now US. Pat. No. 6,258, 
861 issued Jul. 10, 2001. The ‘181 application is, in turn, a 
continuation of US. patent application Ser. No. 09/186,449 
?led Nov. 5, 1998, now US. Pat. No. 5,985,942 issued Nov. 
16, 1999. The ‘449 application is, in turn, a continuation of 
US. patent application Ser. No. 08/583,638 ?led Jan. 5, 
1996, now US. Pat. No. 5,834,523 issued Nov. 10, 1998. 
The ‘638 application is, in turn, a continuation-in-part of 
US. patent application Ser. No. 08/442,206 ?led May 16, 
1995, now US. Pat. No. 5,498,639 issued Mar. 12, 1996. 
The ‘206 application is, in turn, a continuation of US. patent 
application Ser. No. 08/124,924 ?led Sep. 21, 1993, now 
US. Pat. No. 5,422,411 issued Jun. 6, 1995, entitled “Tri 
?uorostyrene and Substituted Tri?uorostyrene Copolymeric 
Compositions and Ion-exchange Membranes Formed There 
from”. The ‘269, ‘181, ‘449, ‘638, ‘206, and ‘924 applications, 
each of Which is hereby incorporated by reference herein in 
its entirety, describe polymeric compositions, as Well as 
composite membranes thereof, derived from copolymers of 
ot,[3,[3-tri-?uorostyrene With a variety of substituted ot,[3,[3 
tri?uorostyrenes. These compositions are suitable for use as 
membranes, particularly as ion-exchange membranes. 

[0002] This application is also related to US. patent 
application Ser. No. 08/480,098 ?led Jun. 6, 1995, now US. 
Pat. No. 5,602,185 issued Feb. 11, 1997, US. patent appli 
cation Ser. No. 08/575,349 ?led Dec. 20, 1995, now US. 
Pat. No. 5,684,192 issued Nov. 4, 1997, both entitled “Sub 
stituted Tri?uorostyrene Compositions”, and US. patent 
application Ser. No. 08/768,615 ?led Dec. 18, 1996, now 
US. Pat. No. 5,773,480 issued Jun. 30, 1998, entitled 
“Tri?uorostyrene and Substituted Tri?uorostyrene Copoly 
meric Compositions and Ion-exchange Membranes Formed 
Therefrom”, Which is a continuation-in-part of the ‘098 
application. The ‘098, ‘349 and ‘615 applications, each of 
Which is also hereby incorporated by reference herein in its 
entirety, describe copolymers of ot,[3,[3-tri-?uorostyrene and 
substituted (x,[3,[3-tri?uorosty-renes, including sulfonyl ?uo 
ride substituted ot,[3,[3-tri?uorostyrene monomeric units that 
are conveniently hydrolyZed to produce polymeric compo 
sitions With ion-exchange moieties. This application is fur 
ther related to US. patent application Ser. No. 08/482,948 
?led Jun. 7, 1995, entitled “Copolymeric Compositions of 
Tri?uorostyrene, Substituted Tri?uorostyrene and Substi 
tuted Ethylene, and Ion-exchange Membranes Formed 
Therefrom”. The ‘948 application, Which is also hereby 
incorporated by reference herein in its entirety, describes 
copolymers of ot,[3,[3-tri-?uorostyrene and substituted ot,[3, 
[3-tri?uorostyrenes With substituted ethylene monomeric 
units. These compositions are suitable for use as mem 
branes, particularly as ion-exchange membranes. 

FIELD OF THE INVENTION 

[0003] This invention relates generally to composite mem 
branes comprising a porous substrate and a polymeric com 
position comprising various combinations of ot,[3,[3-tri?uo 
rostyrene, substituted ot,[3,[3-tri?uorostyrene and ethylene 
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based monomeric units. Where the polymeric composition 
includes ion-exchange moieties, the resultant composite 
membranes are useful in electrochemical applications, par 
ticularly as membrane electrolytes in electrochemical fuel 
cells. 

BACKGROUND OF THE INVENTION 

[0004] Dense ?lms can be obtained from solutions of 
poly-ot,[3,[3-tri?uorostyrene. HoWever, the brittleness of 
these ?lms greatly limits their application. Films obtained 
from some sulfonated poly-ot,[3,[3-tri?uorostyrenes can be 
used as ion-exchange membranes. HoWever, such ?lms 
often have unfavorable mechanical properties When Wet, and 
are knoWn to be very brittle in the dry state (see, for 
eXample, Russian Chemical RevieWs, Vol. 59, p. 583 
(1988)). Such ?lms are of little practical use in fuel cells due 
to their poor physical properties. Some improvements in 
mechanical properties have been achieved by blending sul 
fonated poly-ot,[3,[3-tri?uorostyrene With polyvinylidene 
?uoride and triethyl phosphate plasticiZer, but these ?lms 
remained unsatisfactory for application in electrochemical 
cells (see Fuel Cell Handbook, A. J. Appleby, published by 
Van Nostrand Reinhold, p. 286 (1989)). 

[0005] US. Pat. No. 5,422,411 and the related patent 
applications mentioned above describe various polymeric 
compositions incorporating substituted ot,[3,[3-tri?uorosty 
renes and some cases further incorporating substituted eth 
ylenes. Typically these compositions, as membranes, pos 
sess favorable mechanical properties compared to poly-0t, 
[3,[3-tri?uorostyrene and sulfonated poly-ot,[3,[3 
tri?uorostyrene, although some of the membranes have a 
tendency to become brittle in the fully dehydrated state, 
depending, for eXample, on the equivalent Weight. This 
effect is most apparent at equivalent Weights beloW approxi 
mately 380 g/mol. Ion-exchange membranes derived from 
these polymeric compositions are suitable for many appli 
cations, including use in electrochemical applications, such 
as fuel cells. 

[0006] For ease of handling, for eXample, in the prepara 
tion of membrane electrode assemblies for use in electro 
chemical fuel cells, the mechanical strength of the mem 
brane in the dry state is important. In electrochemical 
applications, such as electrolytic cells and fuel cells, the 
dimensional stability (changes in the dimensions of the 
membrane due to changes in the degree of hydration) of the 
membrane during operation is also important. HoWever, to 
improve performance, it is generally desirable to reduce 
membrane thickness and to decrease the equivalent Weight 
(thereby increasing the Water content) of the membrane 
electrolyte, both of Which tend to decrease both the mechani 
cal strength in the dry state and the dimensional stability in 
the Wet state. One Way to improve mechanical strength and 
dimensional stability in ionomeric membranes is through 
use of a substrate or support material, to give a composite 
membrane. The substrate is selected so that it imparts 
mechanical strength and dimensional stability to the mem 
brane. The substrate material can be combined With the 
membrane polymeric material to form a composite mem 
brane in a variety of Ways. For example, if possible, an 
unsupported membrane can be preformed and then lami 
nated to the porous substrate. Alternatively, a solution of the 
polymer can be impregnated into the porous substrate mate 
rial, and the composite membrane subsequently dried. The 
formation of composite membranes via impregnation pro 
vides a more intimate contact betWeen the tWo components, 
thus giving advantages over standard lamination 
approaches. 



US 2002/0161061 A1 

[0007] Composite ion-eXchange membranes prepared by 
impregnating commercially available porous polytetra?uo 
roethylene ?lm (Gore-teX®) With Na?on®, a per?uorosul 
fonate ionomer, have been described in Journal of the 
Electrochemical Society, Vol. 132, pp. 514-515 (1985). The 
major goal in the study Was to develop a composite mem 
brane With the desirable chemical and mechanical features 
of Nation®, but Which could be produced at loW cost. 
Indeed, based on the polymer loadings necessary to produce 
these composite membranes, they are a loW cost alternative 
to the costly per?uorosulfonic acid membranes. As indicated 
above, hoWever, these per?uorosulfonate ionomers are 
knoWn to form membranes suitable for use in electrochemi 
cal applications Without the use of a substrate. 

[0008] It has been discovered that polymers Which have a 
tendency to become brittle in the dehydrated state can be 
rendered mechanically stable, even in the fully dehydrated 
state, by impregnation into suitable substrates. 

[0009] Furthermore, it has been discovered that even poly 
mers Which are poor ?lm formers, or polymers Which form 
?lms With mechanical properties and dimensional stability 
Which Would preclude their use in electrochemical and other 
applications, can be made into composite membranes 
through incorporation into a suitable substrate. The resulting 
composite membranes have the desired physical properties 
for use in a Wide range of applications. 

SUMMARY OF THE INVENTION 

[0010] In one aspect of the present invention, a composite 
membrane comprises a porous substrate impregnated With a 
polymeric composition comprising ot,[3,[3-tri?uorostyrene 
monomeric units. 

[0011] In another aspect, a composite membrane com 
prises a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units. Substituted ot,[3,[3-tri?uorostyrene mono 
meric units have at least one non-hydrogen substituent on 
the aromatic ring. In a preferred embodiment, the polymeric 
composition comprises at least tWo different substituted 
ot,[3,[3-tri?uorostyrene monomeric units. 

[0012] In a ?rst embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises ethylene 
monomeric units, the polymeric composition derived from a 
copolymeriZation reaction involving at least ethylene and 
ot,[3,[3-tri?uorostyrene. 
[0013] In a second embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises partially 
?uorinated ethylene monomeric units, the polymeric com 
position derived from a copolymeriZation reaction involving 
at least ot,[3,[3-tri?uorostyrene and, for example, CH2=CHF, 
CHF=CHF, CF2=CH2, or CF2=CHF. 

[0014] In a third embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises tet 
ra?uoroethylene monomeric units, the polymeric composi 
tion derived from a copolymeriZation reaction involving at 
least tetra?uoroethylene and ot,[3,[3-tri?uorostyrene. 

[0015] In a fourth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
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composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises: 

Y 

[0016] Where m is an integer greater than Zero; Y is 
selected from the group consisting of chlorine, bromine, 
iodine, CXHVFZ (Where X is an integer greater than Zero and 
y+Z=2X+1), O—R (Where R is selected from the group 
consisting of CXHyFZ (Where X is an integer greater than Zero 
and y+Z=2X+1) and aryls), CF=CF2, CN, COOH and 
COZR1 (Where R1 is selected from the group consisting of 
per?uoroalkyls, aryls, and NRZR3 Where R2 and R3 are 
selected from the group consisting of hydrogen, alkyls and 
aryls). 
[0017] In a ?fth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises styrene 
monomeric units, the polymeric composition derived from a 
copolymeriZation reaction involving at least styrene and 
ot,[3,[3-tri?uorostyrene. 
[0018] In a siXth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising ot,[3,[3-tri?uorostyrene monomeric 
units, the polymeric composition further comprises substi 
tuted styrene monomeric units, the polymeric composition 
derived from a copolymeriZation reaction involving at least 
a substituted styrene and ot,[3,[3-tri?uorostyrene. Substituted 
styrene monomeric units have at least one non-hydrogen 
substituent on the aromatic ring. 

[0019] In a ?rst embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

$0213 

[0020] Where m is an integer greater than Zero. In a further 
embodiment the polymeric composition comprises: 

[0021] Where m is an integer greater than Zero, and at least 
one of n, p and q is an integer greater than Zero; A1, A2 and 
A3 are selected from the group consisting of hydrogen, 
halogens, CXHVFZ (Where X is an integer greater than Zero 
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and y+Z=2X+1), CF=CF2, CN, NO2 and OH, O—R (Where 
R is selected from the group consisting of alkyls and 
per?uoroalkyls and aryls). In a still further embodiment, the 
group from Which A1, A2 and A3 are selected further consists 
of SO3H, POZHZ, PO3H2, CH2PO3H2, COOH, OSO3H, 
OPOZHZ, OPO3H2, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls), and at least one of A1, A2 
and A3 is selected from the group consisting of SO3H, 
PO2H2, PO3H2, CH2PO3H2, COOH, OSO3H, OPOZHZ, 
OPO3H2, NR3+(Where R is selected from the group consist 
ing of alkyls, per?uoroalkyls and aryls) and CH2NR3+ 
(Where R is selected from the group consisting of alkyls, 
per?uoroalkyls and aryls). 

[0022] In a second embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

l 2 3 

[0023] Where at least one of n, p and q is an integer greater 
than Zero; A1, A2 and A3 are selected from the group 
consisting of CF=CF2, CN, NO2 and OH, O—R (Where R 
is selected from the group consisting of CXHVFZ (Where X is 
an integer greater than three and y+Z=2X+1) and aryls). 

[0024] In a third embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

[0025] 
[0026] In a fourth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

Where m is an integer greater than Zero. 

X 

[0027] Where m is an integer greater than Zero; X is 
selected from the group consisting of POZHZ, PO3H2, 
CH2PO3H2, COOH, OSO3H, OPO2H2, OPO3H2, OArSO3H 
Where Ar is an aryl, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
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CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls). 

[0028] In a ?fth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

[0029] Where m is an integer greater than Zero, and at least 
one of n, p and q is an integer greater than Zero; X is selected 
from the group consisting of SO3H, PO2H2, PO3H2, 
CH2PO3H2, COOH, OSO3H, OPO2H2, OPO3H2, OArSO3H 
Where Ar is an aryl, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls) ;A1, A2 and A3 are selected 
from the group consisting of halogens, CXHVFZ (Where X is 
an integer greater than Zero and y+Z=2X+1), CF=CF2, CN, 
NO2 and OH, O—R (Where R is selected from the group 
consisting of alkyls and per?uoroalkyls and aryls). In a 
further embodiment, the group from Which A1, A2 and A3 are 
selected further consists of hydrogen. In a still further 
embodiment, the group from Which A1, A2 and A3 are 
selected further consists of SO3H, PO2H2, PO3H2, 
CH2PO3H2, COOH, OSO3H, OPO2H2, OPO3H2, NR3+ 
(Where R is selected from the group consisting of alkyls, 
per?uoroalkyls and aryls) and CH2NR3+(Where R is selected 
from the group consisting of alkyls, per?uoroalkyls and 
aryls), and at least one of A1, A2 and A3 is selected from the 
group consisting of SO3H, PO2H2, PO3H2, CH2PO3H2, 
COOH, OSO3H, OPOZHZ, OPO3H2, NR3+(Where R is 
selected from the group consisting of alkyls, per?uoroalkyls 
and aryls) and CH2NR3+(Where R is selected from the group 
consisting of alkyls, per?uoroalkyls and aryls). 

[0030] In a siXth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition comprises: 

/ 

/ / 

[0031] Where m is an integer greater than Zero; B and D 
are selected from the group consisting of hydrogen, SOZF, 
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SO3H, POZHZ, PO3H2, CH2PO3H2, COOH, OSO3H, 
OPOZHZ, OPO3H2, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls). In a further embodiment, 
the polymeric composition comprises: 

/ | / | / | / | 

B 0 A1 A2 A3 

/ | 

\\ 
D 

[0032] Where m is an integer greater than Zero, and at least 
one of n, p and q is an integer greater than Zero; B and D are 
selected from the group consisting of hydrogen, SOZF, 
SO3H, POZHZ, PO3H2, CH2PO3H2, COOH, OSO3H, 
OPOZHZ, OPO3H2, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls) ;A1, A2 and A3 are selected 
from the group consisting of hydrogen, SOZF, halogens, 
CxHyFZ (Where X is an integer greater than Zero and y+Z= 
2X+1), CF=CF2, CN, NO2 and OH, O—R (Where R is 
selected from the group consisting of alkyls and per?uoro 
alkyls and aryls). In a still further embodiment, the group 
from Which A1, A2 and A3 are selected further consists of 
SOBH, POZHZ, PO3H2, CHZPOBHZ, COOH, OSOBH, 
OPOZHZ, OPO3H2, NR3+(Where R is selected from the 
group consisting of alkyls, per?uoroalkyls and aryls) and 
CH2NR3+(Where R is selected from the group consisting of 
alkyls, per?uoroalkyls and aryls), and at least one of A1, A2 
and A3 is selected from the group consisting of SO3H, 
POZHZ, PO3H2, CH2PO3H2, COOH, OSO3H, OPOZHZ, 
OPO3H2, NR3+(Where R is selected from the group consist 
ing of alkyls, per?uoroalkyls and aryls) and CH2NR3+ 
(Where R is selected from the group consisting of alkyls, 
per?uoroalkyls and aryls). In preferred embodiments B is 
hydrogen. 

[0033] In a seventh embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition further com 
prises ethylene monomeric units. 

[0034] In an eighth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition further com 
prises partially ?uorinated ethylene monomeric units, the 
polymeric composition derived from a copolymeriZation 
reaction involving, for example, CH2=CHF, CHF=CHF, 
CF2=CH2, or CF2=CHF. 

[0035] In a ninth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
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composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition further com 
prises tetra?uoroethylene monomeric units. 

[0036] In a tenth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition further com 
prises: 

[0037] Where m is an integer greater than Zero; Y is 
selected from the group consisting of chlorine, bromine, 
iodine, CXHVFZ (Where X is an integer greater than Zero and 
y+Z=2X+1), O—R (Where R is selected from the group 
consisting of CXHyFZ (Where X is an integer greater than Zero 
and y+Z =2X+1) and aryls), CF=CF2, CN, COOH and 
CO2R1 (Where R1 is selected from the group consisting of 
alkyls, per?uoroalkyls, aryls, and NRZR3 Where R2 and R3 
are selected from the group consisting of hydrogen, alkyls 
and aryls). 

[0038] In an eleventh embodiment of a composite mem 
brane comprising a porous substrate impregnated With a 
polymeric composition comprising substituted ot,[3,[3-trif 
luorostyrene monomeric units, the polymeric composition 
further comprises styrene monomeric units. 

[0039] In a tWelfth embodiment of a composite membrane 
comprising a porous substrate impregnated With a polymeric 
composition comprising substituted ot,[3,[3-tri?uorostyrene 
monomeric units, the polymeric composition further com 
prises substituted styrene monomeric units. Substituted sty 
rene monomeric units have at least one non-hydrogen sub 
stituent on the aromatic ring. 

[0040] In the aspects and embodiments described above, 
the substrate is preferably a porous ?lm or sheet material. 
For electrochemical applications, for eXample, preferred 
porous substrates comprise, or consist essentially of, porous 
polyole?ns. Preferred polyole?ns are polyethylene and 
polypropylene. Particularly preferred substrates comprise, 
or consist essentially of, porous polytetra?uoroethylene, 
also knoWn as eXpanded polytetra?uoroethylene. 

[0041] In a preferred aspect, a composite membrane com 
prises a porous substrate impregnated With a polymeric 
composition comprising: 

[0042] Where m and n are integers greater than Zero and A1 
is selected from the group consisting of ?uorine, CF3 and 
para-phenoXy. In a further embodiment of this preferred 
aspect, the group from Which A1 is selected further consists 
of hydrogen. 
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[0043] In another preferred aspect, a composite membrane 
comprises a porous substrate impregnated With a polymeric 
composition comprising: 

SOZF A1 

[0044] Where m, n, and p are integers greater than Zero and 
A1 and A2 are selected from the group consisting of hydro 
gen, ?uorine, CF3, and para-phenoXy. 

[0045] In another preferred aspect, a composite membrane 
comprises a porous substrate impregnated With a polymeric 
composition comprising: 

[0046] Where m and n are integers greater than Zero and X 
is selected from the group consisting of para-SOZF, meta 
SO3H and para-SO3H. 

[0047] In yet another preferred aspect, a composite mem 
brane comprises a porous substrate impregnated With a 
polymeric composition comprising: 

[0048] Where m and q are integers greater than Zero, n and 
p are Zero or an integer greater than Zero; X is selected from 
the group consisting of para-SOZF, meta-SO3H and para 
SO3H; and A1 and A2 are selected from the group consisting 
of hydrogen, ?uorine, CF3, and para-phenoXy. In a further 
embodiment of this preferred aspect, n is an integer greater 
than Zero. 

[0049] In still another preferred aspect, a composite mem 
brane comprises a porous substrate impregnated With a 
polymeric composition comprising: 

[0050] Where m and q are integers greater than Zero, n and 
p are Zero or an integer greater than Zero; X is selected from 
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the group consisting of para-SOZF, meta-SO3H and para 
SO3H; and A1 and A2 are selected from the group consisting 
of hydrogen, ?uorine, CF3, and para-phenoXy. In a further 
embodiment of this preferred aspect, n is an integer greater 
than Zero. 

[0051] In the aspects and embodiments described above, 
the polymeric compositions can consist essentially of the 
described monomeric units. 

[0052] In all of the above preferred aspects, preferably the 
porous substrate comprises polytetra?uoroethylene. A pre 
ferred porous substrate consists essentially of polytetra?uo 
roethylene. 
[0053] In the aspects and embodiments described above, 
the A1, A2, A3 substituents may be further elaborated by 
knoWn means such as, for eXample, by hydrolysis of the CN 
group to form COOH or by reduction With common reduc 
ing agents (such as, for eXample, Raney nickel) to form a 
primary amine, thereby transforming the A1, A2 and A3 
substituents into ion-exchange moieties. The resulting poly 
meric composition may thus comprise one or more type of 
ion-exchange moiety, and may also comprise both cation 
eXchange and anion-exchange moieties. 

[0054] The term “monomeric unit” as used herein indi 
cates that the polymeric composition contains the described 
fragment or unit, and is obtained by a polymeriZation 
reaction involving the corresponding unsaturated monomer. 

[0055] The substituents on the aromatic rings (including, 
for eXample, A1, A2, A3, X, B and D) may each be located 
in the ortho, meta or para positions, as indicated in the 
formulas Wherein the chemical bond draWn for the substitu 
ents intersects the aromatic ring. In preferred aspects of the 
described embodiments, the substituents are in the meta or 
para positions. 

[0056] As used herein, the term “aryl” refers to a substi 
tuted or unsubstituted phenyl group. The formula CXHyFZ 
(Where X is an integer greater than Zero and y+Z=2X+1) is 
used to indicate alkyl, per?uoroalkyl or partially ?uorinated 
alkyl groups. 

[0057] In accordance With convention in the art, the above 
chemical formulas for polymeric compositions containing 
more than tWo monomeric units (Where at least three of m, 
n, p and q are greater than Zero) are intended to indicate that 
the monomeric units are present in the polymeric composi 
tion, but are not limited to the particular order in Which the 
monomeric units are set forth in each general formula. For 
eXample, random linear copolymers, alternating copolymers 
and linear block copolymers, formed from the indicated 
monomeric units, are contemplated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0058] FIG. 1 is a plot of cell voltage as a function of 
current density (expressed in amperes per square foot or 
“ASF”) in an electrochemical fuel cell employing a com 
posite membrane of porous polyethylene impregnated With 
a sulfonated copolymer of ot,[3,[3-tri?uorostyrene and m-tri 
?uoromethyl-ot,[3,[3-tri?uorostyrene, as the proton eXchange 
membrane. 

[0059] FIG. 2 is a plot of cell voltage as a function of 
current density in an electrochemical fuel cell employing a 
composite membrane, prepared by impregnation of porous 
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polyethylene With sulfonated poly-ot,[3,[3-tri?uorostyrene, as 
the proton exchange membrane. 

[0060] FIG. 3 is a plot of cell voltage as a function of 
current density in an electrochemical fuel cell employing a 
composite membrane, prepared by impregnation of porous 
polyethylene With a copolymer of ot,[3,[3-tri?uorostyrene, 
m-tri?uoromethyl-ot,[3,[3-tri?uorostyrene and p-sulfonyl 
?uoride-ot,[3,[3-tri?uorostyrene, and subsequent hydrolysis, 
as the proton exchange membrane. 

[0061] FIG. 4 is a plot of cell voltage as a function of 
current density in an electrochemical fuel cell employing a 
composite membrane of expanded polytetra?uoroethylene 
impregnated With a sulfonated copolymer of ot,[3,[3-tri?uo 
rostyrene and m-tri?uoromethyl-ot,[3,[3-tri?uorostyrene, as 
the proton exchange membrane. 

[0062] FIG. 5 is a plot of cell voltage as a function of 
current density in an electrochemical fuel cell employing a 
composite membrane of expanded polytetra?uoroethylene 
impregnated With a loW equivalent Weight sulfonated 
copolymer of ot,[3,[3-tri?uorostyrene and m-tri?uoromethyl 
ot,[3,[3-tri?uorostyrene, as the proton exchange membrane. 

DETAILED DESCRIPTION OF PREFERRED 

EMBODIMENT(S) 
[0063] Methods for preparing the polymeric compositions 
described herein are described in the related applications or 
Will be apparent to those skilled in the art. 

[0064] The preferred substrate material is dependent on 
the application in Which the composite membrane is to be 
used. The substrate material preferably has good mechanical 
properties, is chemically and thermally stable in the envi 
ronment in Which the composite membrane is to be used, is 
tolerant of the solvent used for impregnation, and in most 
applications is preferably ?exible. For example, the porous 
substrate can be a Woven or nonWoven fabric or cloth, or can 

be made of paper, ?ber glass, cellulosics or a ceramic 
material. Preferred substrates for electrochemical applica 
tions are porous polymeric materials. Preferred polymeric 
materials are, for example, hydrocarbons such as porous 
polyole?ns, especially polyethylene and polypropylene. In 
some applications, a per?uorinated polymeric substrate may 
be preferred, for example, a preferred substrate material, 
When the composite membrane is to be used in an electro 
chemical fuel cell, is porous polytetra?uoroethylene, also 
knoWn as expanded polytetra?uoroethylene. Porous poly 
ole?ns and polytetra?uoroethylenes typically have excellent 
mechanical strength, ?exibility and do not sWell in Water. 
Polytetra?uoroethylene offers additional advantages in that 
it is also chemically inert, and porous polytetra?uoroethyl 
ene ?lms With different characteristics are commercially 
available from various sources. It may be possible to obtain 
or prepare other suitable porous polymeric substrates from, 
such as, for example, polyvinylidene ?uoride or polysul 
fones. Copolymeric substrates such as, for example, poly 
(ethylene-co-tetra?uoroethylene) and poly(tetra?uoroethyl 
ene-co-hexa?uoropropylene), may also be used. 

[0065] The degree of porosity, pore siZe and thickness of 
the substrate used in the composite membrane can be 
selected to suit the application. For use of the composite 
membrane as an electrolyte in an electrochemical fuel cell, 
the substrate thickness is preferably 10-200 pm, and more 
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preferably 25-50 pm, the preferable average pore diameter is 
0.1-1.0 pm, and the preferable porosity is 50-98%, more 
preferably 75-90%. 

[0066] Depending on the application the resultant com 
posite membrane may be gas permeable or gas impermeable. 
The loading of the polymeric composition on the substrate 
can be varied in order to control the porosity of the resultant 
composite membrane. For fuel cell applications, the com 
posite membrane is preferably substantially gas imperme 
able, thus the degree of impregnation and loading is such 
that the porosity of the composite membrane is reduced 
essentially to Zero. 

[0067] In a method for preparing composite membranes, 
the polymeric composition is dissolved in a solvent, typi 
cally an organic solvent, to form a solution. The solvent used 
Will depend, for example, on both the nature of the poly 
meric composition and the substrate. For impregnation of 
porous polyole?ns With the type of polymeric compositions 
described herein, suitable solvents include N,N-dimethyl 
formamide, N-methyl-pyrrolidone, dimethylsulfoxide and 
N,N-dimethyl-acetamide. When polytetra?uoroethylene is 
the substrate, an alcohol or mixture of alcohols (chosen, for 
example, from methanol, ethanol and propan-2-ol) is often 
the preferred solvent. The concentration of the solution Will 
depend on the loading desired, and Whether the composite 
membrane is to be porous or not. For example, if the 
composite membrane is to be gas permeable a loWer con 
centration is generally preferred. 

[0068] The porous substrate is then impregnated, for 
example, by constraining the substrate in a frame and 
dipping or soaking it in the solution. The contact time is 
dependent on the viscosity and percentage solids of the 
solution. Other techniques knoWn in the art, such as ultra 
sonication, may be used to facilitate impregnation. Also, 
multiple impregnations, possibly With different polymeric 
compositions, may be desirable for some applications. The 
substrate is then removed from the solution and the com 
posite membrane dried preferably in a humidity controlled 
atmosphere (generally at less than or equal to 2% relative 
humidity) at above ambient temperatures. 

[0069] If the composite membrane includes proton-ex 
change moieties and is to be used in, for example, a 
proton-exchange membrane fuel cell, it is removed from the 
frame, treated With 1 M hydrochloric acid and Washed With 
deioniZed Water prior to use. 

[0070] The means by Which the process described above 
could be modi?ed for impregnation of non-membrane sub 
strates, and also for a continuous composite membrane 
manufacturing process Will be apparent to those skilled in 
the art. 

[0071] In the preparation of composite ion-exchange 
membranes, the ion-exchange moieties can be: 

[0072] (a) present in the polymeric composition prior 
to its impregnation into the substrate; or 

[0073] (b) introduced post-impregnation through fur 
ther reaction of the polymeric composition on the 
substrate; or 

[0074] (c) introduced via conversion of precursor 
groups, present in the polymeric composition, after 
impregnation. 
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[0075] If the ion-exchange moieties are to be introduced 
via a post-impregnation conversion or reaction, the substrate 
needs to selected such that it can Withstand the post 
impregnation treatment step. For example, in post-impreg 
nation introduction of ion-exchange moieties, the ion-ex 
change moieties may be introduced into polymeric 
compositions containing unsubstituted ot,[3,[3-tri-?uorosty 
rene units (so called “base polymers”) via aromatic substi 
tution of at least a portion of those units, after preparation of 
a composite membrane. For example, pendant unsubstituted 
phenyl rings in the composite membrane can be conve 
niently sulfonated (see US. Pat. No. 5,422,411) to produce 
a composite cation-exchange membrane. Similarly, such 
pendant unsubstituted phenyl rings may be phosphorylated, 
carboxylated, quaternary-aminoalkylated or chloromethy 
lated, and further modi?ed to include —CH2PO3H2, 
—CH2NR3+Where R is an alkyl, or —CH2NAr3+(Where Ar 
is a substituted or unsubstituted phenyl group) and other 
substituents, to provide cation-exchange or anion-exchange 
composite membranes. Further still, the pendent phenyl 
moiety may contain a hydroxyl group Which can be elabo 
rated by knoWn methods to generate —OSO3H, —OPO2H2 
and —OPO3H2 cation-exchange sites on the composite 
membrane. 

[0076] The approach in Which the ion-exchange function 
ality is introduced post-impregnation via conversion of a 
precursor using simple post-impregnation procedure, such 
as hydrolysis, can be advantageous. For example, composite 
membranes comprising polymers containing sulfonyl ?uo 
ride moieties (—SO2F) can be hydrolyzed to generate 
—SO3H cation-exchange sites. In a typical hydrolysis reac 
tion, the sulfonyl ?uoride is converted to the free sulfonic 
acid functionality by treatment of the composite membrane 
With concentrated aqueous alkali metal hydroxide at 
elevated temperatures. This and other procedures for the 
hydrolysis of —SO2F to —SO3H are Well-knoWn to those 
skilled in the art. The latter approach to the introduction of 
—SO3H moieties offers advantages over sulfonation of a 
base polymer in the composite membrane. For example, it 
permits greater control over the ion-exchange capacity of the 
resultant composite membrane. 

[0077] Membranes including sulfonyl ?uoride substituted 
ot,[3,[3-tri?uorostyrene monomeric units are described in a 
related application. Unsupported membranes containing a 
signi?cant proportion of sulfonyl ?uoride substituted ot,[3, 
[3-tri?uorostyrene monomeric units can be very fragile. The 
mechanical properties of these precursor ion-exchange 
membranes can be signi?cantly enhanced through incorpo 
ration into a porous substrate. 

[0078] It may be advantageous to introduce ion-exchange 
moieties after preparation of the composite membranes, as 
described in (b) and (c) above. For example, in electro 
chemical applications Where the preferred substrates are 
typically hydrophobic, the preparation of a composite mem 
brane by ?rst impregnating the substrate With a solution of 
a non-ionic polymer Which is also essentially hydrophobic 
may lead to more facile and improved impregnation. 

[0079] The folloWing examples are for purposes of illus 
tration and are not intended to limit the invention. Examples 
1-3 describe the preparation of composite ion-exchange 
membranes in Which porous, high density polyethylene is 
used as the substrate. Examples 4 and 5 describe the 
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preparation of composite ion-exchange membranes in Which 
expanded polytetra?uoroethylene is used as the porous 
substrate. In Examples 1, 2, 4 and 5 the ion-exchange 
moieties Were present in the polymeric composition prior to 
its impregnation into the substrate. In Example 3 the ion 
exchange moiety Was generated by hydrolysis of sulfonyl 
?uoride moieties after preparation of the composite mem 
brane. Example 6 sets forth the procedure used to test the 
composite ion-exchange membranes, prepared as described 
in Examples 1-5, as membrane electrolytes in an electro 
chemical fuel cell. 

[0080] EXAMPLE 1 

[0081] Porous Polyethylene Impregnated With a Sul 
fonated Copolymer of ot,[3,[3-tri?uorostyrene and m-tri?uo 
romethyl-ot,[3,[3-tri?uorostyrene 

[0082] (Composite Membrane A) 

[0083] The substrate, a 9 inch ><9 inch piece of high 
density polyethylene (obtained from 3 M, product ID #43 
9100-6770-1, 81% porosity, approximately 50 micron) Was 
clamped in a frame and immersed in a N,N-dimethylforma 
mide solution (7% W/W) of a sulfonated copolymer of 
ot,[3,[3-tri-?uorostyrene and m-tri?uoromethyl-ot,[3,[3-tri 
?uorostyrene (equivalent Weight 384 g/mol) in a glass 
container. The container Was covered to exclude moisture 
and particulate contaminants. After 1 hour excess polymer 
solution Was removed and the transparent, Wetted substrate 
Was placed to dry in a chamber at approximately 2% relative 
humidity, at 50° C. After approximately 3 hours the dry 
composite membrane, noW opaque, Was a mechanically 
strong ?exible ?lm. On immersion in 1 M hydrochloric acid 
(to ensure protonation of all the sulfonic acid moieties), and 
subsequent Washing With deioniZed Water, the composite 
membrane once again became transparent. The Wet com 
posite membrane (50-60 micron thick) Was also strong and 
?exible. 

[0084] EXAMPLE 2 

[0085] Porous Polyethylene Impregnated With Sulfonated 
Poly-ot,[3,[3-tri?uorostyrene 

[0086] (Composite Membrane B) 

[0087] The substrate, a 10 inch ><10 inch piece of high 
density polyethylene (from 3 M, product ID #43-9100-6770 
1, 81% porosity, 50 micron) Was clamped in a frame and 
immersed in a N,N-dimethylformamide solution (7% W/W) 
of a sulfonated polymer of ot,[3,[3-tri?uorostyrene (equiva 
lent Weight 430 g/mol) in a glass container. The container 
Was covered to exclude moisture and particulate contami 
nants. After 2 hours excess polymer solution Was removed 
and the transparent, Wetted substrate Was placed to dry in a 
chamber at approximately 2% relative humidity, at 50° C. 
After approximately 3 hours the dry composite membrane, 
noW opaque, Was a mechanically strong ?exible ?lm, in 
contrast to the analogous unsupported membrane Which 
Would be extremely fragile in the dry state. On immersion in 
1 M hydrochloric acid (to ensure protonation of all the 
sulfonic acid moieties), and subsequent Washing With deion 
iZed Water, the composite membrane once again became 
transparent. The Wet composite membrane (approximately 
100 micron thick) Was also strong and ?exible. 
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[0088] EXAMPLE 3 

[0089] Porous Polyethylene Impregnated With a Copoly 
mer of ot,[3,[3-tri?uorostyrene, m-tri?uoromethyl-ot,[3,[3-trif 
luorostyrene and p-sulfonyl ?uoride-ot,[3,[3-tri?uorostyrene, 
and Subsequent Hydrolysis 

[0090] (Composite Membrane C) 
[0091] The substrate, a 10 inch ><10 inch piece of high 
density polyethylene (from 3 M, product ID #43-9100-6770 
1, 81% porosity, approximately 50 micron) Was clamped in 
a frame and immersed in a N,N-dimethylformamide solution 
(5% W/W) of a copolymer of ot,[3,[3-tri?uorostyrene, m-trif 
luoromethyl-ot,[3,[3-tri?uorostyrene and p-sulfonyl ?uoride 
ot,[3,[3-tri?uorostyrene (equivalent Weight 480 g/mol after 
hydrolysis) in a glass container. The container Was covered 
to exclude moisture and particulate contaminants. After 2 
hours excess polymer solution Was removed and the trans 
parent, Wetted substrate Was placed to dry in a chamber at 
approximately 2% relative humidity, at 50° C. After approxi 
mately 3 hours the dry composite membrane Was a mechani 
cally strong ?exible ?lm. The sulfonyl ?uoride moieties 
Were hydrolyZed by treatment of the composite membrane 
With potassium hydroxide solution (approximately 6% W/W, 
in 5:1 W/W Water:1-methoxy-2-propanol) at 60° C. (see US. 
Pat. No. 5,310,765). The composite membrane Was then 
immersed in 1 M hydrochloric acid to ensure protonation of 
all the sulfonic acid moieties in the composite membrane, 
and subsequently Washed With deioniZed Water. The Wet, 
hydrolyZed composite membrane (50-70 micron thick) Was 
also strong and ?exible. 

[0092] EXAMPLE 4 

[0093] Expanded Polytetra?uoroethylene Impregnated 
With a Sulfonated Copolymer of ot,[3,[3-tri?uorostyrene and 
m-tri?uoromethyl-ot,[3,[3-tri?uorostyrene 
[0094] (Composite Membrane D) 
[0095] The substrate, an 8 inch ><8 inch piece of expanded 
polytetra?uoroethylene (Tetratex® obtained from Tetratec 
Corporation, 80-90% porosity, approximately 38 micron, 
0.45 micron pore siZe) Was clamped in a frame and 
immersed in a methanol/propan-2-ol (3:1) solution (approxi 
mately 5% W/v) of a sulfonated copolymer of ot,[3,[3-tri?uo 
rostyrene and m-tri?uoromethyl-ot,[3,[3-tri?uorostyrene 
(equivalent Weight 412 g/mol) in a glass container. The 
container Was covered to exclude moisture and particulate 
contaminants. After 18 hours excess polymer solution Was 
removed and the transparent, Wetted substrate Was placed to 
dry in a chamber at approximately 2% relative humidity, at 
50° C. After approximately 1.5 hours the dry composite 
membrane, noW opaque, Was a mechanically strong ?exible 
?lm. On immersion in 1 M hydrochloric acid (to ensure 
protonation of all the sulfonic acid moieties), and subse 
quent Washing With deioniZed Water, the composite mem 
brane once again became transparent. The Wet composite 
membrane (50-60 micron thick) Was also strong and ?ex 
ible. 

[0096] EXAMPLE 5 

[0097] Expanded Polytetra?uoroethylene Impregnated 
With a Sulfonated Copolymer of ot,[3,[3-tri?uorostyrene and 
m-tri?uoromethyl-ot,[3,[3-tri?uorostyrene 
[0098] (Composite Membrane E) 
[0099] The composite membrane Was prepared as 
described in Example 4, using a sulfonated copolymer of 
ot,[3,[3-tri?uorostyrene and m-tri?uoromethyl-ot,[3,[3-tri?uo 
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rostyrene With a loWer equivalent Weight (362 g/mol) and 
impregnating the substrate for 30 minutes. The resulting dry 
composite membrane Was a mechanically strong ?exible 
?lm, in contrast to the analogous unsupported membrane 
Which, at this loW equivalent Weight, is extremely fragile 
and readily reduced to a poWder on handling. The Wet 
composite membrane (25-40 micron thick) Was also strong 
and ?exible, again in contrast to the unsupported membrane 
Which is fragile and dimensionally unstable, and is therefore 
of limited use in electrochemical fuel cells. 

[0100] EXAMPLE 6 

[0101] Each of the composite membranes prepared as 
described above Was bonded to tWo catalyZed carbon ?ber 
paper electrodes at room temperature under 7,500 pounds of 
pressure. Each membrane electrode assembly Was tested in 
a Ballard Mark IV single cell fuel cell (see US. Pat. Nos. 

4,988,583; 5,108,849; 5,170,124; 5,176,966 and 5,200,278; 
all incorporated herein by reference in their entirety). The 
folloWing operating conditions applied to the fuel cell in 
Which the membranes Were tested: 

[0102] Temperature: 70° C.; 

[0103] Reactant inlet pressure: 24 psi for both air and 
hydrogen; 

[0104] Reactant stoichiometries: 2.0 air and 1.15 
hydrogen. 

[0105] The membrane electrode assemblies incorporating 
the composite membranes Were tested for 200-1400 hours, 
depending on availability of testing equipment. 

[0106] FIGS. 1-5 are polariZation plots of voltage as a 
function of current density for composite membranes A-E, 
respectively, employed in membrane electrode assemblies in 
the electrochemical fuel cell. The data is comparable to data 
reported for unsupported membranes in related US. Pat. No. 
5,422,411. 

[0107] While particular elements, embodiments and appli 
cations of the present invention have been shoWn and 
described, it Will be understood, of course, that the invention 
is not limited thereto since modi?cations may be made by 
those skilled in the art, particularly in light of the foregoing 
teachings. It is therefore contemplated by the appended 
claims to cover such modi?cations as incorporate those 
features Which come Within the scope of the invention. 

What is claimed is: 

1. A membrane electrode assembly comprising ?rst and 
second electrodes and a composite membrane interposed 
therebetWeen, Wherein the composite membrane comprises 
a porous substrate impregnated With a polymeric composi 
tion comprising polymeriZed ot,[3,[3-tri?uorostyrene mono 
meric units. 


