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Summary: Blends composed of sulfonated polysulfone (SPSF) and poly(ethylene

oxide)-grafted-polyethersulfone (PEO-g-PES) in different compositions have been

prepared and studied in terms of fuel cell relevant parameters like thermal behaviour,

water uptake and ionic conductivity. Moreover, spectroscopic characterization (FT-IR)

has also been conducted in order to elucidate their miscibility and to investigate the

influence of polymer blending on the crystallinity level of the individual components.

These blends exhibit very good mechanical properties, a very high water uptake and a

high ionic conductivity (4� 10�3 S/cm) at ambient temperatures and they are

amorphous, a property that facilitates their use as polymer electrolytes in fuel cells.
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Introduction

Proton exchange membrane fuel cells

(PEMFC)s are promising clean power

sources for vehicular transportation and

domestic applications.[1] As one of the key

components of the membrane electrode

assembly (MEA), proton exchange mem-

branes (PEM) support the catalyst, provide

ionic pathways for protons and prevent

crossover of gases or fuel. At present,

sulfonated perfluoropolymers such as

DuPont’s Nafion have been almost the

only advanced membranes that are used in

practical systems due to their high proton

conductivity, good mechanical strength,

and high thermal and chemical stability.

However, there are a few drawbacks

including high cost, low conductivity at

low humidity or high temperatures as well

as high methanol permeability which ser-

iously limit their application. Thus, the

development of alternative materials over-

coming these problems is strongly desired.

All existing membrane materials for low

temperature PEM fuel cells rely on

absorbed water and its interaction with

acid groups which act as proton exchange

sites to facilitate ionic conductivity. Thus,

an effective approach is the acid function-

alization of wholly aromatic polymers

which are thought to be one of the most

promising routes to high performance

PEMs. Specifically, sulfonated poly(arylene

ether) materials such as sulfonated poly-

(arylene ether ether ketone) (SPEEK),[2]

sulfonated poly(arylene ether sulfone)[3]

and their derivatives are the focus of many

investigations.

An alternative approach for the devel-

opment of proton conducting materials is

the incorporation of hydrophilic poly(ethyl-

ene oxide) (PEO) units onto a stiff polymer

backbone. PEO-based polymeric electro-

lytes are still among the most extensively

studied polymeric conductors, since their

structures are beneficial for supporting fast

ion transport.[4] A main drawback is the

high crystallinity which limits the high ionic

conductivity of PEO-based electrolytes.[5]

In order to suppress the crystallinity of
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PEO, it is blended with other polymers in

which PEO forms the conductive phase and

the other component acts as a mechanical

support.

In this study sulfonated polysulfone with

different sulfonation degrees and PEO-g-

PES blends with different PEO molecular

weights (MW 5000, 2000) are investigated

for their potential use as polymer electro-

lytes in PEM fuel cells.

Experimental

Materials

4-fluorophenyl sulfone (DFDPS), 2,2-bis-

(4-hydroxyphenyl)-propane, and decafluo-

robiphenyl (DFB) were obtained from

Aldrich Chemical Co. N,N-Dimethylform-

amide (DMF), N,N-Dimethylacetamide

(DMA), toluene, methanol, dichloro-

methane, chloroform, and diethyl ether

were obtained from commercial sources

and used as received. Anhydrous potassium

carbonate was dried at 60 8C for 10 hours in

a vacuum oven. Dihydroxy-PEO 5000 and

dihydroxy-PEO 2000 were synthesized as

described elsewhere.[6] Sulfonated polysul-

fone in the sodium salt form (SPSF(Na))

was prepared according to known proce-

dures.[3a,7] The sulfonation degrees deter-

mined by 1H-NMR spectroscopy were 55%

and 45%.

Synthesis of PEO-grafted -Poly (arylene

ether)s

(a) Synthesis of Polymer PEO-g-PES-1

A typical polymerization procedure is as

follows; to a 10 ml, three-neck flask equip-

ped with a magnetic stirrer, a Dean-Stark

trap and an argon gas inlet, dihydroxy-PEO

5000 (0.4635 g, 0.09 mmol), 4-fluorophenyl

sulfone (0.0229 g, 0.09 mmol), potassium

carbonate (0.0186 g, 0.13 mmol) in 3 ml

DMF and 2.1 ml toluene were added under

argon atmosphere. The reaction mixture

was heated to 160–170 8C andmaintained at

this temperature for 20 h. The reaction

mixture was diluted with DMF (5 ml) and

poured slowly into a large excess of diethyl

ether. The precipitated polymer was fil-

tered and washed several times with diethyl

ether. The polymer obtained was redis-

solved in 20 ml chloroform and poured

slowly in a large excess of diethyl ether with

stirring. The polymer was precipitated out,

filtered, washed with diethyl ether and

dried at 50 8C under vacuum for 24 h. The

molecular weight of the polymer was

Mn¼ 21.3, Mw¼ 42.6 Kg/mol determined

by GPC measurements.

(b) Synthesis of Polymer PEO-g-PES-2

Polymer PEO-g-PES-2 was synthesized

from dihydroxy-PEO 2000 and 4-fluoro-

phenyl sulfone using the same procedure as

the synthesis of polymer PEO-g-PES-1.

The molecular weight of the polymer was

Mn¼ 35, Mw¼ 77 Kg/mol determined by

GPC measurements.

Characterization
1H-NMR spectra were obtained on a

Bruker Advance DPX 400 MHz spectro-

meter. The samples were dissolved either in

deuterated chloroform (CDCl3) or deuter-

ated dimethyl sulfoxide (d6-DMSO).

Gel permeation chromatography (GPC)

measurementswere carriedout using aPoly-

mer Lab chromatographer equipped with

twoUltra Styragel columns (104, 500 Å),UV

detector (254 nm), and CHCl3 as eluent, at

25 8C with a flow rate of 1 ml/min.

Thermal Properties

DMAmeasurements were conducted using

a solid-state analyzer RSA II, Rheometrics

Scientific Ltd., at 10 Hz.

SEM Studies

Membrane morphology was studied by

Scanning Electron Microscopy (SEM)

using a LEO Supra 35VP microscope.

Solution cast samples were cryo-fractured

in liquid nitrogen. The sample surfaces

were coated with a thin layer of gold before

examination.

Determination of Water Uptake

Membranes were soaked in distilled water

for 24 hours at determined temperatures.
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Surface-attached water was quickly

removed with tissue paper and the weight

of the wet membrane determined. The

water uptake content can be calculated by

Uptake content ð%Þ
¼ vwet � vdry=vdry � 100% (1)

where vwet and vdry are the masses of wet

and dried samples, respectively.

Proton Conductivity Measurements

Conductivity measurements were carried

out by the current interruption method

using a potentiostat/galvanostat (EG and G

model 273) and an oscillator (Hitachi

model V-650F).

Membrane Preparation of Polymer Blends

(SPSF(Na)x/PEO-g-PES, x¼ 45, 55)

Blends were prepared by dissolving sulfo-

nated polysulfone (SPSF(Na)) and PEO-g-

PES in DMF (5% w/v) at different ratios.

Membranes of the blends were cast by

pouring the solution onto a glass plate at

85 8C in an oven for 20 h. Homogeneous,

transparent films with good mechanical

properties were obtained. To remove any

excess of the solvent, the membranes were

dried under vacuum at 90 8C for 3 days. The

synthesized blends are shown in Tables 1

and 2.

FT-IR Characterization

ATR-FT-IR spectra were collected using a

Nicolet 850 FT-IR spectrometer equipped

with an MCT/A detector. The experiments

were carried out on ZnSe internal reflection

elements (80� 10� 3 mm, twelve bounces,

and an angle of incidence of 458). Each

measurement was the accumulation of 128

scans at 2 cm�1 spectral resolution.

Results and Discussion

In Figures 1a and b themolecular structures

of sulfonated polysulfone (SPSF) and

poly(ethylene oxide)-grafted-polyethersul-

fone (PEO-g-PES) which were used to

prepare blends with different compositions,

are presented.

In Figure 2 a plot of the water uptake

level for the different PEO-g-PES-2

concentrations is shown. In particular, the

70/30 blend exhibits an order of magnitude
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Table 1.
Compositions of SPSF(Na)55/PEO-g-PES-1 blends.

Compositions

SPSF(Na)55 PEO-g-PES-1 (MWPEO¼ 5000)

95 5
90 10
85 5

Table 2.
Compositions of SPSF(Na)45/PEO-g-PES-2 blends.

Compositions

SPSF(Na)45 PEO-g-PES-2 (MWPEO¼ 2000)

90 10
80 20
70 30

a)

b)

CO

CH3

CH3

SO3Na

O SO2 *

SO2 O O *

COOPEO

*

Figure 1.

a) Sulfonated polysulfone (SPSF(Na)), b) PEO-grafted-polyethersulfone (PEO-g-PES), Mw PEO¼ 5000, 2000.
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increase in the doping level as compared to

the 90/10 blend. Therefore, the amount of

PEO-g-PES, due to the hydrophilicity of

PEO, increases the water uptake of the final

blend with beneficial consequences for its

operation in PEM fuel cells.

In order to investigate the phase beha-

vior of the blends, dynamic mechanical

analysis has been performed. The loss (E00)
modulus curves of blends SPSF(Na)45/

PEO-g-PES-2 with compositions 90/10

and 80/20 respectively, as a function of

temperature are given in Figure 3. Careful

examination of the E00-T curve of the blend

90/10 revealed two broad overlapping

peaks above 200 8C. One possible explana-

tion for the appearance of more than one

peak is due to partial miscibility of the two

components of the blend. In particular, the

higher temperature peak is associated with

the Tg of a rich SPSF(Na)45 phase whereas

the lower temperature peak is attributed to

a phase that has higher PEO-g-PES-2

content blended in it. In contrast, in the
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Figure 2.

Water uptake of the blends SPSF(Na)45/PEO-g-PES-2 in compositions 70/30, 80/20 and 90/10 as a function of

time at 85 8C.

500 100 150 200 250 300

0

50

100

150

200

250

300 SPSF(Na)
45

/PEO-g-PES-2 90/10
SPSF(Na)

45
/PEO-g-PES-2 80/20

E
’’(

M
P

a)

Temperature (°C)

Figure 3.

Temperature dependence loss (E00) modulus of the blend (–—) SPSF(Na)45/PEO-g-PES-2 90/10 and (---)SPSF(Na)45/

PEO-g-PES-2 80/20.
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Figure 4.

SEM image of the cryofractured surface of the water immersed blend SPSF(Na)55/PEO-g-PES-1 90/10.
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Figure 5.

ATR-FT-IR spectra of the blends SPSF(NA)55/PEO-g-PES-1 for different compositions in comparison to the spectra

of their initial components a) in the spectral region: 1380–1310 cm�1, b) in the spectral region: 980–890 cm�1.
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case of blend 80/20 one sharp peak is

observed, corresponding to the Tg of the

blend and it is shifted to lower temperatures

(at 165 8C), an indication that the Tg’s of

blends SPSF(Na)45/PEO-g-PES-2 de-

creased with increasing PEO content.

In Figure 4 the morphology of 90/10

SPSF(Na)55/PEO-g-PES-1 blend was inves-

tigated using scanning electron microscopy

(SEM). In this picture, nanophase separa-

tion of the hydrophilic and hydrophobic

units is observed, which persists even after

immersion in water.

In Figures 5a and 5b the infrared spectra

of SPSF(Na)55/PEO-g-PES-1 blends with

compositions 95/5, 90/10 and 85/15 are

compared. The infrared spectrum of

PEO-g-PES-1 in Figure 5a exhibits two

narrow bands at 1359 and 1342 cm�1 which

are attributed to the crystalline PEO[8] and

have been associated to the CH2 wagging

motion.[9] When PEO-g-PES-1 is blended

with SPSF(Na)55, the doublet is replaced by

a broad band at 1348 cm�1 which is

attributed to the amorphous PEO.

A similar behavior is observed in

Figure 5b. Again the spectrum of PEO-g-

PES-1 exhibits a doublet located at 946 and

962 cm�1. These two bands are associated

with the CH2-rocking vibration of crystal-

line PEO in a 72 helix.[10] Upon blending

PEO-g-PES-1 with SPSF(Na)55 this dou-

blet turns into a singlet at 947 cm�1 which is

a characteristic band of amorphous PEO.

Conclusions

Blends of sulfonated polysulfone, (SPSF)

and poly(ethylene oxide)-grafted-poly-

ethersulfone, (PEO-g-PES) were prepared

and studied for potential use in PEM fuel

cells. Spectroscopic characterization

reveals the amorphous nature of the

membrane in addition to its good mechan-

ical properties and high ionic conductivity.

Acknowledgements: We thank the European
Social Fund (ESF), Operational Program for
Educational and Vocational Training II
(EPEAEK II), and particularly the program
PYTHAGORAS, for funding the above work.

[1] B. C. H. Steele, A. Heinzel, Nature (London), 2001,

414, 345.

[2] (a) M. T. Bishop, F. E. Karasz, P. S. Russo, K. H.

Langley,Macromolecules 1985, 18, 86. (b) J. Roziere, D. J.

Jones, Annu. Rev. Mater. Res. 2003, 33, 129. (c) S. M. J.

Zaidi, S. D. Mikhailenko, G. P. Robertson, M. D. Guiver,

S. Kaliaguine, J. Membr. Sci. 2000, 173, 17. (d) K. D.

Kreuer, J. Membr. Sci. 2001, 185, 29.

[3] (a) A. Noshay, L. M. Robeson, J. Appl. Polym. Sci.

1976, 20, 1885. (b) B. C. Johnson, I. Yilgor, C. Tran, M.

Iqbal, J. P. Wightman, D. R. Lloyd, J. E. McGrath,

J. Polym. Sci: Polym. Chem. Ed. 1984, 22, 721. (c)

J. Kerres, J. Membr. Sci. 2001, 185, 3. (d) F. Wang, M.

Hickner, Y. S. Kim, T. H. Zawodzinski, J. E. McGrath,

J. Membr. Sci. 2002, 197, 231.

[4] W. H. Meyer, Adv. Mater. 1998, 6, 10.

[5] (a) C. Berthier, W. Gorecki, M. Minier, M. Armand,

J.-M. Chabagno, P. Rigaud, Solid State Ionics 1983, 11, 91.

(b) M. Watanabe, S. Nagano, K. Sanui, N. Ogata, Solid

StateIonics 1986, 18/19, 338. (c) S. Lascaud, M. Perrier,

A. Valle’e, S. Besner, J. Prud’homme, Macromolecules

1994, 27, 7469. (d) J. M. Tarascon, M. Armand, Nature

(London) 2001, 414, 359.

[6] V. Deimede, J. K. Kallitsis, Chem. Eur. J. 2002, 8, 467.

[7] V. Deimede, G. A. Voyiatzis, J. K. Kallitsis, L.

Qingfeng, N. J. Bjerrum, Macromolecules 2000, 33,

7609.

[8] S.-W. Kuo, W.-J. Huang, C.-F. Huang, S.-C. Chan,

F.-C. Chang, Macromolecules 2004, 34, 4164.

[9] X. Li, S. L. Hsu, J. Polym. Sci.: Polym. Phys. Ed. 1984,

22, 1331.

[10] S. Tanaka, A. Ogura, T. Kaneko, Y. Murata,

M. Akashi, Macromolecules 2004, 37, 1370.

Macromol. Symp. 2005, 230, 33–3838

� 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de


