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ABSTRACT: A series of sulfonated poly(aryl ether ketone)s (SPAEKs) were prepared by

aromatic nucleophilic polycondensation of 2,6-dihydroxynaphthalene with 5,5�-carbon-

yl-bis(2-fluorobenzenesulfonate) and 4,4�-difluorobenzophenone. The structure and de-

gree of sulfonation (DS) of the SPAEKs were characterized using 1H NMR spectroscopy.

The experimentally observed DS values were close to the expected values derived from

the starting material ratios. The thermal stabilities of the SPAEKs were characterized

by thermogravimetric analysis, which showed that in acid and sodium salt forms they

were thermally stable in air up to about 240 and 380 °C, respectively. Transparent

membranes cast from the directly polymerized SPAEKs exhibited good mechanical

properties in both dry and hydrated states. The dependence of water uptake and of

membrane swelling on the DS at different temperatures was studied. SPAEK mem-

branes with a DS from 0.72 to 1.60 maintained adequate mechanical properties after

immersion in water at 80 °C for 24 h. The proton conductivity of SPAEK membranes

with different degrees of sulfonation was measured as a function of temperature. The

proton conductivity of the SPAEK films increased with increased DS, and the highest

room temperature conductivity (4.2 � 10�2 S/cm) was recorded for a SPAEK membrane

with a DS of 1.60, which further increased to 1.1 � 10�1 S/cm at 80 °C. © 2004 Wiley

Periodicals, Inc.* J Polym Sci Part A: Polym Chem 42: 2866–2876, 2004

Keywords: poly(ether ketones); ionomers; membrane; polyelectrolytes; polyconden-

sation; proton conductivity; functionalization of polymers

INTRODUCTION

Fuel cells are electrochemical devices that di-

rectly convert the chemical energy of a fuel into

electrical and thermal energy. For proton ex-

change membrane fuel cells (PEMFCs), this pro-

cess involves a PEM, which is sandwiched be-

tween two platinum-porous catalytic electrodes

(namely, an anode and a cathode) and which func-

tions as an electrolyte for transferring protons

from the anode to the cathode as well as providing

a barrier to the passage of electrons and gas cross-

leaks between the electrodes. Currently, mem-

brane materials typically used for PEM fuel cells

are perfluorinated copolymers (such as DuPont™
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Nafion�) because of their excellent mechanical

properties and chemical stability and their high

proton conductivity. However, very high cost, loss

of proton conductivity at temperatures � 80 °C,

and high methanol crossover (in direct methanol

fuel cells) of the perfluorinated polymer mem-

branes impede their commercial development.1,2

Therefore, alternative and more economical

nonperfluorinated polymer PEM materials for

higher temperature applications are being inves-

tigated. Sulfonated derivatives of aromatic poly-

mers,3 such as poly(ether ether ketone)

(PEEK),1,4–11 poly(ether sulfone) (PES),12,13 poly-

imide (PI),14–16 and poly(benzimidazole) (PBI),17

have been widely investigated for use as PEM

materials because of their excellent chemical sta-

bility, high thermo-oxidative stability, good me-

chanical properties, and lower cost. Enhanced

proton conductivity, hydrophilicity, and increased

solubility in solvents for processing are useful

properties for PEMs to have that can be accom-

plished by the introduction of sulfonic acid groups

into the polymer.

Sulfonated polymers, as can be illustrated by

the example of sulfonated poly(aryl ether ketone)

(PAEK), may be prepared either by postsulfon-

ation of the polymer backbone4–11,18–23 or by co-

polymerizing sulfonated monomers24–32 with

other aromatic monomers. Similarly, the direct

synthesis of sulfonated polysulfone copolymers

has been reported.32–38 An advantage of direct

polymerization of sulfonated monomers is avoid-

ing polymer degradation and crosslinking, which

results from aggressive postsulfonation condi-

tions, such as fuming sulfuric acid, which is often

used, with elevated temperatures. Another ad-

vantage of the copolymerization technique is hav-

ing the ability to control the polymer DS by vary-

ing the feed ratio of sulfonated to nonsulfonated

monomers. When the postsulfonation method is

used, the number of sulfonation sites is limited to

the most readily activated ortho ether linkage

position for sulfonic acid groups. By contrast,

when sulfonated monomers24–38 are used, the re-

sult is a copolymer containing two sulfonic acid

groups per repeat unit at less easily activated

ortho ether sites on the phenylketone segments.

PAEKs are known as a class of high-perfor-

mance engineering thermoplastics because of

their generally good properties, such as acid- and

alkali resistance, heat resistance, mechanical

strength, and electrical insulation characteris-

tics.3 Postsulfonated PEEK (SPEEK) has been

studied1,4–11,39–46 as a material for PEMs.

This article reports a new series of directly

copolymerized sulfonated PAEKs containing a

naphthalene (NA) moiety. Several nonsulfonated

PAEKs containing naphthalene at other linkage

sites have been previously reported.47–50 The

rigid planar aromatic NA group was incorporated

into the polymers’ backbone in order to form long

nonsulfonated hydrophobic segments, which

could improve the hot water stability of SPAEKs

with a high DS and possibly enhance phase sep-

aration between the domains of the aromatic

polymer backbone and hydrophilic SO3H groups.

Another reason the less symmetric 2,6-disubsti-

tuted naphthalene monomer was selected was to

attempt the disruption of the polymeric chain

packing and to decrease the melting temperature

(Tm) and crystallinity of PAEK and to improve its

organic solvent solubility. The synthesis, struc-

ture, and properties of the polymers were studied

as well as PEM-related properties such as proton

conductivity and water-induced swelling.

EXPERIMENTAL

Chemicals and Materials

Fuming sulfuric acid (30% SO3), dimethylacet-

amide (DMAc), N-methylpyrrolidone (NMP), po-

tassium carbonate, 4,4�-difluorobenzophenone

(DFBP), and 2,6-dihydroxynaphthalene (NA)

were obtained from Aldrich Chemical Corp.

MEMBRA-CEL™ dialysis tubing (MWCO 3500)

was obtained from Serva Electrophoresis (Ger-

many).

Synthesis of Sodium 5,5�-Carbonylbis(2-
fluorobenzene-sulfonate)

Sulfonation is an aromatic electrophilic reaction,

and because DFBP has two electron-withdrawing

groups in each phenyl ring, a powerful sulfonat-

ing agent [fuming sulfuric acid (30%)] and ele-

vated temperature (100 °C) were required for the

sulfonation reaction. The sulfonic acid group is

substituted ortho to fluorine atoms because of the

o,p-orienting effect of the fluorine atom in the

phenyl ring. The sulfonation of the monomer

DFBP24–26 as well as 4,4�-dichlorophenyl sul-

fone33–35 and 4,4�-difluorodiphenyl sulfone36,37

was reported previously. Following the proce-

dures of Ueda et al.33 and Wang et al.,24 DFBP

(21.8 g, 100 mmol) was dissolved in 40 mL of

fuming sulfuric acid. The solution was stirred at

SULFONATED POLY(ARYL ETHER KETONE)S 2867



100 °C for 12 h, then cooled to room temperature,

and poured into 240 mL of ice water. To neutral-

ize the excess fuming sulfuric acid, 40 g of NaOH

solid was added. The mixture was cooled again to

room temperature, and the subsequent addition

of NaCl solid (20 g) resulted in a white precipi-

tate, which was filtered and dried. The recovered

monomer was recrystallized from an ethanol:wa-

ter (1:1) mixture, which was filtered and dried in

a vacuum at 100 °C for 24 h. The yield of the white

needle-shaped product was 70%. FTIR analyses

(cm�1): 1662 (CAO), 1592 (CAC), 1085

(ArOSO3Na). 1H NMR analyses (DMSO-d6): �

(ppm) 7.36 (dd, 9.40 Hz, 8.35 Hz, 2H), 7.74 (m,

2H), 8.07 (dd, 6.8 Hz, 2.0 Hz, 2H) confirmed the

formation of DFBP sodium sulfonate.

Synthesis of Poly(aryl ether ketone)s

The monomers DFBP, SDFBP-Na (combined to-

tal 1 mmol) and 2,6-dihydroxynaphthalene (1

mmol), and potassium carbonate (1.1 mmol) were

added to a 100-mL three-necked flask equipped

with a Dean–Stark trap and an argon inlet. NMP

(20 mL) and toluene (15 mL) were used as sol-

vents. The mixture was refluxed for 3 h at 130 °C

until water was removed from the reaction mix-

ture by azeotropic distillation, and then the ex-

cess toluene was distilled off. The temperature of

the reaction mixture was slowly raised to 160 °C

and maintained at that temperature for 10 h.

After �10 h of copolymerization at 160 °C, the

solutions became highly viscous, and NMP was

added to dilute the reaction solution and allow the

copolymerization to continue for another 4 h. Af-

ter a prescribed time, the polymer was cooled and

recovered by precipitating into ethanol, then

washed with acetone. Polymers with a DS � 1.6

were washed repeatedly with deionized water un-

til the pH reached 6–7. Polymers with a high DS

(2.0) were washed by placing the polymers in

water in dialysis tubing. Typically, several days of

dialysis were required to obtain pH values of 6–7.

The recovered polymers were dried at room tem-

perature for 2 days and then dried in a vacuum

oven at 80 °C for 24 h. The yields of all polymers

were higher than 90%.

Membrane Preparation

Dried sulfonated poly(aryl ether ketone) (SPAEK)

that was in a sodium salt form (powder) was

dissolved in DMAc (15 wt %), and then the solu-

tions were filtered using a fine glass frit filter

funnel. Solutions were cast onto glass plates and

then dried at 50 °C for 2 days and at 120 °C under

vacuum for 24 h. The SPAEK membranes in acid

form were obtained by immersing the sodium salt

SPAEK membranes in a dilute HCl solution for

24 h, followed by washing with deionized water.

Characterization of SPAEKs

NMR

Nuclear magnetic resonance (NMR) spectra were

recorded on a Varian Unity Inova 400 NMR spec-

trometer operating at a resonance frequency of

399.95 MHz for 1H NMR and at 100.579 MHz for
13C NMR. The 1D and 2D hydrogen NMR spectra

were recorded using a 5-mm indirect detection

probe, whereas the 1D and 2D carbon spectra

were acquired using a 10-mm broadband probe.

For each analysis, about 5–15 wt % polymer so-

lutions were prepared in deuterated dimethyl sul-

foxide (DMSO-d6). The chemical shift of tetram-

ethylsilane was used as the internal standard

reference.

FTIR

FTIR spectra were recorded on a Nicolet 520 Fou-

rier transform spectrometer, using either powder

samples inside a diamond cell or KBr pellets com-

posed of 50 mg of IR spectroscopic–grade KBr and

1 mg of polymer sample.

Thermal Properties of SPAEKs

A DuPont Instruments 951 and TA Hi-Res TGA

2950 thermogravimetric analyzers were em-

ployed to study the thermal stability behaviors of

SPAEK samples. The samples were preheated

under a 50 cc/min air flow from room temperature

to 150 °C at 10 °C/min and maintained at 150 °C

for 10 min to remove moisture, cooled to 90 °C,

and then reheated from that temperature to 800

°C at 10 °C/min.

A TA DSC 2920 differential scanning calorim-

eter was employed to study the thermal transi-

tion behavior of SPAEK samples. The samples

were preheated under 50 cc/min nitrogen from

room temperature to 160 °C at 10 °C/min to re-

move moisture and avoid the effects of thermal

history, cooled to 90 °C, and then reheated from

that temperature to 250 °C at 10 °C/min.
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Water Uptake and Swelling

Before measurement, the membranes were dried

in a vacuum oven at 120 °C for 24 h. Weighed

films 5 mm � 50 mm in area were immersed in

deionized water at various temperatures for 24 h.

The gains in weight and length of the films were

recorded. The percentage weight gain relative to

the original membrane weight was considered

water uptake; the percentage of length gain to

original length, the swelling ratio.

Proton Conductivity Measurements

The transverse proton conductivities of the acid

SPAEK membranes were measured by AC imped-

ance spectroscopy over a frequency range of 1–107

Hz, with a 50–500 mV oscillating voltage, using a

Solatron 1260 gain phase analyzer. Films 13 mm

in diameter sandwiched between two stainless-

steel block electrodes with �3 kg/cm2 pressure

were placed in an open, temperature-controlled

cell. The films had previously been hydrated by

immersion in deionized water for 24 h at room

temperature.

The proton conductivities (�) of samples in the

transverse direction were calculated from the im-

pedance data using the relationship � � d/RS,

where d and S are the thickness and face area of

the membrane sample, respectively, and R is de-

rived from the low intersection of the high fre-

quency semicircle with the Re(Z) axis on a com-

plex impedance plane. The impedance data were

corrected for the contribution from empty and

short-circuited cells.

RESULTS AND DISCUSSION

Syntheses of SPAEKs

As shown in Scheme 1, the sulfonated PAEKs

were synthesized by the aromatic nucleophilic

substitution polycondensation of activated aro-

matic halides (DFBP and SDFBP) with 2,6-dihy-

droxynaphthalene. The DS of the SPAEKs was

controlled by varying the feed ratio of SDFBP to

DFBP. NMP was used as the reaction solvent,

and toluene was used to remove the water during

copolymerization. After a reaction time of �10 h

at 160 °C, the solutions became highly viscous,

and NMP was added to dilute the reaction solu-

tion and allow the copolymerization to continue

for another 4 h. Table 1 shows the nomenclature

used for the prepared copolymers in sodium salt

Scheme 1. Synthesis of sulfonated poly(aryl ether ketone) containing a naphthalene

moiety.
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form. In all cases the yields were � 90%, and high

molecular weights were obtained, as shown by

inherent viscosity (�inh) values � 0.8 in DMAc.

These results can be attributed to the good solu-

bility of the polymer in the reaction solvent,

which enabled a polymer with a high Mw to be

obtained. In fact, the incorporation of the 2,6-

naphthalene segment into the PAEK resulted in

higher polymer chain rigidity that led to reduced

solubility in solvents. However, introducing sul-

fonic acid (or salt) functions into the polymer

chain produced a counteracting effect that im-

proved the solubility of the polymer in polar

aprotic solvents. Thus, the SPAEK-NA series

with DS � 0.8 were readily soluble in DMAc,

NMP, and DMSO.

FTIR Study

The comparative FTIR spectra of PAEK-NA and

SPAEK-NA in sodium salt form with different

nominal DS values are shown in Figure 1. All the

polymers showed a characteristic absorption

band at 1652 cm�1 because of CAO stretching

and an absorption band corresponding to aro-

matic CAC stretching at 1590 cm�1. The aro-

matic CAC band at 1500 cm�1, corresponding to

disubstitution on aromatic phenyl for PAEK-NA,

was split into two bands at 1506 and 1480 cm�1

for the SPAEK-NA samples because of sulfon-

ation in the phenyl ring. The intensity of the 1480

cm�1 band, corresponding to trisubstituted phe-

nyl rings, increased with an increasing sulfonated

monomer ratio. New absorption bands at 1029

and 1085 cm�1 in SPAEK-NA were assigned to

symmetric and asymmetric stretching vibration

OASAO because of the incorporation of the so-

dium sulfonate group.18,25 Their intensities rela-

tive to the backbone carbonyl band at 1652 cm�1

increased with DS. This dual stretching mode was

absent in the nonsubstituted PAEK-NA polymer.

NMR Analysis

NMR spectroscopy (1D 1H, 13C and 2D 1H–1H,
1H–13C correlation) was used as the principal

method for characterization of the SPAEK-NA

polymers in the sodium salt form. Polymer sam-

ples were dissolved in DMSO-d6 for spectroscopic

Table 1. Sulfonated PAEK-NA and their Thermal Properties

Polymer

Percentage of

Sulfonated

Monomer (%)a
DS

Theoretical

DS Experimental

from 1H NMR

�inh
b

(dL/g)

Tg

(°C)

Tm
c

(°C)

Td (°C)

Acid Sodium

PAEK-NA 0 0 — — 247 310 382

SPAEK-NA-30 30 0.6 — — — — — —

SPAEK-NA-40 40 0.8 0.72 0.94 263 NC 250 377

SPAEK-NA-50 50 1.0 0.96 1.83 286 NC 236 376

SPAEK-NA-60 60 1.2 1.21 1.29 320 NC 241 390

SPAEK-NA-70 70 1.4 1.37 1.54 — NC 255 370

SPAEK-NA-80 80 1.6 1.60 0.87 333 NC 236 401

SPAEK-NA-100 100 2.0 — — — — 229 431

a Percentage of sulfonated monomer � SDFBP-Na/(DFBP � SDFBP-Na) � 100, as shown in Scheme 1. PAEK-NA indicates
polymers containing the naphthalene moiety.

b �inh was measured at a concentration of 0.6 g/dL in DMAc for the sodium form of SPAEK-NA at 30 °C.
c NC indicates no crystallinity was observed.

Figure 1. Comparative FTIR spectra of SPAEK-NAs.
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measurements. 1H NMR spectra provided unam-

biguous structure elucidation and were also used

for DS determination. DS (0 � DS � 2) is defined

as the average number of OSO3Na groups per

polymer repeat unit (R.U.) and was derived from

the signal intensities of the different aromatic

protons.

Figure 2 shows the aromatic region of a 1H

NMR spectrum of a typical SPAEK-NA polymer

sample dissolved in DMSO-d6. Each signal was

assigned to a single or to a group of aromatic

protons of sulfonated or nonsulfonated R.U. The

DS was measured by comparing the intensities of

the well-resolved, nonoverlapping aromatic sig-

nals H-19,19� or H-22,22� with the intensities of

the remaining aromatic signals. The following

equation explains how the DS is derived from

these signal intensities:

i22

iR

�
DS

14 � DS
� DS �

14i22

iR � i22

or

i19

iR�

�
DS

14 � DS
� DS �

14i19

iR� �i19

where i22 is the intensity of H-22,22� (8.15–8.40

ppm), i19 is the intensity of H-19,19� (6.90–7.05

ppm), iR is the intensity of the remaining aro-

matic signals (6.80–8.15 ppm), iR� is the intensity

of 7.05–8.40 ppm, and DS is the number of

OSO3Na per R.U.

As an example, the DS calculation of SPAEK-

NA-60 in Figure 2 is described here. The signal

intensity value of sulfonated R.U. protons

H-22,22� (i22) was first set to 1.00H, and the re-

sulting total signal intensity for the remaining

aromatic signals (iR) was 10.64H, hence, an ac-

tual calculated DS of 1.20. The same calculation

was performed using i19 and iR�, and the resulting

DS was found to be 1.22; therefore, in Table 1 the

average DS value for SPAEK-NA-60 is reported

as 1.21. The DS values measured by NMR for all

tested samples also are listed in Table 1, which

shows values in very close agreement with the

monomer feed ratio during copolymerization.

However, three experimental DS values were a

few percentage points lower than the feed ratio.

As pointed out by Harrison et al.,36 this may be

within a reasonable experimental error result-

ing from weighing the hygroscopic (sulfonated)

monomer. Figure 3 shows three stacked 1H

NMR spectra of SPAEK-NA with DS values

ranging from 0.72 to 1.60. Variations in signal

intensity and shape were observed with in-

creasing DS, as nonsulfonated R.U. was re-

placed by sulfonated R.U.

A 13C NMR spectrum of SPAEK-NA polymer

(DS 1.21) is shown as an example in Figure 4, and

the chemical shifts are listed in Table 2. Assign-

ment of most of the carbon signals was carried out

Figure 2. 1H NMR spectrum of SPAEK-NA-60 (DS 1.21) in DMSO-d6.
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using 1H–13C correlation. Carbon atoms linked to

oxygen and sulfur atoms (CAO, COO, COS)

were discerned by their well-known and expected

high-frequency shifts. Only a few carbon atoms

grouped in 128.0–131.5 ppm remained unas-

signed.

Thermal Properties

Unsulfonated PAEK-NA is a semicrystalline poly-

mer with a Tm of 310 °C and a Tg of 247 °C, as

determined by differential scanning calorimetry.

PAEK-NA exhibited a significantly higher Tg

compared with the Tg (�150 °C) of PEEK, which

can be attributed to the increased stiffness of the

polymer chain from the incorporation of a rigid

naphthalene moiety into the polymer backbone.

In contrast, the Tm of PAEK-NA (310 °C) was

lower than that of PEEK (�340 °C), evidently

because of the introduction of the less symmetric

2,6-disubstituted naphthalene into the polymer

backbone. The 	Hm of PAEK-NA was 48.9 J/g,

which is quite low, indicating the low crystallinity

of the polymer.

The thermal stabilities of the PAEK polymers

were studied by thermogravimetric analysis

Figure 3. 1H NMR spectra of three SPAEK-NA poly-

mers in DMSO-d6 with increasing DS.

Figure 4. 13C NMR spectrum (1H noise decoupled) of SPAEK-NA-60 (DS 1.21) in

DMSO-d6.

Table 2. 13C NMR Chemical Shifts of SPAEK-NA-

60 (DS 1.21) in DMSO-d6

Carbon Number

Chemical Shift

(�) (ppm)

C-1,16 193.0

C-5,5�,6,11,20,20�,23,28 151.8–161.0

C-21,21� 137.4–138.3

C-3,3�,18,18� 132.0

C-2,2�,9,14,17,17�,26,31 128.0–131.5

C-22,22� 130.5–131.1

C-8,13,25,30 129.0–130.0

C-7,12,24,29 120.7–121.5

C-19,19� 118.3–118.8

C-4,4� 117.4

C-10,15,27,32 115.5–116.1

2872 XING ET AL.



(TGA; Table 1 and Fig. 5). The TGA experiments

were performed in air at a heating rate of 10

°C/min. As can be seen from Figure 5, PAEK-NA

showed single-step thermal degradation starting

at �400 °C. Unlike PAEK-NA, SPAEK-NA exhib-

ited two distinct thermal degradation steps. In a

manner similar to SPEEK,10,18,51 the acid-form

SPAEK-NA polymer showed a first weight-loss

step in the range of 250–300 °C, which is believed

to be associated mainly with loss of sulfonic

groups. The second weight-loss step, starting at

about 400 °C, can be attributed to decomposition

of the main chain of PAEK-NA. However, the

main-chain degradation temperature of SPAEK-

NA was lower than that of PAEK-NA (Fig. 5) as a

result of the catalytic effect of SO3H,10,51 increas-

ing the rate of polymer decomposition.

The thermal stabilities of the sodium salt

forms of SPAEK-NA were also analyzed by TGA.

In contrast to what was observed for the acid

SPAEK-NA, no initial degradation step was ob-

served for the sodium salt form of the SPAEK-NA

samples between 250 and 300 °C. All sodium from

the SPAEK-NA samples showed much higher

thermal stability, and single-step thermal degra-

dation started at a temperature of about 380 °C

(Table 1).

Water Uptake and Proton Conductivity

To be suitable for PEMFC application, the sulfo-

nated polymer membranes require adequate me-

chanical integrity after hydration. Membranes

with excessively large water uptake or swelling

lead to low mechanical strength, which is incom-

patible with FC working conditions. Thus, these

parameters are essential for PEM characteriza-

tion, which make it necessary to determine the

temperature and the DS dependence of the degree

of swelling and water uptake of the studied mem-

branes. Because the acid form of SPAEKs is more

suitable for PEM application, it was chosen for

the tests. From the results, presented in Table 3

and in Figure 6(a,b), it can be seen that SPAEK-

NA membranes with a higher DS exhibited

greater water uptake and swelling. Figure 6(a)

shows that the water uptake of SPAEK-NA-70

(DS 1.37) and of SPAEK-NA-80 (DS 1.60) in-

crease sharply with temperature and to a much

greater degree than samples with a lower DS. It

was observed that most of the SPAEK-NA mem-

branes before and after the swelling tests at room

temperature had good mechanical properties.

SPAEK-NA polymers with a DS � 1.4 maintained

mechanical integrity after the swelling tests at

higher temperatures. For example, the SPAEK-

NA-60 (DS 1.21) membrane did not show exces-

sive water uptake and maintained adequate me-

chanical strength after immersion in boiling wa-

ter for 24 h. The SPAEK-NA-70 (DS 1.37)

membrane underwent considerable swelling, es-

pecially at higher temperatures, but retained its

mechanical strength. However, the SPAEK-

NA-80 (DS 1.60) polymer membrane had exces-

sive water uptake and lost its mechanical proper-

ties after boiling in water for 24 h as a result of its

high DS (1.60). The observed excellent mechani-

cal strength and hydrothermal properties of the

SPAEK-NA membranes with a DS � 1.4 are

clearly related to the structure of the copolymer-

ized SPAEKs, which contained phase domains of

hydrophilic and hydrophobic regions, in which the

hydrophilic segments had two sulfonic groups on

neighboring phenyl rings and the hydrophobic

segments formed by one or more of the rigid aro-

matic NA moieties connected with nonsulfonated

DFBP. Thus, the incorporation of naphthalene

into the polymer backbone improved the mechan-

ical properties of the membrane both in the dry

and the hydrated states through the formation of

long nonsulfonated segments.

The water uptake at 25 °C by SPAEK-NA films

with a DS of 0.8–1.6 corresponded to absorption

of, respectively, 11–19 water molecules per sul-

fonic acid group of SPAEK. This is in the same

range as Nafion�, which absorbs 11 water mole-

Figure 5. Typical TGA curves of SPAEK-NA.
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Table 3. Water Uptake, Swelling, and Proton Conductivities of Sulfonated PAEK-NAs at Different Temperatures

Polymer

DS

Measured

by NMR

Meq.

Calc.

Water

Uptake

(%)

Swelling

(%)

Water

Uptake

(%)

Swelling

(%)

Water

Uptake

(%)

Swelling

(%) H2O/SO3H � (S/cm)

25 °C 80 °C 100 °C 25 °C 80 °C 25 °C 80 °C

SPAEK-NA-40 0.72 549 36 10 57 12 76 15 11 17 6.7 � 10�3 1.1 � 10�2

SPAEK-NA-50 0.96 432 50 16 81 25 97 27 12 19 7.1 � 10�3 2.5 � 10�2

SPAEK-NA-60 1.21 359 74 21 137 38 196 50 15 27 1.5 � 10�2 3.6 � 10�2

SPAEK-NA-70 1.37 327 87 27 361 72 666 117 16 66 2.4 � 10�2 4.9 � 10�2

SPAEK-NA-80 1.60 291 115 35 1200 150 — — 19 194 4.2 � 10�2 1.1 � 10�1

SPAEK-NA-100 2.00 249 — — — — — — — — — —

Nafion 112 — 1100a 12 4.3 23 9.6 23 9.6 7b 14b 3.3 � 10�2 5.6 � 10�2

a Meq. of 1100 for Nafion 112 is based on theoretical value, whereas the measured value in ref. 52 was 890.
b Authors’ measured value.
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ity was measured. As can be seen in Figure 7, the

conductivities of SPAEK-NA membranes in the

acid form increased with DS. For example, the

proton conductivity increased from 6.7 �10�3

S/cm for SPAEK-NA-40 (DS 0.72) to 4.2 � 10�2

S/cm for SPAEK-NA-80 (DS 1.60) at 25 °C (Table

3). In common with the results found in many

other studies, the proton conductivity increased

with temperature and at 80 °C (Table 3) exceeded

10�2 S/cm for all five SPAEK-NA samples. The

conductivities of SPAEK-NA-60 (DS 1.21) and

SPAEK-NA-80 (DS 1.60) were 3.6 � 10�2 and 1.1

� 10�1 S/cm at 80 °C, which is considered high

enough for PEM operation in a fuel cell. It is

worth noting that SPAEK-NA has a much higher

acid capacity than Nafion�. The equivalent

weight of SPAEK-NA-60 is 376 Meq, whereas Du-

Pont™ Nafion� membranes N-112, N-115, and

N-117 have a measured value of 890 Meq52 and a

calculated value of 1100 Meq. The similarity of

the PEM properties of these two polymers, de-

spite the lower acid loading in Nafion�, can be

explained by more effective phase separation in

the perfluorinated material, where pendant sul-

fonic acid groups form hydroclusters, providing

proton channeling passages through the polymer

bulk, as well as by the higher acidity of fluoro-

sulfonic acids in perfluorinated material com-

pared with that in aromatic sulfonic acids in

SPAEK.

CONCLUSIONS

A series of sulfonated poly(aryl ether ketone)s

(SPAEK)s were prepared directly by aromatic

nucleophilic copolycondensation of 2,6-dihy-

droxynaphthalene with 5,5�-carbonyl-bis(2-flu-

orobenzenesulfonate) and 4,4�-difluorobenzo-

phenone in various ratios. The structure and

degree of sulfonation (DS) of the SPAEKs were

determined using 1H NMR spectroscopy. The

experimentally measured DS values were close

to the theoretical values expected from the

monomer ratio. The thermal stabilities of the

polymers were characterized by TGA, which

showed that the SPAEKs were thermally stable

up to �240 °C in air. The water uptake and

swelling properties of the prepared films also

were studied, and the proton conductivities at

different temperatures were measured. The

SPAEK-NA-hydrated membranes (up to DS

1.37) exhibited better mechanical properties

compared with SPEEK membranes, even when

hydrated at elevated temperatures of 80 and

100 °C for 24 h. The proton conductivities of

SPAEK-NA membranes with a DS from 0.72 to

1.60 ranged from 6.7 � 10�3 to 4.2 � 10�2 S/cm

at 25 °C and from 1.1 � 10�2 to 1.1 � 10�1 S/cm

at 80 °C.
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