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bstract

A series of block SPEEK copolymers with high ion-exchange capacities (IEC) consisting of hydrophobic and hydrophilic blocks were synthesized
uccessfully. Membranes were cast from their DMF solutions, and characterized by determining the ion-exchange capacity, water uptake, water
etention, proton conductivity and thermal properties. Membranes exhibited conductivities from 0.027 to 0.068 S cm−1 at 30 ◦C and from 0.049
o 0.11 S cm−1 at 80 ◦C; water uptake from 34% to 54% and IEC from 1.25 to 1.48 mequiv. g−1. Block-3 membrane with IEC 1.38 mequiv. g−1
howed relatively higher proton conductivity compared to that of a random SPEEK membrane with IEC 1.37 mequiv. g−1. The SAXS profiles of
lock SPEEK copolymers exhibited a well-defined ionomer peak at low angles due to the phase separation between ionic domains and hydrophobic
omains. It is believed that their microstructure features attribute to the enhanced proton conductivity of block SPEEK membranes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane is a vital component of the
olid polymer electrolyte membrane fuel cell (PEMFC), which is
eveloping as an alternative power sources for stationary, auto-
obile and portable power [1,2]. The commercially available
embrane used in PEMFCs is Nafion®, which is composed

f perfluorinated carbon chains containing pendent perfluori-
ated sulfonic acid groups. It meets numerous requirements for
EMFC applications, such as excellent proton conductivity, high
echanical strength and good chemical stability. However, the

igh costs and the cross-over of the methanol fuel from the
node to the cathode through the membrane and consequent
oss of performance at high temperature or low humidity have
imited its large-scale industrial application [3]. Recently many
fforts have been devoted to developing new materials for proton
xchange membranes based on sulfonated aromatic polymers,

uch as poly(aryl ether ketone)s [4–7], poly(ether sulfone)s [8,9],
olyimides [10,11]. These alternative materials are expected to
ave a low cost as well as adequate electrochemical properties.

∗ Corresponding author. Tel.: +86 431 5168870; fax: +86 431 5168868.
E-mail address: huina@jlu.edu.cn (H. Na).
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The membranes’ mechanical strength, water uptake and pro-
on conductivity are not only related to the chemical structure of
hese polymers, but also determined by the morphology or ionic
anostructure of the membranes [12,13]. It is well known that
he ion pairs form multiples that aggregate into larger clusters,
hich are embedded in the hydrophobic polymer matrix, lead-

ng to nanophase separation [14]. For the sulfonated aromatic
olymer membranes, block copolymerization is a potential route
o achieve a phase-separated morphology [15]. There are sev-
ral reports on the proton exchange membranes based on block
ulfonated poly(aryl ether ketone)s [16], polystyrene [17] and
olyimides [18].

Recently, we presented a novel route for preparing block
PEEK membranes with various block chain lengths with low

on-exchange capacities (IEC) [19]. Interestingly, block SPEEK
opolymers show a greater degree of phase separation, resulting
n a higher proton conductivity than random copolymers. How-
ver, their proton conductivities are still lower than 0.03 S cm−1

80 ◦C), which is much lower than that of Nafion®.
To develop the block copolymers, which can be potentially
uitable for applications in fuel cell systems, the relationships
etween the proton conductivity and block copolymers proper-
ies, such as IEC or block chain lengths, should be systematically
tudied.

mailto:huina@jlu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.07.055
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The purpose of this work is to prepare block SPEEK mem-
ranes with high ion-exchange capacities to obtain better perfor-
ance than the random and block SPEEK membranes reported

reviously [19]. Specifically, the block SPEEK membranes with
ifferent IECs for the same block chain lengths or with different
lock chain lengths at the same IEC also allow us to focus on
he structure–properties relationships in terms of water uptake
nd proton conductivity.

. Experimental

.1. Synthesis of hydrophobic fluorine-terminated PEEK
ligomers (PEEK-F)

As shown in Scheme 1, the synthesis of fluorine-terminated
ligomers was carried out via our previously reported
rocedure with n (15, 9 or 4) equivalents of 3,3′,5,5′-
etramethyl-4,4′-biphenol, n + 1 (15, 9 or 4) equivalents of
,4′-difluorobenzophenone and 10% excess of anhydrous
2CO3 [19]. In Scheme 1, the symbol m representing average

epeat unit numbers was 31, 16 or 9. After mixing the monomers
n DMSO/toluene system, the mixture was stirred at 140 ◦C
or 4 h and then raised to 170 ◦C for 6 h. The reaction mixture
as cooled to room temperature and poured into acetone.
he inorganic salts were removed by washing with boiling
ater several times. The product was dried at 100 ◦C under
acuum. Analysis data of oligomer-1: FT-IR (KBr, cm−1):
65, 862, 926, 1604 (C C of benzene ring), 1650 (C O), 2930
−CH3). 1H NMR (500 MHz, DMSO, ppm): 7.79 (d), 7.55 (s),
.93 (d).

.2. Synthesis of block SPEEK copolymers

In this procedure, the oligomers were synthesized according
o the above description, but they were not precipitated. When
he preparation procedure of oligomers was completed, the
olution was cooled to 120 ◦C, then calculated sodium 5,5′-
arbonybis(2-fluobenzene-sulfonate) and 3,3′,5,5′-tetramethyl-
,4′-biphenol for the hydrophilic block were added to the first
eaction flask. Potassium carbonate, toluene and DMSO were
lso added to afford a 20 wt.% solid concentration. The reaction

ixture was heated to 140 ◦C for 4 h and 170 ◦C for another
h. The resulting viscous solution was poured into acetone,
ashed with boiling water several times and dried at 100 ◦C for
8 h.

u

W

Scheme 1. Synthesis of oligomer
urces 162 (2006) 1003–1009

.3. Membrane preparation

Membranes of block SPEEK copolymers were prepared by
olution casting at 60 ◦C from their DMF solutions (5–10%).
he residual solvent was completely removed under vacuum at
20 ◦C for 12 h. Then membranes were detached from the glass
lates by immersing the plates into deionized water for several
inutes. To convert the membranes into acid form, they were

mmersed in 2.0 M HCl solution overnight. Finally, the resulting
embranes were thoroughly washed with deionized water and

ried under vacuum at 100 ◦C for 24 h.

.4. Characterization

FT-IR spectra were recorded on a Bruker Vector 22 FT-IR
pectrometer, using copolymers powder samples as KBr pel-
ets. Intrinsic viscosities of the samples were measured at 25 ◦C
y using an Ubbelohde viscometer. The polymer concentration
as 0.5 g dl−1 in DMF. Gel permeation chromatography (GPC)

nalysis was carried with a Waters 410 instrument using tetrahy-
rofuran as the eluant and polystyrene as the standard.

.5. Thermal properties

The thermal stability of the SPEEK copolymers was per-
ormed on a Perkin-Elmer Pryis1 TGA analyzer. Approximately
–10 mg samples of the copolymers were preheated to 150 ◦C at
0 ◦C min−1 and kept at this temperature for 20 min to remove
ny residual water or solvent remaining in the copolymer films
nder N2. The samples were cooled to 80 ◦C and then reheated
o 700 ◦C at 10 ◦C min−1, the temperatures at which 5% weight
oss were recorded for each sample.

.6. Water uptake of membrane and water diffusion
oefficient

The water uptake (WU) was measured after drying the mem-
ranes in acidic form at 100 ◦C under vacuum overnight. The
ried membranes were soaked in deionized water for more than
8 h until the weight remained constant. This procedure was
epeated at least three times to obtain a satisfactory data repro-
ucibility. The water uptake was calculated as percentage by

sing the following formula:

U (%) = Wwet − Wdrying

Wdrying
× 100 (1)

s with fluorine end-groups.
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The water desorption measurements were made by a Pyris
TGA (Perkin-Elmer) at 80 ◦C and at constant pressure for
0 min. The Pyris 1TGA was used to determine the weight
hanges of samples with time [28]. Water diffusion coefficient
as calculated from the following formula:

Mt

M∞
= 4

(
Dt

πl2

)1/2

(2)

here D is the water diffusion coefficient, Mt/M∞ the water
esorption, and l is the membrane thickness.

.7. Ion-exchange capacity (IEC) of membrane

The IEC of block SPEEK membranes was determined by
lassical titration [9]. Membrane samples (0.5–1.0 g) were
mmersed in 1 M NaCl solution for at least 24 h to liberate the H+

ons (the H+ ions in the membranes were replaced by Na+ ions).
he exchanged protons within the solutions were titrated with
.05 N NaOH solutions by using phenolphthalein as an indicator.
or each sample, at least three measurements were carried out
ntil it had reached to a constant value. The IEC was calculated
rom the titration result via the following formula:

EC (mequiv./g) = consumed ml NaOH × molarity NaOH

weight dried membrane
(3)

.8. Proton conductivity

The proton conductivity of the SPEEK membranes was mea-
ured via the AC impedance spectroscopy using a Philips 1260
mpedance/gain-phase analyzer over a frequency range of 10 Hz
o 1 MHz. The specimens were soaked in deionized water for at
east 24 h prior to testing. Conductivity measurements of fully
ydrated membranes were carried out with the cell immersed in
iquid water, as reported in our previous work [6]. The proton
onductivity was calculated by the following formula:

= L

RA
(4)

here L is the distance between the two electrodes, R the mem-
rane resistance and A is the cross-sectional area of membrane.

.9. Small-angle X-ray scattering (SAXS)
SAXS measurements were performed on dried SPEEK
opolymers in their sodium salt form. All the measurements
ere carried out at room temperature, using Kratky small-angle
-ray scattering with Cu K� (Philips) radiation.

t
s
c

able 1
ynthesis results of oligomers for hydrophobic block

ligomers Ratio of n/n + 1 Average repeating
unit number

ligomer-1 4/5 9
ligomer-2 9/10 19
ligomer-3 16/17 31
urces 162 (2006) 1003–1009 1005

. Results and discussion

.1. Synthesis of oligomers

In order to obtain block SPEEKs comprised of an alternating
egment of hydrophobic non-sulfonated and hydrophilic
ulfonated blocks, the preparation of end-functionalized
ligomers was initiated. As illustrated in Scheme 1,
uorine-terminated PEEK oligomers were synthesized by
igh-temperature condensation of 4,4′-difluorobenzophenone
nd 3,3′,5,5′-tetramethyl-4,4′-biphenol. Excess of 4,4′-
ifluorobenzophenone was used to ensure formation of
uorine-terminated structure for the subsequent condensation.
(15, 9 or 4) equivalents of 3,3′,5,5′-tetramethyl-4,4′-biphenol
ere reacted with corresponding n + 1 (16, 10 or 5) equivalents
f 4,4′-difluorobenzophenone at a molar ratio of n:n + 1 to give
ifferent chain lengths of the fluorine-terminated oligomers,
hich were subsequently used to form the hydrophobic segment
f the block copolymers. According to Carothers equation [20],
he calculated average repeating unit numbers were 31, 19 and
, respectively. Molecular weights for these hydrophobic blocks
ere estimated by GPC, as listed in Table 1. The results were

onsistent with the calculated Mn using Carother’s equation,
hich indicated the hydrophobic blocks formed successfully
ith the desired lengths. Based on Shin’s report [16], hydrophilic
locks as well as the block copolymers were prepared by step
rowth polymerization reactions. In our procedure, the
olecular weights of hydrophilic blocks cannot be measured

ndependently.

.2. Synthesis of block SPEEK copolymer ionomers

The block SPEEK copolymers were synthesized success-
ully by a two-stage one-pot method as shown in Scheme 2.
irstly, the hydrophobic block was prepared with the desired

ength, then the monomers for the hydrophilic block were added
o the reactive flask in order to form block copolymers. This
pproach was similar to Shin’s published work [16], but in this
resent work the hydrophobic blocks were kept in the reactive
ask and not precipitated before the polymerization, which can
nsure the high molecular weights of the resulting polymers.
nother improvement was that due to the better reactivity of

he fluorine groups, fluorine-terminated oligomers other than
henol-terminated ones were prepared.
The problem of the block copolymers obtained by Shin was
heir poor solubility. But the block SPEEK copolymers either in
ulfonic acid or sodium forms obtained by our one-pot method
ould be dissolved in common aprotic solvents, such as NMP,

Molecular weight
(calculated)

Molecular weight
(measured)

DPI

3410 3998 1.76
9403 8198 1.74

13729 13061 2.04
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the incompatible domains [21,22]. Such microphase separation
facilitates the formation of continuous ion channels, which pro-
vide the proton transport channels through the membranes and
further improve their performances in fuel cells [23].
Scheme 2. Synthesis o

MF and DMAc, which allowed forming tough transparent
embranes.
Block copolymers with different IEC were synthe-

ized by varying the stoichiometry of the monomers. The
olar amounts of 4,4′-difluorobenzophenone, sodium 5,5′-

arbonybis(2-fluobenzene-sulfonate) and 3,3′,5,5′-tetramethyl-
,4′-biphenol used in the block preparation were summarized in
able 2. The intrinsic viscosities of the copolymers were mea-
ured in DMF at 25 ◦C with a polymer solution concentration
f 0.5 g dl−1. Block SPEEK copolymers have viscosities higher
han 1.00, which indicates all copolymers possess high molec-
lar weights.

.3. Polymer characterization

FT-IR spectra were used for confirming functional groups
n the copolymers. As illustration in Fig. 1, the successful
ncorporation of sulfonate groups can be confirmed by their
orresponding characteristic transmitted bands. The observed
ands at 1227, 1026 and 1086 cm−1 are assigned to symmet-
ic and asymmetric stretching vibrations of O S O. The peak
t 685 cm−1 is due to the stretching of the S–O. The spectro-

copic results of the block SPEEKs are similar to the random
nes observed by our previous work [4]. So, it is proved that the
ulfonate groups were successfully introduced into both random
nd block copolymers as expected.

able 2
ynthesis data of block SPEEK copolymers

ample Feed (mmol) Yield (%) Viscosity (ηsp/c)

Ka Ia Mb I′b

lock-1 4.00 3.20 4.00 4.80 96 1.20
lock-2 4.00 3.75 4.00 4.25 93 1.34
lock-3 4.00 3.60 6.00 6.40 94 1.53
lock-4 4.00 3.75 6.00 6.25 92 1.13

a The amount of 4,4′-difluorobenzophenone (monomer K) and 3,3′,5,5′-
etramethyl-4,4′-biphenol (monomer I) in the oligomers preparation.

b The amount of sodium 5,5′-carbonybis(2-fluobenzene-sulfonate) (monomer
) and 3,3′,5,5′-tetramethyl-4,4′-biphenol (monomer I′) in the block SPEEK

reparation. F
EK block copolymers.

.4. Thermal properties of the block SPEEK

Fig. 2 shows the TGA curves of the block SPEEKs in their
cid form. All the block SPEEKs exhibit a two-step degradation
attern. The first weight loss at around 300 ◦C is attributed to
he splitting-off of sulfonic acid groups. This may be caused by
he thermal degradation of sulfonic acid groups at relatively low
emperature compared to the backbones of polymers. The second
egradation step around 440 ◦C corresponds to the main chain
ecomposition. The 5% weight loss temperatures of block-1 to
lock-4 are 316, 292, 303 and 302 ◦C, respectively, indicating
he high thermal stability of block SPEEKs copolymers.

.5. The small-angle X-ray scattering (SAXS)

Block copolymers comprised of hydrophobic and hydrophilic
locks are well known to exhibit microphase separation of
ig. 1. The FT-IR spectrum of (a) random SPEEK and (b) block-4 SPEEK.
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Fig. 2. TGA curves of block SPEEK copolymers in acid form.
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Fig. 3. The SAXS profiles of SPEEK copolymers.

SAXS was usually used to study the internal structures of
he ionic polymers including the ionic clusters [24]. SAXS

rofiles of block-3, block-4 and random SPEEK ionomers are
hown in Fig. 3. A scattering maximum (so-called “ionomer
eak”) due to the phase separation between the ionic domains

r
r
w

able 3
he water uptake, IEC and conductivity of membranes

olymer da (�m) Water uptake (%) IEC (mmol g−1)

Calculated Measured

lock-1 80 34 2.00 1.25
lock-2 65 40 2.00 1.27
lock-3 45 37 2.32 1.38
lock-4 65 54 2.32 1.48
andom 60 22 1.65 1.37
afion117 175 38 – 0.92

a Thickness of membranes.
b Proton conductivity measured with the same method.
urces 162 (2006) 1003–1009 1007

nd the hydrophobic domains is observed more obviously in
lock SPEEK ionomers than that of random SPEEK. This result
eveals that the sulfonated groups in block polymers distribute
ore concentrated and easily aggregated to form ionic domains.
The scattering profiles of block SPEEK ionomers exhibit a

ell-defined peak at low angles: qmax = 0.02 Å−1. As previously
entioned by Essafi et al., this peak position is close to block

ulfonated polyimides and very low compared to those of other
onomers such as Nafion®, for which the peak position is located
t around qmax = 0.1–0.2 Å−1 relying on the water content [25].
he Bragg spacing d, referring to the center-to-center distance
etween the two ionic clusters, can be obtained from the equation
= 2π/q. From the Bragg spacing calculated results, it can be
educed that the size of the ionic domains of block SPEEK is
imilar to block sulfonated polyimides and roughly 10 times
arger than that of usual ionomers.

.6. Water uptake and water desorption of membranes

As mentioned in Section 3.2, all block copolymers in their
odium or acidic form prepared by our modified approach can
e soluble in common aprotic solvents, such as NMP, DMF,
MAc. Consequently, tough membranes can be obtained by

asting from their DMF solutions.
The water uptake is one of the essential parameters for both

roton transport and mechanical stability of proton exchange
embranes [26]. The proton transporting through the membrane

equires a significant amount of water to coordinate with proton.
he water uptake of block SPEEKs membranes is summarized

n Table 3. The water uptake shows an increasing trend with the
ncreasing of IEC. For example, block-1 and block-4 membranes
ith IEC 1.25 and 1.48 mequiv. g−1 exhibit the value of water
ptake of 34% and 54%, respectively. However, the water uptake
oes not seem to only depend on the IEC value but also on
he special morphology of the membranes. The value shows
n increasing trend with hydrophobic chain length increasing.
lock-2 membrane shows higher water uptake value than block-
membrane. This may be due to the formation of large phase

eparation structure.
Water retention of proton exchange membranes has signifi-
etention of membranes at high temperatures [27]. Low water
etention of Nafion® at high temperatures is one of drawbacks,
hich hinders their further commercial application. Water reten-

Water diffusion coefficient
(×10−10 m2 s−1)

Proton conductivity (S cm−1)

30 ◦C 80 ◦C

1.38 0.027 0.049
1.48 0.04 0.065
1.47 0.054 0.088
6.32 0.068 0.11
– 0.046 0.067
– 0.08b 0.12b
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block SPEEK membranes with different block chain lengths,
the conductivity data of some representative samples were ana-
lyzed. Compared to the random SPEEK membranes with IEC
1.37 mequiv. g−1, block-3 membrane with IEC 1.38 mequiv. g−1
Fig. 4. The water desorption of block SPEEK membranes.

ion of membranes was closely related to the microstructure of
embranes. In this section, water retention was analyzed by the

elocity of water evaporation of membranes at 80 ◦C. Water des-
rption isotherm curves of block SPEEK membranes are shown
n Fig. 4a. Plots of Mt/M∞ versus t1/2 initially are linear for Fick-
an diffusion laws [28], which is shown in Fig. 4b. The water
iffusions of block SPEEK membranes calculated from the
lope of the line are 1.38 × 10−10, 1.48 × 10−10, 1.47 × 10−10

nd 6.52 × 10−10 m2 s−1, respectively. From the results, the
elocity of water volatilization increases with increasing IEC
nd increasing hydrophobic block chain lengths. More loosely
ound water results in a higher self-diffusion coefficient, while
ore tightly bound water yields a lower self-diffusion coeffi-

ient [30]. So, the loosen structures of block SPEEK membranes
enerate high values of loosely bound water, and make the

ater easily evaporated, which results in increasing water dif-

usion coefficient of water in the membranes at relatively high
emperature.

F
t

urces 162 (2006) 1003–1009

.7. Ion-exchange capacities and proton conductivity of
embranes

The ion-exchange capacity, or IEC, is usually defined as the
oles of fixed SO3 sites per gram of polymer. High IECs are nec-

ssary for good proton conduction because of the high charge
ensity of the membrane. The theoretical IEC was calculated
rom the composition of the block copolymer ionomers. IECs
etermined by titration are less than the theoretical values. It
ndicates that loss of sulfonate groups occurs during synthe-
is and purification procedures. This is due to extraction of the
ower molecular weight hydrophilic oligomers during workup
t various stages of the membrane preparation [16].

The proton conductivity of the membranes at different tem-
eratures was calculated from AC impedance spectroscopy mea-
urement. Fig. 5 shows the proton conductivity of the fully
ydrated (100% relative humidity) block SPEEK membranes
t different temperatures. The random SPEEK membranes and
afion® 117 were selected as references to compare the con-
uctivities of membranes. All the membranes possess proton
onductivity that was higher than 10−2 S cm−1, which is the
asically required value of practical interest for using as PEMs
n fuel cells. As expected, it can be seen that the proton con-
uctivity of the membranes increases with IEC and tempera-
ure increasing. Block-4 SPEEK membrane with the highest
EC 1.48 mequiv. g−1 exhibits highest conductivity among these
PEEK membranes, which is close to the values of Nafion® 117.
his can be explained that more protons that participate in con-
uction are derived from higher content of sulfonic acid groups.

To further reveal the difference of the proton conductivity
etween the random and the block SPEEK membranes with
he similar IEC, and to detect the proton conductivity of the
ig. 5. Proton conductivities of block SPEEKs membranes as a function of
emperature.
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hows relatively higher proton conductivity. This is attributed to
he different distribution of ion domains in membranes, which
an be deduced from their SAXS profiles. Basically, block
opolymers membranes usually contain two domain regions:
he hydrophobic and hydrophilic ones. The phase of non-
ulfonated blocks should provide good mechanical stability and
educe the swelling of the sulfonated blocks. On the other
and, the hydrophilic sulfonated blocks present high proton con-
uctivity [29]. The existence of the two regions may lead to
he microphase-seperature structure, and concentrated sulfonate
roups may provide much larger transport channels, which are
eneficial to enhance the proton conductivity of the membranes.
owever, due to the structural characteristic of random SPEEK,

he sulfonated groups were dispersed throughout the polymers
atrix and not easily phase separated, which may lead to the

ower proton conductivity than the block ones.
Block-1 and block-2 have similar IEC 1.25 mequiv. g−1, but

hey have different hydrophobic block lengths of 9 and 31,
espectively. Block-2 SPEEK membrane exhibits conductivity
f 0.040 S cm−1 at 30 ◦C and 0.065 S cm−1 at 80 ◦C, which
s higher than block-1 membrane, 0.027 S cm−1 at 30 ◦C and
.049 S cm−1 at 80 ◦C, respectively. This might be attributed to
he great degree of phase separation and increasing size of ionic
lusters with hydrophobic block lengths increased.

. Conclusion

Block SPEEK membranes with high ion-exchange capacities
ere successfully obtained. The structure and properties of the
lock SPEEK membranes were studied in detail. Microstruc-
ures of the block SPEEK membranes have been characterized
y SAXS. The SAXS profiles of the block SPEEK ionomers
xhibited a well-defined ionomer peak due to the phase sepa-
ation between ionic domains and hydrophobic domains. The
lock SPEEK membranes showed increased water uptake and
roton conductivity compared to the random SPEEK membrane
t the similar IEC, which is attributed to a greater degree of phase
eparation. Block SPEEK membranes with high IEC exhibited
roton conductivity in the range of 10−2–10−1 S cm−1, which

s close to that of Nafion® 117 under the same conditions. It
ppears that the block SPEEK membranes might be suitable for
uel cell applications as potential proton exchange membrane
aterials.
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