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1. Introduction

Polyelectrolytes have gained considerable attention on account of their potential
application as membranes for polyelectrolyte membrane fuel cell PEMFCs [1-3]. In
this context, a lot of work has been done in order to synthesize polymers and
copolymers bearing sulfonic and/or phosphonic groups due to their good protonconductivity [1-12]. When methanol is used as fuel, the desired properties such as
low methanol cross-over, high proton-conductivity can just be achieved through the
preparation of organic-inorganic hybrid material or nanocomposites. In this context
inorganic

proton-conductors

such

as

heteropolyacids

[3,13-16],

zirconium

phosphates [17-20] play an important role in increasing the proton-conductivity of
polymeric matrices such as poly(benziimidazole) [21-22], sulphonated poly(arylene
ether

ketone)

SPEK

[14],

sulphonated

poly(arylene

ether

ether

ketone)

SPEEK[15,19,20], sulphonated poly(arylene ether sulfone) [13] among others [23].
Usually the heteropolyacids are used in combination with in situ generated ZrO2 or
polysilsesquioxanes, in order to avoid the bleeding-out of the heteropolyacid during
the membrane operation in the PEMFCs [14,15]. To our knowledge a little amount of
work has been carried out in order to analyze the distribution of heteropolyacids or
other inorganic additives in such multi-component organic-inorganic hybrid materials
[24-26]. Previous results from our group, have demonstrated that the distribution of
heteropolyacids in ionomers depends strongly on the nature of the ionomer,
heteropolyacid and additives. These additives affect the distribution, crystallization
and fixation of heteropolyacids by the membrane. In this context, the goal of the
present investigation is to analyze the distribution of phosphotungstic acid in SPEEK
matrix in the presence of different additives.
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2. Anomalous Small-Angle X-ray Scattering [27-34]

Small-Angle X-ray Scattering is an already established technique for the analysis of
the morphology and microstructure of several materials. Due to fluctuations of
electron density the scattered X-rays give rise to characteristic patterns. The
scattering intensity I(q) is usually plotted as a function of the scattering vector q,
which is defined by the equation (1).

q=

4π ⎛ θ ⎞
sin ⎜ ⎟
λ
⎝ 2⎠

(1)

where θ and λ correspond to the scattering angle and the wave-length of the incident
X-rays.

More precise information concerning the scattering produced by a sample can be
obtained by varying the energy of the incident X-ray in order to approach the
absorption edge of an element present in the sample. Because the scattering power
of the element is strongly attenuated at these energies the intensity of the scattering
curves should change, if the scatters contain an element which absorbs the X-ray at
that specific energy. [32,33]
This specific variant of the SAXS technique, termed anomalous (or resonant) smallangle X-ray scattering (ASAXS), has been successfully used for the morphological
characterization of polymers bearing ionic groups, such as: Surlyn-ionomers,
polyelectrolyte brushes [34] and most recently organic-inorganic hybrids based on
sulphonated poly(ether ketone) and sulphonated poly(ether ether ketone).
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When dealing with very diluted scatterers, the Guinier approximation can provide
information about their size and shape. Assuming a relative mono-disperse
distribution of spherical scatteres diluted in a matrix, the radius of the scatterers (R)
can be estimated from the Guinier gyration radius (Rg), using the equations (2) and
(3).

⎛ − Rg 2 × q 2 ⎞
⎟⎟
I (q ) ∝ exp− ⎜⎜
3
⎠
⎝
R = Rg

5
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(2)

(3)

If the Guinier approximation holds for the system under anaylsis, the curve of
logarithm of the intensity as a function of q2 should be linear. The Rg can be
determined from the slope of the segment observed in the q-range between the
scattering vector values q1 and q2. Furthermore, the validity of the Guinier
approximation is useful if the condition shown in equation (4) is satisfied.[35]

q 2 × Rg 2 < (1.3) 2
2

(4)

When dealing with ASAXS curves, the analysis of the scattering pattern using the
Guinier approximation is particularly convenient, as at low q-values the intensity of
the scattered X-ray is usually much higher than the fluorescence and residual Raman
scattering, which are produced when the sample is irradiated with X-rays having
energy close to the absorption edge of a component of the material under analysis.

3. Experimental
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3.1. Materials.

Zirconium tetrapropylate was supplied as a 70% solution in 1-propanol (Aldrich);
phosphotungstic acid, PTA, (H3PW12O40.xH2O) and acetylacetone were provided by
Fluka and were used without previous purification. N-methylpirrolidone, NMP, was
used

as

solvent

for

the

membrane

manufacturing.

The

3-

aminopropyltrimethoxysilane was supplied by Aldrich. Sulfonated poly(ether ether
ketone) with a sulfonation degree of 66-67%, SPEEK, was obtained in the laboratory
by the sulfonation of PEEK 450P, supplied in pellets by Victrex, using a procedure
described previously [20].

3.2. SPEEK/PTA membranes.

SPEEK/PTA membranes were cast from solutions containing about 7 wt% of SPEEK
in DMF. The required amount of PTA was added to these solutions and stirred for
24h at least at room temperature. The final composition of the material was
SPEEK/PTA 63/37 (w/w)

3.3. SPEEK/(RSiO3/2)n/PTA and SPEEK/ZrO2/PTA membranes.

The alkoxide and small amounts of water (about 4.5 mol water/mol of amino silane or
zirconium propylate) were added to the polymer solution of SPEEK and stirred during
2 hours at 50oC to complete the hydrolysis and condensation of the alkoxide. The
final material contained 9 wt % poly(3-amimopropylsilsesquioxane) in the polymer
matrix. Following the same procedure, membranes were prepared with the following
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compositions: SPEEK/ZrO2 92/8 (w/w), SPEEK/ZrO2/PTA 64/8/28 (w/w/w); and
SPEEK/(RSiO3/2)n/PTA 61/2/37 (w/w/w).

3.4. Casting of the membranes.

All the solutions containing SPEEK and the inorganic component were cast on a
hydrophobic glass plate heated to temperatures ranging from 40o to 90oC for solvent
evaporation.

3.5. WAXS Experiments.

The WAXS experiments were carried out at the Soft Condensed Matter beamline A2
at HASYLAB, Hamburg, with a fixed wavelength of 1.5 Å under vacuum at room
temperature. The WAXS data were calibrated using the characteristics reflections of
a poly(ethylene terephtalate) (PET) film. Corrections due to the parasitic scattering
(background) were done after measurement of each sample [25].

3.6. ASAXS Measurements.

The ASAXS measurements were performed at the JUSIFA beamline at DESYHASYLAB, Hamburg[36]. In order to use the anomalous scattering of tungsten for
contrast variation, four different X-ray energies were used in the energy range of the
W-LIII edge at 10206 eV: 9678 eV (E1), 10131 eV (E2), 10196 eV (E3) and 10206 eV
(E4). Two sample-detector distances (935 and 3635 mm) were set up in order to
cover a wide q-range between 0.02 and 0.5 Å-1. The scattering curves were
calibrated into macroscopic scattering cross-sections in units of cross-section per unit
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volume [cm²/cm³ = cm-1]. Background scattering due to fluorescence and thermal
fluctuations was removed using the Porod-like approximation.[24,37]

4. Results

Fig. 1 displays the total scattering curves produced by the SPEEK/PTA membrane.
As expected for a two-phase system, the intensity decreases as the energy of the
incident X-ray approaches the W-LIII absorption edge, due to the attenuation of the
scattering power of this element at energy values close to an absorption edge. The
decrease of the intensity is an indicative of the higher electron-density of the PTA in
comparison to the polymeric SPEEK matrix.
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SPEEK/PTA (63/37)
E1 (9678 eV)
E2 (10131 eV)
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0,1
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Fig.1 Total scattering curves of SPEEK/PTA membranes.

7

-1

dσ/dΩ (cm )

SPEEK/PTA
Separated Scattering Curve E1-E3
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0,1
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Fig. 2. Separated scattering curves produced by SPEEK/PTA membrane. These
curves were obtained by subtracting the total scattering curve at E1 (9678 eV) from
those measured at E4 (10206 eV) or E3 (10196 eV)

As can be seen in Fig.2, the separated scattering curves are parallel at q lower than
0.35 Å-1. At higher q-values, the parasitic contribution of the fluorescence may not be
completely removed, therefore the data at very high q-values should contain some
artifacts, which stems from an imprecise subtraction of the background. At lower qvalues, the intensity of the scattering is much higher than at high q-values. Therefore,
the relative effect of the fluorescence should not be so important in this case.

At very small q-values, the Guinier approximation could be used in order to determine
the gyration radius (Rg) of the PTA scatterers. The resulting Guinier plots are
displayed in Fig. 3. Two separated scattering curves were analyzed for comparison.
In both cases, a straight line segment was observed, from which Rg and the size of
the scatterers (R) could be estimated, according to the theory described in the
introduction of the present paper. Very similar Rg and R values, around 5.0 Å and 6.5
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Å, respectively, were obtained from both curves, indicating that at this range the
separated curves are reliable and represent a two-phase system composed by PTA
dispersed in SPEEK matrix. Moreover, as the radius of the isolated PTA anion is
around 5.0 Å [38], the analysis of the ASAXS curve demonstrated the existence of a
solid solution of PTA dissolved in the SPEEK matrix.
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(A)
0,36788
(B)

SPEEK/PTA
(A) Separated Scattering Curve E1-E4
(B) Separated Scattering Curve E1-E3
0,000 0,002 0,004 0,006 0,008 0,010 0,012 0,014
2
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Fig. 3. Guinier plots for SPEEK/PTA membranes obtained from the separated
scattering curves illustrated in Fig. 2.

The possibility of crystallization of the heteropolyacid during the casting of the
membrane was checked out by the analysis of the WAXS pattern of the SPEEK/PTA
membrane, which is reported in Fig. 4.
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Fig.

4.

WAXS

patterns

of

the

SPEEK/PTA,

SPEEK/(RSiO3/2)n/PTA,

SPEEK/ZrO2/PTA and SPEEK/(RSiO3/2)n.

As illustrated in Fig. 4a. no sharp peak (and therefore no crystalline structure) can be
identified in the WAXS curve of the SPEEK/PTA membrane. This fact is in line with
the Guinier analysis of the ASAXS curves, since the PTA anions seem to be
homogeneously dissolved by the SPEEK matrix.

Fig. 5 and 6 show the total and separated scattering curves of the SPEEK/ZrO2/PTA,
respectively. Contrary to that described for the SPEEK/PTA membrane, peaks could
be seen in the total scattering curves. However, no peak could be seen in the
separated scattering curves, suggesting that the peaks are not related to structures
containing tungsten. Therefore, the dispersion of the heteropolyacid was not
hindered by the presence of the ZrO2. As reported previously, the ZrO2 improved the
dispersion of the PTA in the SPEK matrix. The same effect seems to take place in
the SPEEK/ZrO2/PTA membrane. The peaks may be caused by ZrO2 clusters.
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Fig. 5. Total scattering curves of SPEEK/ZrO2/PTA membranes (64/8/28) obtained at

-1
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energies closer to the W-LIII absorption edge at 10206 eV (see text for details).

SPEEK/ZrO2/PTA (64/8/28)
0,1

R12 (E1 - E2)
R23 (E2 - E3)
R34 (E3 - E4)
0,1
-1

q(Å )

Fig..6. Separated scattering curves produced by SPEEK/ZrO2/PTA (64/8/28)
membrane. These curves were obtained by subtracting the total scattering curve at
E1 (9678 eV) from those measured at E4 (10206 eV) or E3 (10196 eV)

The Guinier plots of two separated curves were analyzed as described for the
SPEEK/PTA membrane and are displayed in Fig. 7. Values of R and Rg comparable
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to the size of the PTA anion were also observed for the SPEEK/ZrO2/PTA
membrane.

1
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0,36788

SPEEK/ZrO2/PTA 64/8/28
Separated Scattering Curve : E1-E4
(A)
Separated Scattering Curve : E1-E3
(B)
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2
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Fig. 7. Guinier plots for SPEEK/ZrO2/PTA 64/8/28 membranes obtained from the
separated scattering curves illustrated in Fig. 6.

Moreover, no crystallization of the PTA was observed, as indicated in Fig. 4b. This
fact confirms the hypothesis of a good solubility of PTA in the SPEEK matrix.

The ASAXS curves of the SPEEK/(RSiO3/2)n/PTA membrane are displayed in Fig. 8
and Fig. 9. A tremendous increase of the intensity was observed, suggesting the
presence of much larger scatterers.
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SPEEK/(RSiO3/2)n/PTA
E1 (9678 eV)
E2 (10131) eV
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Fig. 8 Total scattering curves of SPEEK/(RSiO3/2)n/PTA membrane.

In fact, the separated scattering curves (Fig. 9) are not strictly parallel to each other,
and the Guinier analysis could not be applied, since the requirement for the
application of the Guinier approximation, equation 4, was not fulfilled . This also
shows that the PTA-containing scatters are not isolated particles.

SPEEK/(RSiO3/2)n/PTA 61/2/37
(A)
Separated Scattering Curve : E1-E4
Separated Scattering Curve : E1-E3
(B)

-1

dσ/dΩ (cm )

10

(A)
1
(B)

0,1
0,1
-1

q (Å )
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Fig. 9. Separated scattering curves produced by SPEEK/(RSiO3/2)n/PTA membrane.
These curves were obtained by subtracting the total scattering curve at E1 (9678 eV)
from those measured at E4 (10206 eV) or E3 (10196 eV).

The inverse Fourier-transform method was used to analyze the separated scattering
curves. For both curves, a distribution of particle radii around 150 Å was found.
Therefore, the addition of only 2% poly(3-aminopropyl silsesquioxane) caused an 30fold increase of the particle size. Although the agglomeration of the PTA particles
was observed, as indicated by the noticeable increase of the total scattering and the
non-applicability of the Guinier approximation, itt did not lead to crystallization of PTA
during the production of the SPEEK/(RSiO3/2)n/PTA membrane, as confirmed by the
WAXS pattern of this membrane (Fig. 4).

SPEEK/(RSiO3/2)n and SPEEK/ZrO2 membranes

The SAXS curve of SPEEK/(RSiO3/2)n , without heteropolyacids, is reported in Figure
10a. It has a peak at q= 0.255 Å-1, indicating that the polysilsesquioxane chains are
distributed in particles spaced by the distance of 24.6 Å. Similarly to reported in
previous papers from our group, the SAXS curve of SPEEK/ZrO2 has also a peak
centred at q = 0.295 Å-1 (Figure 10b), which can also be associated to the presence
of ZrO2 clusters separated by 21.3 Å.
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1
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Fig. 10. SAXS curves of SPEEK/(RSiO3/2)n (91/9) (a) and SPEEK/ZrO2 (92/8) (b)
membranes.

5. Discussion

According to the ASAXS and WAXS results, PTA could be homogeneously dispersed
in SPEEK matrix. The good compatibility between the heteropolyacid and the
polymeric matrix can be explained in term of a compromise between the hydrogen-
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bonds between the relative polar groups of the poly(arylene-ether-ether-ketone)
back-bone (ether linkages and carbonyl groups), most importantly the pendant –
SO3H groups and the W=O and W-O-H bonds present in PTA, and the very low
lattice energy of this heteropolyacid. In order words, these two effects contribute to
the dispersion of the highly soluble and hydrophilic PTA as isolated species in the
relatively polar and hydrophilic SPEEK matrix.

The ZrO2 can also interfere in the dispersion of the heteropolyacid in the SPEEK
matrix, due to the ability of zirconium oxide to adsorb anions. This effect has been
already reported for similar membranes based on sulphonated poly(ether ketone),
ZrO2 and PTA. On its turn, the PTA contributes also for a better dispersion of ZrO2 in
SPEEK, by changing the course of hydrolysis and condensation of zirconium
tetrapropylate, during the membrane casting process. The acid nature of
phosphotungstic acid favors the formation of more linear structures of oxo-polymers
based on Zr-O-Zr bonds.

In fact, the WAXS results do indicate that the ZrO2 and PTA are dispersed in SPEEK
without the formation of crystalline structures of these components. It is hardly
possible for the ZrO2 to crystallize due to the complexation with SPEEK [39] and due
to the chemical and physical interactions between ZrO2 and PTA. Moreover, the PTA
has a very low lattice energy and a very high affinity with ZrO2. Therefore, the
phosphotungstic acid would be strongly hindered by these both effects.

Conversely, the amino-functionalized polysilsesquioxane, derived from the hydrolysis
and polycondensation of 3-aminopropyltrimethoxysilane during the casting of
SPEEK/(RSiO3/2)n/PTA membrane, tends to agglomerate the PTA particles, since the
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ammonium salts of phosphotungstic acid are much less soluble than the PTA itself.
Therefore, the agglomeration of PTA in the presence of the poly(3-aminopropyl
silsesquioxane) is basically due to the precipitation of the phosphotungstate anions
by the –NH2 groups, from the polysilsesquioxane component. The precipitation of
PTA as “ammonium salt” did not favoured the crystallization of this heteropolyacid.
As illustrated by Fig. 4b, no crystalline phase of PTA could be identified in the WAXS
pattern of SPEEK/(RSiO3/2)n/PTA membrane. This can be also explained in terms of
disordered structures imposed by the presence of the poy(3-aminopropyl
silsesquioxane) chain in between the PTA anions, which hinder the formation of a
crystalline lattice.

6. Conclusion

ASAXS

and

SAXS/WAXS

studies

on

SPEEK

membranes

containing

phosphotungstic acid revealed that the distribution of this heteropolyacid in SPEEK
was homogeneous, since the acid could be dissolved in the polymer matrix almost at
the molecular level. The use of in-situ generated poly(3-aminopropyl silsesquioxane),
in order to reduce the PTA bleeding-out, caused the agglomeration of the
heteropolyacid in larger structures, although no crystallisation could be detected by
WAXS at all. Conversely, the presence of in-situ generated ZrO2 nanoparticles did
not have any effect on the distribution of PTA on SPEEK.
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