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Abstract

Commercial polyetheretherketone (Victrex PEEK) was sulfonated up to 90% degree of sulfonation (DS), then reacted with SiCl4 to obtain

a hybrid polymer. The product was characterized by 29Si NMR and ATR/FTIR spectroscopies demonstrating the formation of covalent bonds

between the organic and inorganic components. No dispersed inorganic silicon was present in the product as evidenced by the lack of any

resonance at d!K100 ppm. Despite the high DS the physicochemical properties of the hybrid were suitable for the preparation of

membranes exhibiting high and stable conductivity values (10K2 S/cm), hence suitable for application as ion exchange membrane.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyethereetherketone (Victrex PEEK) is a very well

known polymer with low cost, excellent mechanical and

thermal properties, and broad chemical resistance, which

make it suitable for a variety of applications from the

aerospace to the medical and electronic industries. Chemi-

cal modifications of such polymer may lead to further

innovative applications. Thus, for instance, sulfonation adds

proton conductivity as a further feature of PEEK. The

conductivity of sulfonated PEEK (SPEEK) is large enough

to meet the requirements needed for applications in fuel

cells. However, its mechanical properties progressively

deteriorate with sulfonation: these membranes show, in fact,

strong swelling when the sulfonation degree (DS) is high

enough to achieve high proton conductivity [1–4].

Several strategies can be followed to improve the

performance of ion conducting membranes based on arylene

main-chain polymer. Covalent or physical crosslinking have
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been proposed: for instance, crosslinked sulfonated poly-

phenylethersulfone (PSU) membranes have been prepared

by S-alkylation of PSU with dihalogenoalkanes [5] and

crosslinking or blends of SPEEK with basic polymers have

been reported to show good chemical stability and proton

conductivity [6,7].

Another strategy is to prepare composite membranes

containing inorganic fillers dispersed in the organic polymer

network. The retention of adsorbed water on the filler

surface leads to improved performance in this Class I hybrid

materials where the two components are held together by

weak non-covalent interactions [8–11]. The conduction

mechanism of sulfonated polymers is, in fact, water

assisted, and thereby their hydration state is a crucial factor

for good electrochemical performance [12].

These composites combine organic and inorganic

components in a single material leading to very interesting

and novel properties. It is, however, hard to achieve

homogeneity at molecular level. The control at atomic

level of the proper dosage and dispersion of the inorganic

component can be reached via the preparation of Class II

hybrids, where the organic and inorganic moieties are linked

through covalent bonds. The peculiar macroscopic
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properties of hybrid materials derive by the synergic merge

at the molecular scale of the component characteristics,

leading to their increasing use for a variety of applications

[8,13,14].

Two main types of hybrid materials can be individuated:

inorganic/organic and organic/inorganic. In the former,

organic moieties are bound to an inorganic polymeric

matrix, generally polysiloxanes, generating ORganically

MOdified SILanes (ORMOSILs). The latter are character-

ized by a high content of organic networks similar to

carbon-based polymers (Organic Inorganic Polymers, OIP).

Modulation of the properties of the final materials can be

achieved by proper dosage of the inorganic and organic

components [15].

ORMOSIL-based ionoconducting species have been

reported [16], but no reports have been made, to the best

of our knowledge, on OIP for the preparation of ion-

exchange membranes.

This paper reports on the preparation and characteriz-

ation of a new hybrid polymer where Si atoms are

covalently bound to the SPEEK backbone.
2. Experimental section
2.1. Materials

Polyetheretherketone (PEEK) was obtained from Victrex

in the form of powder (450 P, MWZ38,300). Anhydrous

THF and DMSO were prepared according to literature

procedures [17].

All other chemicals (Aldrich) were reagent grade and

were used as received.
2.1.1. Synthesis of SPEEK: sulfonation of PEEK

PEEK (20 g, 69 meq) was dissolved in H2SO4 (96%, 1 L)

and stirred at 50 8C for 5 days. The solution was poured in a

large excess of ice-cold water, under continuous stirring

obtaining a white precipitate. After standing overnight, the

precipitate was filtered and washed several times with cold

water to neutral pH. The sulfonated polymer (SPEEK) was

then dried under vacuum for 4–6 h at room temperature. The

degree of sulfonation (DS) was evaluated both by 1H NMR

and by titration, according to published procedures [18].

Both methods gave according results, indicating a DSZ
90%.
2.1.2. Synthesis of SiSPEEK: silylation of SPEEK

The reaction was carried out under nitrogen by dissolv-

ing SPEEK (1.5 g, 4.1 meq) in 1.3 L of a DMSO/THF 1:25

solution. The resulting solution was cooled to K60 8C, then

an excess of BuLi (2.5 M in hexane, 16.5 mL, 41 mmol) and

N,N,N 0,N 0-tetramethylethylenediamine (TMEDA, 6.56 mL,

41 mmol) were added, and the solution was stirred for 8 h at

K60 8C. SiCl4 (0.47 mL, 4.1 mmol) was then added and the
solution was slowly warmed to room temperature, then kept

at reflux overnight.

Absolute ethanol (250 mL) was then added maintaining

the mixture at reflux for further 5 h. After cooling to RT, the

precipitate formed was left to settle overnight, then filtered

and washed with cold water until all no chlorides where

present. The product (SiSPEEK) was dried under vacuum

for 4 h. El. An.: % SiZ1.3G0.1 (reproducible over three

samples).

2.2. Preparation of membranes

SiSPEEK membranes were prepared by solution casting.

In a typical procedure, the polymer (250 mg) was dissolved

in DMSO (30 mL) and the solution was stirred for 4 h. The

solution was then evaporated to 5 mL, then cast onto a

Teflon plate and heated to dryness. After cooling to room

temperature, the resulting membranes were peeled off and

dried at 120 8C for 10 h, then further dried under vacuum at

80 8C for 4 h to completely remove the solvent. The

thickness of the dried membranes was about 400 mm. The

hybrid membranes were activated in 5 M H2SO4 for 1 h at

room temperature, then rinsed with deionized water.

2.3. Water uptake

Activated SiSPEEK membranes were dried in vacuum at

100 8C. Disks with a diameter of 6 mm and thickness of

400 mm were cut from the membranes and weighted. The

disks were then soaked in water at room temperature and

weighted after blotting with absorbent paper until no further

weight gain was observed. The weight gain of absorbed

water was calculated referring to the weight of the dry

sample: (Wwet/WdryK1)!100.

2.4. Measurements

1H, 13C and 29Si NMR spectra were recorded with a

Bruker Avance 400 spectrometer operating at 400.13,

100.56 and 79.49 MHz, respectively. DMSO-d6 was used

as solvent for 1H spectra while 13C and 29Si NMR spectra

were recorded in DMSO, using D2O as external lock and

Ernst angle to minimize acquisition time. Chemical shifts

(ppm) are referenced to tetramethylsilane (TMS).

Silicon atomic charge was calculated on the optimized

geometries obtained by semiempirical methods (AM1)

using the Hyperchem program [19]. Geometric optimiza-

tions were terminated when the energy difference among

successive iteration was lower than 4.18!10K3 kJ/mol.

Starting from AM1 geometries, single point ab initio

computation were performed using the Gaussian 98 system

of programs [20].

Thermogravimetric analyses were carried out using a

thermobalance (STA 409, Netzsch) in Ar flow (80 mL/m)

with a heating rate of 10 8C/min in the range 25–800 8C on

samples dried at 100 8C for 12 h.
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ATR/FTIR spectra were collected in the range 4000–

550 cmK1, on a Nicolet 870 E.S.P. with a Golden Gate MK2

Diamond Specac cell. Spectra were recorded positioning the

samples on cell platform operating at room temperature (32

scans, 2 cmK1 resolution).

Electrochemical impedance spectroscopy (EIS)

measurements were used to evaluate proton conductivity,

using a Solartron 1255 coupled with a dielectric interface in

the frequency range 100 KHz–1 Hz and an oscillating

voltage of 10–100 mV. The spectra were analyzed using

the EQUIVCRT program by Boukamp. The activated and

fully hydrated membranes were placed in a test cell, where

they were clamped between two platinum electrodes with a

permanent pressure. The conductivity s of the samples in

the transverse direction was calculated from the impedance

data, using the relation sZd/RS, where d and S are the

thickness and face area of the sample and R was derived

from the high frequency intercept with the Re(Z) axis on a

complex impedance plane plot. Values of d and S were

determined after the measurements.
3. Results and discussion

Aim of this work was to prepare an organic/inorganic

hybrid containing sufficient amount of inorganic component

to improve SPEEK mechanical properties without signifi-

cantly alter its conductivity performances. Despite its poor

mechanical properties and difficulties in manipulation, it

was chosen to use SPEEK with a high degree of sulfonation

(90%) to enhance conductivity, since solubility can be

modulated by proper dosage of the inorganic component. To

avoid degradation and cross-linking reactions sulfonation

was carried out with 96% H2SO4 [18].

The first synthetic step in the preparation of the hybrid

was to react SPEEK with butyllithium. The reaction was

carried out in a mixture of solvents to attain proper

solubility of the substrate at low temperature, and in the

presence of TMEDA, which is known to promote the

aromatic substitution reaction [21]. Subsequent reaction

with SiCl4, followed by alcoholysis, lead to the formation of

a product which elemental analysis showed the presence of

1.3G0.1% Si, corresponding to a ratio 100:17 monomeric

unit:silicon.

NMR and ATR/FTIR analyses of the products were

carried out to verify the formation of a covalent hybrid
Fig. 1. 29Si NMR spectr
structure. The 29Si NMR spectrum of SiSPEEK (Fig. 1)

showed two resonances (relative intensity 4:1) at K72.5 and

K82.0 ppm. The chemical shifts are typical of polyaryl-

silicon T units [22]. No dispersed inorganic silicon is present,

as demonstrated by the lack of any peak at d!K100 ppm

where Q units are expected to resonate [23].

The position of metalation on the polymer backbone is

determined by the relative acidity of hydrogens and by the

directing effect of substituent groups. Both carbonyl

electronic effects and the coordinative ability of sulfonic

groups must be considered. If the former are dominant,

lithiation will lead to the substituted benzophenonic ring

(Scheme 1, product a) while, if the latter prevails,

substitution will occur on the ethereal ring leading to

product b (Scheme 1). The presence of two resonances in

the 29Si NMR spectrum of the sample indicates the

formation of both products. 1H and 13C NMR spectra

were of no aid in assigning the structures corresponding to

the resonances observed in the 29Si NMR spectrum of

SiSPEEK: no evident differences were in fact observed in

the spectra of SiSPEEK with respect to the corresponding

SPEEK spectra, probably because of the low degree of

substitution and to the presence of three different forms: Si-

unsubstituted units and products a and b, accounting

respectively for 83.0, 3.5 and 13.5% of the total spectral

intensity. It is, however, known that, among the different

factors affecting chemical shifts, the observed nucleus

atomic charge is related to chemical shift, and that, in the

case of 29Si, electron withdrawing substituents lead to

resonances shifted at higher frequency [23,24]. Compu-

tational calculations of silicon atomic charge were thus

carried out on the two monomers corresponding to products

a and b. Since atomic charges are not quantum mechanical

observables and methods for their calculation are necess-

arily arbitrary, it is not their absolute values that should be

considered, but only their variation: the obtained values,

1.669 and 1.715 respectively, allowed to assign the

resonance at K72.5 to product a and the one at K82.0 ppm

to product b.

The ATR-FTIR spectra of SiSPEEK and SPEEK are

shown in Fig. 2a and b, respectively. Nguyen and Ishida

reported the transmission FTIR spectra of PEEK films [25–

27]. The current ATR spectra showed bands at similar

frequencies. As the intensities of ATR infrared bands are

wavelength-dependent, bands at lower frequencies are more

intense than those observed in transmission. Both samples
um of SiSPEEK.
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show a series of PEEK characteristic bands: 1600 cmK1

nCaO, 1217 cmK1 nPh–CO–Ph, 1025 cmK1 nC–O–C or nC–O,

and 929 cmK1 nsy Ph–(CaO)–Ph. All bands show a shift at

lower frequencies, with respect to reference data, due to the

presence of the sulfonic group, which is mainly character-

ized by two bands in the range 1190–1170 cmK1. The

antisymmetric and symmetric stretching vibrations of the –

SO3H and –SO3
K groups are masked by the strong vibration

of C–H in-plane-deformation mode of polysubstituted

aromatic compounds [28]. However, as shown in Fig. 2c,

nas(SO3
K) and ns(SO3

K) can be observed at 1196 and

1183 cmK1 in the trace obtained subtracting the spectrum of

SPEEK (in its acidic form) from that of SiSPEEK (in

anionic form) [28]. The two bands at 933 and 875 cmK1,

observed in the subtraction spectrum, are typical of aromatic

silanols. A third band at 1127 cmK1 can be attributed to the

in-plane deformation of the ring, with some contribution

from the Si–C stretch [28]. Moreover, a new component of

the nC–O–C band appears at 1029 cmK1 indicating a

perturbation of the C–O–C bond stretching. A shift

(Dnz4 cmK1) was observed for the bands due to both

sulfonic and C–O–C groups with respect to reference

values. No bands due to Si–O–Si bonds were observed [28].

Both the presence and the shift at higher frequencies of the
Fig. 2. ATR/FTIR spectra of (a) SiSPEEK, (b) SPEEK and (c) subtraction

(a)K1,00 (b).
bands observed indicate the formation of C–Si bonds in two

environments, in agreement with NMR results.

Thermogravimetric analysis was performed on SiS-

PEEK. Fig. 3 shows the relative TGA/DTG curves. Two

weight loss steps were observed, reflected by two broad

peaks in the DTG curve. The first weight loss (in the range

250–350 8C, corresponding to a minimum at 275 8C in the

DTG curve) can be attributed to the decomposition of

sulfonic acid groups, while the second weight loss (in the

range 450–700 8C corresponding to a minimum at 540 8C in

the DTG curve) is due to the pyrolysis of the polymer [29].

The thermogravimetric analysis showed no substantial

difference with respect to the data relative to the parent

SPEEK indicating that the formation of the hybrid did not

alter the thermal stability of the polymeric structure.

Membranes of SiSPEEK were prepared by casting and

activated in 5 M H2SO4 to transform the anionic form

obtained from the synthesis into the acidic one. While

SPEEK with elevated DS is reported to be soluble or form

gel when immersed in water [29], SiSPEEK membranes

deriving from SPEEK with 90% DS showed an elevated

water uptake (240%) still remaining flexible and easy to

handle. The formation of covalently bound inorganic

clusters increased then the level of water uptake, but did

not result in excessive swelling or solubility in water of the

membrane making conductivity measurements feasible.
Fig. 3. TGA (dotted line) and DTG (solid line) curves of SiSPEEK.
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Ionic conductivity was measured at room temperature by

electrochemical impedance spectroscopy (EIS) using block-

ing Pt electrodes in the frequency range 1 Hz–100 kHz.

Stable conductivity values were measured over a week, in

the range 2!10K2–1!10K2 ScmK1. No deviations from

linearity were observed in the impedance spectra of all

samples after different storage periods, therefore, implicat-

ing that the samples integrity is maintained over the

examined period of time. Literature data for the room

temperature conductivity of SPEEK membranes vary from

5.05!10K3 S/cm for 85% DS [3] to 8!10K3 S/cm for 80%

DS [18]. The values obtained for SiSPEEK membranes

show that while solubility properties are improved,

conductivity values are not affected by the formation of

the hybrid and values are suitable for performance as ion

conducting membranes.
4. Conclusions

The first example of a proton conducting SPEEK-based

hybrid membrane, where the inorganic component is

covalently linked to the organic one, has been synthesized

and characterized.

The formation of the hybrid materials made possible to

prepare membranes with good thermal stability and

enhanced water uptake capability, which resulted in good

electrical characteristics.

Further improvement of the hybrid characteristics might

be achieved adding a larger amount of inorganic function-

alities with a better control of the extent of the inorganic

network formation, which can be achieved using sol/gel

processes. Studies on the development of such hybrid proton

conducting polymers are currently in progress.
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