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PAA/imidazol-based proton conducting polymer electrolytes
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Abstract

Anhydrous proton conducting polymer electrolytes have been prepared by entrapping imidazol (Im) in polyacrylic acid (PAA) with
various stoichiometric ratios,x, to form PAAxIm (x is the number of moles of Im per polymer repeat unit). Polymer electrolytes, PAAxIm
(with x = 0.5 and 1) can be cast into transparent, homogeneous films. FT-IR results indicate the protonation of imidazol. Thermogravimetric
analysis (TG) illustrates that these blends are chemically stable up to about 160◦C. Differential scanning calorimetry (DSC) shows that
glass transition temperature decrease from 57◦C for x = 0.5 to 35◦C for x = 1. The dc conductivity increases withx and temperature
reaching∼10−3 S/cm forx = 1 at 120◦C.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Poly (acrylic acid); Imidazol; Proton conductor; Thermal properties

1. Introduction

Proton conducting polymer electrolytes have attracted
much attention with the development of perfluorinated sul-
fonic membranes due to their application in various electro-
chemical devices such as fuel cells. The transport properties
of those membranes are largely depending of water content
and can be useful below the dew point of water[1]. It is also
well established that anhydrous proton conducting polymer
electrolytes were obtained by doping of polymers bearing
basic units such as amide, imine, ether with strong acids,
i.e. H3PO4 or H2SO4 [2–5]. In these blends strong acids
act as both proton donor and plasticizer[6,7]. Recently,
neutral (or basic) proton conducting polymer electrolytes
have already been announced as they are likely to be more
stable in the presence of electrode materials[8]. In such
membranes the basic dopant enhanced proton vacancy type
conduction. Although the formation of protonic defects is
necessary for proton conduction, the reported conductivities
are relatively low. Heterocycles such as imidazol have been
reported to be promising in that respect. Their nitrogen
sides act as strong proton acceptors thus forming protonic
charge carriers. Isometric geometry of molecules are advan-
tageous for extended local dynamics and their protonated
and unprotonated nitrogen functions may act as donors and
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acceptors in proton transfer reactions[9]. Previously, Kreuer
et al, created protonic defects by chemically modifying
the heterocycles[9]. In addition, polybenzimidazol/H3PO4
system was modified with imidazol but it was mentioned
that imidazolum salt does not improve the conductivity
of the membranes[10]. Very recently, proton conductivity
in imidazol which was immobilized via flexible spacers
has been demonstrated[11]. In the present work, proton
conducting polymer electrolytes based on PAA/Im are re-
ported. The synthesis of these materials and their thermal
and conductivity properties are discussed.

2. Experimental

2.1. Materials preparation

Polyacrylic acid (PAA) was prepared by conventional rad-
ical polymerization of acrylic acid (Merk) at 80◦C in ben-
zene with azobisisobutyronitrile (AIBN) as initiator[12].
Aqueous solution of the polymer was dialyzed using 1000
molecular weight cut off membrane and freeze dried. A stoi-
chiometric amount of imidazol (Aldrich) and PAA was neu-
tralized in water and the resulting mixture was stirred for
several days to make it homogeneous. Solutions withx rang-
ing from 0.5 to 3.0 were prepared wherex is the number of
moles of imidazol per moles of polymer repeat unit. From
the solutions films were cast in a polished PTFE plates, and
the solvent was carefully evaporated over P2O5 and further
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dried under vacuum at 60◦C. Transparent and homogeneous
films were obtained forx = 0.5 and 1, however, at higherx
values, i.e.x > 1, phase separated mixtures were obtained.

2.2. Characterizations

FT-IR spectra of the samples were recorded by casting of
thin sample film on a silicon wafer. The IR spectra of the
samples were recorded with a Nicolet 730 spectrophotome-
ter.

Thermal stabilities of the materials were investigated by
thermogravimetric analysis with a Mettler TG-50. The sam-
ples (∼10 mg) were heated from room temperature to 700◦C
with a rate of 10◦C/min under N2 atmosphere.

DSC data were obtained between−50 and 130◦C using
a Mettler DSC TA 3000 scanning calorimeter. The samples
were loaded into aluminum pans (10–15 mg) and samples
were heated to desired temperature with a rate of 10◦C/min.
The second heating curves were evaluated.

The ac conductivities of PAAxIm samples were deter-
mined with an Novocontrol dielectric spectrometer in the
frequency range from 10−2 to 107 Hz and in the temper-
ature regime from−50 to 150◦C. The film samples were
placed between platinum electrodes and their conductivities

Fig. 1. FT-IR spectra of pure PAA, PAA0.5Im and PAA1.0Im.

Fig. 2. Illustration of the protonation of imidazol upon blending with PAA.

were measured with 10 K intervals. The temperature was
controlled with Novocontrol cryosystem which is applicable
between−150 and 500◦C with a precision of 0.01◦C.

3. Results and discussion

3.1. Polymer–imidazol interactions

FT-IR spectra of the homopolymer and blends are repre-
sented inFig. 1. A strong absorption at 1707 cm−1 belongs
to C=O stretching of carboxylic acid group of the homopoly-
mer. The same group shows a medium peak at 1250 cm−1

corresponding to in plane deformation of C–O–H and at
1165 cm−1 to –(C–O)H stretching. After blending the poly-
mer with imidazol a new strong peak appears at 1557 cm−1

and the intensity of the carbonyl stretching at 1707 cm−1 de-
creases. These occur by the transfer of the acidic proton of
the carboxylic acid to the “free” nitrogen side of imidazol to
form imidazolium ion. Then the carboxylic acid units, C=O
and C–O, are replaced by two carbon oxygen bonds which
are intermediate force constants between them. These two
bands are strongly coupled, resulting in strong asymmetric
stretching of –CO2− at 1557 cm−1. Ring stretching of the
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Fig. 3. TG curves of PAA0.5Im and PAA1.0Im recorded under N2 atmosphere with a heating rate of 10 K/min.

imidazolium ion at 1595 cm−1 is masked by the CO2− ab-
sorption.Fig. 2 represents the percent conversion of imi-
dazol to imidazolium ion which is obtained form carbonyl
stretching forx = 1. The percent protonation of the blends
was found to be∼33% forx = 0.5 and∼70% forx = 1.0.
The intensity of N–H stretching peak at 3140 cm−1 is also
increased due to protonation.

3.2. Thermal analysis

Thermogravimetric analyses (TG) were performed under
nitrogen atmosphere. The samples were dried 2 days un-

Fig. 4. DSC curves of PAA0.5Im and PAA1.0Im recorded under N2 atmosphere with a heating rate of 10 K/min.

der vacuum at 60◦C prior to measurement. For anhydrous
PAAxIm complexes the initial weight reduction starts at
180◦C for x = 0.5 and at 160◦C for x = 1 (Fig. 3). The
weight loss above these temperatures can be attributed to
evaporation of dopant and followed with decomposition of
the blends above 200◦C.

DSC thermograms of PAAxIm are shown inFig. 4. The
Tg of the homopolymer is 105◦C shifted to 35◦C for x =
1 because of the plasticization effect of dopant which was
explained in our previous work[7]. It is clearly seen that
one phase model is reasonable assumption for anhydrous
PAAxIm blends.
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Fig. 5. σac vs. frequency (Hz) for PAA0.5Im at various temperatures.

3.3. Conductivity measurement

The conductivity of thin films of the blends cast onto
platinum electrodes was determined using impedance spec-
troscopy in the frequency range from 10−1 to 106 Hz and
temperature range from 233 to 393 K.Figs. 5 and 6displays
the frequency dependence of the alternating current, ac
conductivity (σac) of PAA0.5Im and PAA1Im as a function
of temperature. In both samples the curves comprise the
frequency independent conductivity plateau regions, which
are well developed at low frequencies and at low tempera-

Fig. 6. σac vs. frequency (Hz) for PAA1.0Im at various temperatures.

tures and expand and shift toward higher frequencies with
increasing temperature. The irregularities on low frequency
side at higher temperatures, i.e.T > 40◦C for both samples
are caused by electrode polarization due to blocking effect
of the platinum electrodes. The direct current, dc conduc-
tivity (σdc) of the samples is estimated from the ac conduc-
tivity plateaus. The plateau values in the medium-frequency
range coincide well with dc conductivity values obtained
from theZ′ minimum in the real and imaginary (Z′/Z′′) plot
of impedance. Therefore, dc conductivities could be taken
from the extrapolation of ac conductivity plateaus. The
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Fig. 7. Temperature dependenceσdc of PAAxIm.

temperature dependence of the dc conductivities ofx =
0.5 and 1.0 are compared inFig. 7. A marked curva-
ture is observed for the blends above their glass transi-
tion temperatures. Typical curves are interpreted with the
Vogel–Tamman–Fulcher (VTF) equation (Eq. (1)) and this
is verified by inserting the appropriate VTF fits intoFig. 7.

σ = σ0 exp

(
− B

k(T − T0)

)
(1)

whereσ0 is the pre-exponential factor,B and T0 the tem-
perature independent empirical parameters.T0 is generally
placed about 50 K belowTg and is idealized as the temper-
ature at which all free volume vanishes. TheT0 values of
x = 0.5 and 1 are 225 and 200 K, respectively. The con-
ductivity of the blends exhibits less temperature sensitive
behavior nearT0, however, at higher temperatures conduc-
tivity increases with temperature. This may be due to onset
of the segmental relaxations.

It was previously mentioned that the membrane materials
based on carboxylic acid groups shows no significant pro-
ton conductivity even at higher level of hydration. Because
–COOH groups are less sensitive to hydrolysis and higher
pKa values[13].

The intercalation of imidazol with different doping ra-
tio, x into PAA as Brønstedt acid increased the conductivity
PAAxIm membranes. The reason may be imidazol, like wa-
ter, acts as proton donor and acceptor in the proton conduc-
tion process. In this sense it behaves amphoteric but with
respect to other compounds they are more basic than water
[9]. FT-IR of PAAxIm confirmed that imidazol is partially
protonated from “free” nitrogen side. A Grotthuss type dif-
fusion mechanism may explain the proton diffusion process
within protonated and unprotonated heterocycles. Because
the protonic defect may cause local disorder by forming

(. . . Him-(HimH+)-imH. . . ) configuration as discussed in
the literature[14]. The use of imidazol in a suitable acidic
host polymer to increase the concentration of defect pro-
tons may also technological interest. Further systems like
PAMPSA-imidazol are under investigation and will be com-
municated soon.

4. Conclusions

Novel blends from PAA and Im form amorphous and
transparent films, which are thermally stable up to 200◦C.
From FT-IR spectra it is evident that hydrogen bonds
exist between protonated and unprotonated Im units.
With increasing Im content the glass transition tempera-
ture decreases while their conductivity increase, reaching
10−3 S/cm at 120◦C. The proton migration may occur
through movement of the proton vacancies that is a Grot-
thuss type diffusion mechanism. From theσdc isotherm it
can be concluded that proton transport is controlled by the
segmental motions of the polymer chains.
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