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Abstract

Polyaniline (PAn) was doped with phosphonic acid containing hydrophilic tails. The solubility of the doped PAn in water was controlled
by changing the length of hydrophilic chain in the dopant. When poly(ethylene glycol) monomethyl ether (PEGME) with molecular weight
M,, = 550 was used as the hydrophilic chain of the dopant, the doped PAn was entirely soluble in water. The film cast from aqueous solution
showed good electrochemical redox reversibility. Aqueous solution blending of PAn with poly(ethylene glycol)MRE&G20 000) and
poly(N-vinyl pyrrolidone) (PVPM,, = 360 000) was achieved. Percolation threshold of the composite film was lower than 3 wt.%. Electrical
conductivity of the composite film was in the range of 10107° S cm™%, depending on molecular weight of the acid and the content of PAn
in the composite© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction with other insulating polymers were made with quite low
conduction percolation threshold [18,19].
Polyaniline (PAn) is a well-known conducting polymer. Recently, owing to the consideration of environmental

It shows unique features such as electric conductivity, protection, preparation of water-soluble PAn is required,
chemical or electrochemical redox reversibility and thus it especially when PAn is used as a component of aqueous
exhibits a great potential to be used in many fields, such ascoatings. Two methods were reported to prepare water solu-
electrode materials [1], static electricity dissipation [2], ble or dispersible PAn. One was grafting a sulfonic or phos-
metal anti-corrosion and marine-fouling prevention [3,4]. phoric acid group onto the benzene ring or nitrogen atom
Because PAn is insoluble or infusible, great efforts have [6—12]. The other was synthesizing PAn in the presence of a
been made to realize its solution processing or melt proces-water-soluble polymeric stabilizer [20—24]. Obviously,
sing by improving its solubility in organic solvent and its these methods were time-consuming and expensive. Few
miscibility with other melt-processable polymers. Two reports were found in the literature to employ water-soluble
methods were adopted. One was to introduce flexible substi-dopants.
tuents onto the benzene rings or nitrogen atoms [5-12] of In this article, we introduced hydrophilic chains into
PAN. The other was doping PAn with functional organic phosphoric acid to synthesize water-soluble dopants and
acid such as camphorsulfonic acid (CSA) and dodecyl to prepare the doped PAn with the molecular structure
benzene sulfonic acid (DBSA) [13—17]. In the latter case, shown in Scheme 1. Because of the hydrophilic nature of
based on the improved processability of PAn caused by thethe poly(ethylene glycol) monomethyl ether (PEGME), the
solubility of the dopants in organic solvents or miscibility doped PAn was soluble in water or dispersible in the solu-
with conventional polymers, conducting composites of PAn tion of water-soluble polymers. Further, conducting blends
or composites of PAn with water-soluble polymers such as
poly(ethylene glycol) (PEG) and poly(vinyl pyrrolidone)
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Scheme 1. Structure

the composites and the length of hydrophilic tails in the
dopant.

2. Experiments
2.1. Materials

PEG My = 20 000), PVP ¥, = 360 000) and PEGMEs
were purchased from Aldrich. Diethylene glycol mono-
methyl ether (DEGME), s and benzene were of analy-
tical grade. PAn was prepared in our own laboratory [25].
The chemicals to synthesize PAn were of analytic grade and
used as received without further purification.

2.2. Synthesis of the acidic phosphonate and preparation of
PAn film

Three PEGMEs, DEGME, PEGME-350 and PEGME-
550, in which 350 and 550 stand for the molecular weight
of PEGME, were used as starting materials. Corresponding

phosphonic acids (PA) prepared were designated as PA-

DEG, PA-350 and PA-550.

P,O; + 3CH;(OCH,CH,),OH

CH;(OCH,CH,),OPO(OH), + [CH3(OCH,CH,),0],PO(OH)

Scheme 2. Scheme of synthesis of organic acidic phosphonate.
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of PA-doped PAN.

To prepare the PA, 0.3 mol PEGME in 50 ml benzene
was added into a dispersion of 0.1 malCk (14.16 g) in
50 ml benzene. The mixture was heated t67@nd stirred
for 3 h. After removing residual s and solvent, a color-
less transparent liquid was obtained. It was a mixture of
mono- and bi-hydroxyl acids with a molar ratio of 1:1 as
shown in Scheme 2. So the average molecular weight of the
dopants was estimated to be 253, 596 and 896 g hfol
PA-DEG, PA-350 and PA-550, respectively.

The solutions were prepared by adding PAn—PA mixture
(molar ratio is 1:0.5), PEG or PVP into distilled water and
by stirring at room temperature for 72 h. Their concentra-
tions are 10.0, 5.0 and 5.0 g per 100 ml, respectively. The
(PEG or PVP)/PAN/PA composite solution was prepared by
adding PANn/PA solution slowly into PEG or PVP solution
under stirring. The films were prepared by casting the solu-
tions onto glass substrates and drying at room temperature.
The samples were vacuum dried at@Cor 24 h prior to
measurements.

2.3. Instruments

UV-Vis spectra were recorded on UV-3000 spectro-
meter. Differential scanning calorimetry (DSC) experiments
were carried out on Perkin—Elmer-DSC 7 thermal analysis
system under nitrogen atmosphere at heating and cooling
rate of 5C min~!. Wide angle X-ray diffraction (WAXD)
patterns were recorded on Rigaku X-ray diffractometer
at room temperature at a scan rate 6fmin". Cyclic



Table 1

Solubility of PAn doped with the phosphonic acids in various solvents (‘i":
insoluble, ‘p’: partially soluble and ‘s’: completely soluble)
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Dopant Acetone Ethanol Chloroform Water NMP
A

PA-DEG i i i i s \
PA-350 i i o] o] S
PA-550 p p S S S °
voltammogram curves were recorded on the Model 283 \\ B
Potentiostat/Galvanostat from EG&G Princeton Applied —
Research at a scan rate of 20 mV minElectrical conduc-
tivity was measured by a standard four-probe method.
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3. Results and discussion

Solubilities of PAn doped with PA-DEG, PA-350 and
PA-550 are shown in Table 1. PAn doped with PA-DEG
is only soluble in NMP, a polar solvent. With increasing
length of hydrophilic chain in the dopant, solubility of the
doped PAnN increases. PAn/PA-350 is not soluble in water
but is dispersible in aqueous solution of PE,(= 20 000)
when the PEG concentration is up to 10 wt.%. Electrical
conductivity of the film cast from this dispersion is about
1.7 x 10 2Scm . When PA-550 is used, doped PAn is
completely soluble in water, NMP and chloroform, partially

soluble in ethanol and acetone. Free-standing films can be

cast from water, chloroform and NMP solutions. These indi-

cate that we can prepare water-soluble PAn/PA by increas-

ing the length of hydrophilic chain in the dopant. UV-Vis
spectra of the films are shown in Fig. 1. In the spectra of the
films cast from chloroform, acetone, ethanol and water solu-

tions, there are three peaks at 325, 430 and 750-800 nm

characteristic of doped PAn. In the spectrum of the film cast
from NMP solution, there is a shoulder at around 620 nm in

addition to absorption bands at 325, 430 and above 900 nm

indicating incomplete doping of PAn. This is caused by the

Temperature (°C)

Fig. 2. DSC thermograms of PAn/PA-550 at a scan raté@fréin * under
N,: A—heating curve; B—cooling curve.

weak basicity of NMP and weak acidity of the dopant, and

often observed in NMP solution of doped PAn [26]. There is
a reversible phase transformation in DSC spectra of PAn/
PA-550 at 19.1 and- 9.8C for heating and cooling curve,
respectively, due to melting and crystallization of hydrophi-
lic PEGME segments in the dopant (Fig. 2). Similar phase
transformation was also observed by Zheng et al. [27,28] for
PAnN grafted by alkyl segments on nitrogen atoms.

Cyclic voltammograms (CV) of PAn/PA-550 film were
recorded using PA-DEG as electrolyte (0.4 md} IFig. 3).
There are two couples of redox peaks, similar to PAn doped

with inorganic protonic acid [29,30]. The small difference

between the oxidation and the reduction potential of the
second redox process indicates a good electrochemical
reversibility of PAn/PA-550. The CV curves at the 10th

and 5th cycle almost superimpose indicating a good electro-

‘chemical stability of PAn/PA-550. PAn/PA-350 also shows

a similar electrochemical behavior.
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Fig. 1. UV-Visspectra of PAn/PA-550 films cast from chloroform (—--—-- —-), Fig. 3. Cyclic voltammogram of PAn/PA-550 film, Pt plate was used as

ethanol (-------- ), acetone (......), NMP(——-) and water (—) solutions.

working and counter-electrode, scan rate: 10 mV.S
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Fig. 4. Dependence of electrical conductivity of PEG/PAN/PA-35), ( 0 20 40 60 80 100
PEG/PAN/PA-550@) and PVP/PAN/PA-5004) composite films on PAn Temperature (°C)

content.
Fig. 6. DSC thermograms of PVP/PAn/PA-550 composite, from top to
bottom, PVP content (wt.%): 100, 70, 50, 33, 0.

Based on the improved solubility of PAn/PA-350 and
PAN/PA-550 in water, we can prepare composite films of
PAn and other water soluble polymers, such as PEG andpolarized optical microscopy. PVP/PAN/PA films are green
PVP, by solution blending and casting. The dependence of@nd transparent at any content of PVP. _
electrical conductivity of the composite film on PAn content N DSC thermograms of PEG/PAn/PA-550 composite
is shown in Fig. 4. When PAn content is lower than (Fig. 5), there are two endothermal peaks at 15-20 and
10 wt.%, the conductivity of the films increased with 55—70C, corresponding to melting of PAn/PA-550 and
increasing PAn content, whereas at a PAn content of PEG, respectively. The melting point of PEG in the compo-
above 10 wt.% the conductivity was almost independent site decreases sharply compared with pure PEG, whereas the
of it. Electrical conductivity of PEG/PAN/PA-550 film normalized enthalpy of PEG melting in the composite
containing 3.5wt.% PAn and PVP/PAn/PA-550 film changes little and only decreases 13% in the composite
containing 3.7 wt.% PAn is about 12 10~° and 6.5% containing 10 wt.% PEG. From X-ray measurements, crys-
107*S cm'Y, respectively, indicating a good dispersion of tal structure of PEG in the composite is similar to that of
PAn in the composite and a conducting network can be Pure PEG. However, normalized enthalpy of PAn/PA-550
formed at a low PAn content. Thus percolation threshold in the composite decreases rapidly with increasing PEG

of PEG/PANn/PA-550 and PVP/PAN/PA-550 composite content. Thus PEGME segments in PA-550 significantly
should be lower than 3wt.%. When PEG is used, the interact with PEG chains. At the temperature close to the

composite film changes to semi-transparent with increasing PEG melting point, PEGME segments can act as solvent or

PEG content because of crystallization of PEG, observed byPlasticizer and lower the melting point of PEG. In DSC
thermograms of PVP/PANn/PA-550 composite (Fig. 6), the

endothermal peak of PAn/PA-550 decreases more rapidly
with increasing PVP content than in the case of PEG/PAN/
PA-550 composite. The peak disappears for PVP/PAn/PA-
550 containing 50 wt.% PVP. This indicates that PEGME

segments in the dopant distribute themselves uniformly in
the composite with PVP because of the non-crystalline

nature of PVP.
b= -
% 4. Conclusions

S — Water-soluble PAn can be prepared by doping PAn with
0 20 20 60 80 organic PA containing PEG segments. The solution cast
films of PA doped PAn exhibit good conducting and elec-
trochemical properties. The composite films of PAn with

Fig. 5. DSC thermograms of PEG/PAN/PA-550 composite, from top to PEG or PVP prepa_red by solution blending show low
bottom, PEG content (wt.%): 100, 60, 40, 20, 10, 0. conductivity percolation threshold<@.0 wt.%).
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