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ABSTRACT: Polypyrrole (PPy) was doped with the azo-
calix[4]arene [(5,11,17,23-tetrakis[(p-carboxyphenyl)azo]25,
26,27,28-tetrahydroxycalix[4]arene)] host species. PPy/azo-
calix[4]arene salts were characterized by FTIR, TGA, SEM,
X-ray diffraction, and conductivity measurements. The
properties of PPy were investigated in the presence of azo-
calix[4]arene host species. The conductivity of PPy
increased in the presence of azocalix[4]arene. TGA results

indicated that the PPy/azocalix[4]arene salts have higher
thermal stability than PPy. It was observed from SEM
analysis that the particle diameter of PPy decreased with
increasing content of azocalix[4]arene. VVC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 115: 2697–2702, 2010
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INTRODUCTION

Polypyrrole (PPy) has drawn a lot of interests
because of its high thermal and atmospheric stability
in addition to its high conductivity.1,2 However, its
inherently poor solubility in common solvents,
which originates from the strong inter and intra-
chain interactions, has limited PPy’s practical appli-
cations in many areas.3 The noticeable advantages of
PPys are the highly electrical conductivity and that
ionic species can be reversibly trapped in and
released from the polymer matrix by the electro-
chemical control. Electrochemical activities of PPys
have been studied in view of the potential applica-
tion to bio- and molecular- electronics.4 PPy is also
an attractive conducting polymer for the application
of biosensors because of the considerable flexibility
in its chemical structure and redox characteristics.5

Calixarenes have, in particular, been at the origin
of extensive studies for recognition and supramolec-
ular chemistry.6 Calixarenes, which are known as
cage compounds, recognize and immobilize ions
and molecules with high selectivity. Azocalixarenes,
which are generated by the insertion of nitrogen
atoms into the p-position unit of the calixarene struc-
ture, have several isomers based on the position of
the nitrogen atoms and the ring size.7

Recently, the inclusion of cage molecules into elec-
troconducting polymers, ECPs, has opened new per-
spectives of application for the construction of ionic
sensors. It is noted that sulfonated calixarenes can
be immobilized in conducting polymers like PPy as
dopants during electropolymerization.8,9 Dopant
ions can be functional compounds as well as single
atoms. Grafting of calixarene to PPy8,10 and polythio-
phene11 has already been reported. Interactions
between calixaren and polymer can involve several
factors such as Van der Waals or dispersion forces,
hydrophobic effect, dipolar and acid–base interac-
tions, and electrostatic interactions.12 Doping effect
can be due to the conformational changes of poly-
meric chains and significant increase in the conduc-
tivity and processability.13

Host–guest chemistry has also been used to facili-
tate the preparation of conducting polymers in aque-
ous solution using nonpolar monomers. Reece
et al.14 observed that solutions containing pyrrole
and calix[6]arenehexasulfonic acid (C6S) contained a
black precipitate after several days. They investi-
gated the properties of PPy in the presence of a
host/guest calixarene. Their conductivity measure-
ments indicated the material to be insulating,
whereas cyclic voltammetry studies demonstrated
that it was electroactive. Bidan et al.8 obtained elec-
trochemically modified PPy films including sulfo-
nated calixarenes as dopants.
To the best of our knowledge, this work is the first

report on the synthesis of PPy in the presence of
water-soluble azocalix[4]arene [(5,11,17,23-tetrakis
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[(p-carboxyphenyl)azo]25,26,27,28-tetrahydroxycalix[4]
arene)], which was obtained from diazo coupling
reaction between calix[4]arene and diazonium salts.
Azo groups provide calixarenes a chromogenic ac-
tivity. The azocalix[4]arene was used as dopant
anion in our work. The effect of the content of azo-
calix[4]arene on the properties of PPy was investi-
gated. The materials have been characterized by
infrared spectroscopy, scanning electron microscopy,
thermogravimetric analysis, and conductivity
measurements.

EXPERIMENTAL

Materials

Pyrrole was obtained from Aldrich (Taufkirchen,
Germany), and it was distilled before use.
(NH4)2S2O8 (APS) and NaOH were purchased from
Aldrich, and they were used without further purifi-
cation. All solvents are commercially graded
reagents, which are used without further purifica-
tion. p-tert-Butylcalix[4]arene, calix[4]arene, azoca-
lix[4]arene were synthesized as described in
previously reported method.15–17 The obtained azo
compound was purified by crystallization using
DMF-H2O. All of the other compounds were of ana-
lytical reagent grade. Deionized double-distilled
water was used for the preparation of the solutions.

Synthesis of polypyrrole/azocalix[4]arene salts

Pyrrole (2.88 � 10�3 mol; 0.2 mL) was dispersed in
50 mL of water at 25�C. Azocalix[4]arene solved in
0.01M NaOH was added dropwise into 0.05M pyr-
role solution. (NH4)2S2O8 (72 mL; 0.l M) solution
was added to the mixture of pyrrole and azocalix[4]-
arene. Polymerization time was 24 h (pH of medium
is 2.1), and the precipitates were filtered and washed
with distilled water and finally dried at 50�C under
vacuum for 24 h. The PPy/azocalix[4]arene salts
including different contents of azocalix[4]arene were
prepared by dissolving azocalix[4]arene (0.029, 0.057,
and 0.059 g) in 7, 10, and 12 mL of 0.01M NaOH,
respectively. PPy homopolymer was synthesized in
the same experimental conditions without azoca-
lix[4]arene. The chemical structure of PPy/azoca-
lix[4]arene salt is shown in Figure 1.

Instrumentation

FTIR spectra were recorded between 400 and 4000
cm�1 with a 4 cm�1 resolution from KBr pellets on a
Perkin Elmer Spectrum BX FTIR system (Beacons-
field, Beuckinghamshire, HP91QA, England). Ther-
mograms of the polymers were recorded by using a
Perkin Elmer thermogravimetric analyzer in the

presence of N2 atmosphere from 50 to 900�C with a
heating rate of 10�C/min. The direct current electri-
cal conductivity of the PPy/azocalix[4]arene salts
was measured by standard four-probe method using
PCI-DAS6014 for a current source, voltameter, and
temperature controller. Dry powders were made
into pellets using a steel die having 13-mm diameter
in a hydraulic press under a pressure of 700 MPa.
Temperature-dependent electrical conductivity of the
polymer samples was measured by computerized
four-probe system, and the temperature of pellets
was recorded using a thermocouple. The isothermal
stability measurement of electrical conductivity of
the PPy/azocalix[4]arene salts was carried out at
100�C. The loss of conductivity of the PPy/azoca-
lix[4]arene salts were measured for 60 min at
selected temperature. The temperature dependence
of the electrical conductivity of polymers was mea-
sured over a temperature range from 25 to 100�C.
For SEM analysis, samples were sputter-coated with
gold layers, and photographs were taken on a scan-
ning electron microscope model Philips XL-30S FEG.
XRD signals were recorded using a Rigaku D/MAX-
Ultimaþ/PC X-ray diffraction equipment.

RESULTS AND DISCUSSION

FTIR results

The infrared spectra of PPy and PPy/azocalix[4]ar-
ene salts are shown in Figure 2. Several research
groups18,19 have made the assignments of vibration
modes of PPy. The bands at 1558–1557 cm�1 in the
spectra of PPy and PPy/azocalix[4]arene salts corre-
spond to the CAC stretching vibrations of pyrrole
ring. The band at 1476 cm�1 in the spectrum of PPy
and the bands at 1474–1471 cm�1 in the spectra of
PPy/azocalix[4]arene salts indicate CAN stretching
vibration in the ring. The broad band from 1400 to
1250 cm�1 is attributed to CAH or CAN in-plane de-
formation modes and it has a maximum at 1304
cm�1 for PPy. The band of CAH and NAH in-plane
deformation vibration is situated at 1098 cm�1, and

Figure 1 Chemical structure of polypyrrole/azocalix[4]
arene salt.
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the band of the CAC out-of-plane ring deformation
vibration is situated at 1044 cm�1 for PPy. These
bands are also observed in the spectra of PPy/azoca-
lix[4]arene salts. A broad band at 3436 cm�1 indi-
cates the presence of azocalix[4]arene due to AOH
groups. It is observed from FTIR spectra of PPy/azo-
calix[4]arene salts that the intensity of CAN band at
1304 cm�1 decreases with increasing content of azo-
calix[4]arene. These shifts indicate the interaction
between PPy and azocalix[4]arene.

TGA results

Figure 3 shows the TGA curves of the PPy/azoca-
lix[4]arene salt (18%), PPy, and azocalix[4]arene. It is
clear that azocalix[4]arene [Fig. 3(e)] begins to lose
its weight around 154�C, whereas PPy [Fig. 3(a)]
undergoes degradation at a temperature of 191�C,

implying that PPy is more stable than azocalix[4]ar-
ene when being heated. Decomposition of azoca-
lix[4]arene has occurred in three steps. The first
weight loss at 154�C exhibits to volatile DMF (syn-
thesis solvent) released from the lattice compound.7

The last two steps at 303 and 503�C attributes to
decomposed azo groups in azocalix[4]arene
structure.
PPy and PPy/azocalix[4]arene salts [the curve of

PPy/azocalix[4]arene salt (18%) is only given in Fig.
3] have small weight loss (5–10 wt %) at low temper-
atures (under 100�C). PPy is a hygroscopic polymer,
and this weight loss indicates the expulsion of water
molecules/moisture adsorbed in materials. The main
degradations have started at 191, 206, and 214�C
with increasing azocalix[4]arene amount for PPy/
azocalix[4]arene salts. PPy/azocalix[4]arene salt
(18%) [Fig. 3(b)] has higher degradation tempera-
tures than those of both PPy and azocalix[4]arene.
The thermal stability of PPy has increased with the
doping effect of azocalix[4]arene. Moreover, the
effect of surfactant dopants on the thermal stability
of PPy was investigated by Omastova et al.20 They
exhibited that thermal stability of PPy improved
with doping in the presence of anionic surfactant.
Thus, the azocalix[4]arene has also played a dopant
anion role in the PPy/azocalix[4]arene salts in our
work. PPy/azocalix[4]arene salts have indicated
higher thermal decompositions than aliphatic and
aromatic sulfonate-doped polymers given in the lit-
erature.5 Additionally, the thermal stabilities of
PPy/azocalix[4]arene salts were compared with that
of mechanical mixture of PPy and azocalix[4]arene
[Fig. 3(c)], and the different thermal degradation
behaviors were obtained for two systems. This
shows that PPy/azocalix[4]arene salts prepared

Figure 2 FTIR spectra of PPy and PPy/azocalix[4]arene
salts: (a) PPy, (b) PPy/azocalix[4]arene (8%), (c) PPy/azo-
calix[4]arene (18%), and (d) PPy/azocalix[4]arene (28%).

Figure 3 TGA curves of samples: (a) PPy, (b) PPy/azocalix[4]arene (18%), (c) PPy/azocalix[4]arene mechanical mixture,
and (d) azocalix[4]arene.
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in situ are not a simple mixture, and azocalix[4]arene
has played a dopant anion role for PPy.

Conductivity and thermal stability of conductivity

Conductivity of PPy homopolymer is 2.13 � 10�4 S/
cm. The conductivity of bulk PPy synthesized using
APS is lower than that obtained when using milder
oxidants such as FeCl3.

21 This difference is probably
due to over oxidation of conducting polymer.22 Also,
the presence of 1685 cm�1 band in Figure 2(a) indi-
cates carbonyl groups formed due to over oxidation.
Moreover, the conductivities of PPy-surfactant sys-
tems are approximately in the order of magnitude
lower than that of bulk-PPy.23 This effect has been
explained depending on inhomogeneously distrib-
uted surfactant onto polymer. However, in this
work, conductivity of the PPy/azocalix[4]arene salt
has increased in the presence of azocalix[4]arene.
Similarly, a significant enhancement of the conduc-
tivity up to 90 S/cm was obtained by using poly
(ethylene glycol) as additive.24

PPy/azocalix[4]arene including 18 wt % of azoca-
lix[4]arene indicates the highest conductivity to be
2.80 � 10�1 S/cm. Moreover, it has the lowest inten-
sity of band of carbonyl group as seen in Figure 2(c).
This increase can be explained with lower over oxi-
dation and lower particle size of PPy in the presence
of azocalix[4]arene dopant. Decreasing (1.50 � 10�2

S/cm) of the conductivity with further increase of
azocalix[4]arene (28%) may concluded as the forma-
tion of aggloromerates and inhomogeneous disper-
sion of azocalix[4]arene in the PPy structure.

The temperature dependence of conductivity of
PPy/azocalix[4]arene salts was measured in situ dur-
ing thermal aging (Figs. 4 and 5). The samples were
placed in the temperature-controlled chamber and
characterized during heating. The thermal treat-
ments were done at 100�C. The conductivity of PPy
indicated 55% loss at 100�C (Fig. 4). A loss in con-
ductivity was also observed with increasing temper-

atures for PPy/azocalix[4]arene salts (Fig. 4). Among
all samples, PPy/azocalix[4]arene salt (28%) has the
least conductivity loss at 100�C. It can be seen from
Figure 5 that the samples have followed the Arrhe-
nius equation for temperature dependence of electri-
cal conductivity and they have a positive
temperature coefficient of conductivity. These indi-
cate the semiconducting nature of the samples. Tem-
perature-dependent conductivity measurements
show the characteristic ‘‘thermal activation behav-
ior.’’25 This observation may be due to the mobility
of charge on polymer chain or the hopping process
between the polymer chains. This is a characteristic
behavior of semiconductors.26 However, there can
also be thermal curing. It affects the chain alignment
of the polymer and leads to the increase of the con-
jugation length, which brings about the increase of
conductivity. Also, there had to be molecular rear-
rangement during heating process, which made the
molecular conformation favorable for electron
delocalization.27

SEM results

Figure 6(a–c) shows the SEM micrographs of azo[4]-
calixarene, PPy, and PPy/azo[4]calixarene salts.
Azocalix[4]arene has a uniform surface with the
layer [Fig. 6(a)]. SEM image of PPy powder indicates
a globular structure with uniform particle size under
1 lm in diameter [Fig. 6(b)]. It was clearly observed
that the morphology of resulting PPy/azocalix[4]ar-
ene salts was considerably different from PPy and
azocalix[4]arene. As seen from Figure 6(c), PPy/azo-
calix[4]arene salt containing (18%) azocalix[4]arene
indicates a morphology with smaller globules (quite
submicrometer-sized) than that of PPy. The morpho-
logical properties of the PPy/azocalix[4]arene salts
can be explained depending on the doping effect.
Omastova et al. revealed the effect of dopant anion
on the morphology of PPy. They have synthesized

Figure 4 Isothermal stability of (a) PPy, (b) PPy/azoca-
lix[4]arene (8%), (c) Py/azocalix[4]arene (18%), and (d)
PPy/azocalix[4]arene (28%) in terms of retention of r with
respect to time at 100�C.

Figure 5 Arrhenius equation of (a) PPy, (b) PPy/azoca-
lix[4]arene (8%), (c) PPy/azocalix[4]arene (18%), and (d)
PPy/azocalix[4]arene (28%) in terms of retention of r with
respect to time.
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PPy by chemical polymerization in aqueous solution
containing an oxidant FeCl3 or Fe2(SO4)3, an anionic
surfactant, sodium dodecylbenzenesulphonate
(DBSNa). PPy-SO4 revealed the globular structure of
the PPy.28 In our study, PPy showed the similar
morphology because of SO2�

4 anions, which came
from oxidant ((NH4)2S2O8). The SO2�

4 anions played
the role of dopant anion in the synthesis medium.
The structure of PPy/azocalix[4]arene looks more
compact, and the particle size of PPy/azocalix[4]ar-
ene is much smaller than that of PPy. It is known
that there is a relation between morphology and
conductivity.29 PPy/azocalix[4]arene salts exhibit

more ordered and dense structures (smaller sizes
with high density of granules per unit area) when
compared with PPy. It may show that the improve-
ment in the conductivity of the PPy/azocalix[4]arene
salts could be attributed to more ordered and dense
structure enhancing interchain electron hopping. By
comparing the conductivity values of samples, it can
be seen that the conductivity value of PPy/azoca-
lix[4]arene (2.8 � 10�1 S/cm) is higher than that of
PPy (2.13 � 10�4 S/cm) because of the smooth sur-
face of PPy/azocalix[4]arene.

X-ray results

Figure 7(a) indicates X-ray diffraction pattern of PPy
homopolymer, which has a broad peak at about 2y
¼ 25�, a characteristic peak of amorphous PPy.30

Pure azocalix[4]arene [Fig. 7(b)] has higher crystal-
linity than PPy homopolymer. X-ray diffraction
patterns of PPy/azocalix[4]arene salts and PPy: azo-
calix[4]arene mechanical mixture are shown in
Figure 7(c–e). PPy/azocalix[4]arene salt and mechan-
ical mixture have quite different diffraction patterns
from each other. The salts have amorphous nature
such as PPy, whereas mechanical mixture indicates
properties of both PPy and azocalix[4]arene, show-
ing their heterogeneous system. PPy/azocalix[4]ar-
ene salts are homogeneous PPy salts, such as
characteristic-doped PPy.

CONCLUSIONS

In this study, PPy/azocalix[4]arene salts were chemi-
cally synthesized and the doping effect of azocalix[4]-
arene on the properties of PPy were investigated.

Figure 6 SEM images of (a) azocalix[4]arene, (b) PPy,
and (c) PPy/azocalix[4]arene (18%).

Figure 7 X-ray scattering patterns of samples: (a) PPy, (b)
azocalix[4]arene (c) PPy/azocalix[4]arene (18%), (d) PPy/
azocalix[4]arene (28%), and (e) PPy/azocalix[4]arene (18%)
mechanical mixture. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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Existence of the dopant in PPy powders, including
azocalix[4]arene, was confirmed by FTIR spectros-
copy, SEM analysis, conductivity measurements, and
thermal analysis. Both conductivity and thermal
properties of PPy were enhanced in the presence of
azocalix[4]arene. It was detected that the PPy/azoca-
lix[4]arene salts have higher degradation tempera-
tures than those of both PPy and azocalix[4]arene.
SEM results confirmed that the morphology of PPy/
azocalix[4]arene was more compact and the particle
sizes were very small according to PPy. It can be con-
cluded that these changes on the morphology of
polymers lead to an increase in the conductivity.
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7. Deligöz, H. J Incl Phenom Macrocyclic Chem 2006, 55, 197.
Review Article.

8. Bidan, G.; Niel, M. A. Synth Met 1997, 84, 255.

9. Kaneto, K.; Bidan, G. Thin Solid Film 1998, 331, 272.
10. Chen, Z.; Gale, P.; Beer, P. J Electroanal Chem 1995, 393, 113.
11. Casanovas, J.; Zanuy, D.; Aleman, C. Angew Chem 2006, 118,

1121.
12. Myers, D.Surfactant Science and Technology; VCH Publishers:

New York, 1988.
13. Cao, Y.; Smith, P.; Heeger, A. J. Synth Met 1995, 55, 3514.
14. Reece, D. A.; Pringle, J. M.; Ralph, S. F.; Wallace, G. G. Macro-

molecules 2005, 38, 1616.
15. Gutsche, C. D.; Iqbal, M. Org Synth 1990, 68, 234.
16. Gutsche, C. D.; Iqbal, M.; Stewart, D. J Org Chem 1986, 51,

742.
17. Morita, Y.; Agawa, T.; Nomura, E.; Taniguchi, H. J Org Chem

1992, 57, 3658.
18. Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. P. Nature 1994,

370, 354.
19. Kulkarni, M. V.; Viswanath, A. K.; Mulik, U. P. Mater Chem

Phys 2005, 89, 1.
20. Omastova, M.; Trchova, M.; Kovarova, J.; Stejskal, J. Synth

Met 2003, 138, 447.
21. Maeda, S.; Armes, S. P. J. Colloid Interface Sci 1993, 159, 257.
22. Maeda, S.; Armes, S. P.J Mater Chem 1994, 4, 935.
23. Luk, S. Y.; Lineton, H. I.; Keane, M.; DeArmitt, C.; Armes, S.

P. J Chem Soc Faraday Trans 1995, 91, 905.
24. Kang, H. C.; Geckeler, K. E. Polymer 2000, 18, 6931.
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