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ABSTRACT: Nanostructured polypyrrole films doped
with para-toluene sulfonic acid were prepared by an electro-
chemical process, and a comparative study of the effects of
swift heavy ions and c-ray irradiation on the structural and
optical properties of the polypyrrole was carried out. Oxy-
gen-ion (energy ¼ 100 MeV, charge state ¼ þ7) fluence var-
ied from 1 � 1010 to 3 � 1012 ions/cm2, and the c dose
varied from 6.8 to 67 Gy. The polymer films were character-
ized by X-ray diffraction, ultraviolet–visible spectroscopy,
and scanning electron microscopy. The X-ray diffraction
pattern showed that after irradiation, the crystallinity

improved with increasing fluence because of an increase in
the crystalline regions dispersed in an amorphous phase.
The ultraviolet–visible spectra showed a shift in the absorb-
ance edge toward higher wavelengths, which indicated a
significant decrease in the band gap of the polypyrrole film
after irradiation. The scanning electron microscopy study
showed a systematic change in the surface of the polymer.
A similar pattern was observed with the c irradiation. VC 2009
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INTRODUCTION

Nanotechnology is rapidly evolving to open new
materials useful for solving challenging bioanalytical
problems and improving stability and sensitivity.
Conducting polymers are exploited as excellent tools
for the preparation of nanocomposites with
entrapped nanoscaled biomolecules. Some of the
conducting polymers, modified by nanomaterials,
exhibit unique catalytic1 or affinity2 properties that
can be easily applied in the design of biosensors.
During the past few years, there has been extensive
development in smart materials, which have func-
tionalities ranging from the medical sciences to engi-
neering sciences. Many smart materials, including
conducting polymers, have hence gained increasing
importance.3 Several conducting polymers, such as
polypyrrole (Ppy), polyaniline, and polythiophene,
have found a variety of applications as electronic
and optoelectronic devices.4,5 Electronic conducting
polymers have attracted extensive interest in both
fundamental and applied research. The technological

applications developed at present are the transport
properties of these conducting polymers. In parallel
with the development of stable conducting poly-
mers, charge carrier transport in the metallic state in
such polymers has been the subject of intensive
research.6 Ppy is an especially promising inherently
conducting polymer, as it is highly conducting, envi-
ronmentally stable, and relatively easy to synthesize.
It has recently found applications in a wide range of
fields, including chemical and biological sensors,7,8

light-emitting diodes,9 electromagnetic interference
shielding,10 and advanced battery systems.11,12

Because of their commercial uses, conducting poly-
mers have become a subject of scientific and com-
mercial interest. So the use of ion irradiation on
these materials is of great importance for the modifi-
cation of the properties of these materials. Any mod-
ification of a material depends on the structure and
the ion beam parameters (ion mass energy and flu-
ence) and the nature of target material itself. With
the use of high-energy heavy ions, dramatic modifi-
cations in the materials have been observed, which
have been attributed to the scissoring of polymer
chains by incident ions, breaking of covalent bonds,
crosslinking, formation of carbon clusters, liberation
of volatile species, and in some cases, even the for-
mation of new chemical bonds.13–16 A similar trend
was found in the absorbance of polyaniline after
irradiation by a 160-MeV Niþ12-ion beam.17 Some
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other studies have also shown that the crystallinity
of the Ppy films increased with irradiation with a
sharp decrease at high fluences.18

EXPERIMENTAL

Polypyrrole films were prepared by the anodic oxi-
dation of a pyrrole monomer. In the electrochemical
polymerization of the pyrrole, indium tin oxide
(ITO) and a platinum plate were used for the work-
ing and counter electrodes, respectively. The pyrrole
monomer (Merck, India used as received) and para-
toluene sulfonic acid (Lancaster, United Kingdom;
>98%), both of which had a normality of 0.1M, were
dissolved in distilled water. The platinum plate was
used as a counter electrode, and the electrochemical
polymerization of the pyrrole was carried out on
ITO; during the polymerization, the anodic potential
was kept at 0.8 V. The thickness of the thin films
was controlled by variation of the deposition time.
The thickness in this study was selected to be thin
enough to allow the 100-MeV oxygen ions to com-
pletely pass through the film. Self-standing films of
Ppy 1 cm2 in size were irradiated in a material sci-
ence beam line under high vacuum (5 � 10�6 torr)
with 100-MeV oxygen ions with a beam current of 1
pnA available from a 16-MV Pelltron tandem elec-
trostatic accelerator (Inter University Accelerator
Center, New Delhi, India) with various fluences
ranging from 3 � 1010 to 3 � 1012 ions/cm2. X-ray
diffraction of the Ppy thin films were carried out
with a Bruker AXS X-ray diffractometer with Cu Ka
radiation (1.54 Å) for a wide range of Bragg’s angles
(2y; 15 < 2y < 40). Ultraviolet–visible (UV–vis) spec-
tra were obtained with a U-3300 spectrophotometer
(Hitachi, Japan). The ITO substrate was taken as ref-

erence during the measurements. Scanning electron
microscopy (SEM) images were obtained with a
Bruker AXS and a Zeiss EVO 40 EP scanning elec-
tron microscope.

RESULTS AND DISCUSSION

X-ray diffraction

The X-ray diffraction patterns of the pristine and
oxygen-ion-irradiated nanostructured Ppy films are
shown in Figures 1 and 2. The diffraction pattern
revealed that the broad background decreased and
the relative intensity of the characteristic peak at
26.25� increased with increasing ion fluence. The
increase in the relative intensity of this peak
signified the increase in the crystalline behavior with
ion irradiation. The crystallinity of the polymers
may have arisen because of the formation of single
or multiple helices19 along their length or because of
the crosslinking between polymer chains.17 There-
fore, more crystalline regions would have been pro-
duced in the polymer film due to crosslinking
between the polymer chains; this demonstrated the
increase in the crystalline behavior of the polymer
film after swift heavy ion (SHI) irradiation. The
degree of crystallinity for the polymers (C) was cal-
culated with the following relation:

C ¼ A

A0 � 100% (1)

where A is the total area of the peaks (area of the
crystalline and amorphous peaks) and A0 is the total
area under the diffractogram,17 that is, the total area
from 5 to 40�. The crystallinity (%) calculated with
this relation is shown in Table I.

Figure 1 X-ray diffraction of the Ppy films irradiated by
the Oþ7-ion beam. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 X-ray diffraction of the Ppy films exposed to c
rays. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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UV–vis spectroscopy

The electronic structure and the carrier type in the
polymers was visualized by UV–vis spectra. In this
study, the absorption spectrum of Ppy exposed to
different fluences of nickel beam was measured in
the range 250–750 nm. The UV–vis spectra recorded
for the Ppy films irradiated by an oxygen-ion beam
and c rays are shown in Figures 3 and 4. The elec-
tronic structure and the carrier type in the polymers
could be visualized by UV–vis spectra. The energy
band gaps of organic semiconductors have been the
subject of many spectroelectrochemical studies,20

which have identified polarons and bipolarons as
charge carriers in conducting polymers. The absorp-
tion peak around 450 nm was the polaron absorp-
tion peak of the conducting Ppy,21 which was
assigned to the transition between the valence and
conduction bands across the band gap. The intensity
of the absorption peak was found to increase, and a
slight shift toward a higher wavelength was also
found with increasing fluence. The intensity of the
absorption was directly proportional to the quantity
of carrier present in the polymer film. A shift in the

absorption peak toward a higher wavelength indi-
cated a decrease in the energy band gap of the poly-
mer after SHI irradiation, which gave rise to an
increase in the direct-current conductivity (Table II)
of polymers. This shift in the absorption may have
been produced in the creation of free radicals or
ions and, thus, had the capability of increasing the
conductivity of the polymers. This change was
attributed to bond breaking and the formation of
carbon clusters. The increased conjugation was
attributed to the increased total energy deposited in
the medium.
After c-ray irradiation, the absorbance increased,

but no shift was observed in the absorption peak. So
there was no significant change in the energy band
gap after c-ray irradiation. This may have been
because of a lower linear energy transfer of c rays in
the polymer. From the absorption, the band gap of
the Ppy films was calculated by the linear part of
Tauc’s plot22 by the extrapolation of the plot of pho-
ton absorption (aht)2 versus photon energy ht. The
band gap energy (Eg) was calculated with the fol-
lowing equation:

Eg ¼ hc

kg
(2)

where h is Planck’s constant, kg is the wavelength,
and c is the velocity of light. The calculated values
of the band gap and direct allowed transition and
indirect allowed transition energies for the Ppy thin
films irradiated by the oxygen beam and c rays are
shown Table II. The number of carbon hexagon rings
in the cluster (N) was calculated with the Robertson
relation23:

TABLE I
Crystallinity Percentage of the Ppy Films

Oþ7-ion
fluence

(ions/cm2)
Crystallinity
of Ppy (%)

c-ray
dose (Gy)

Crystallinity
of Ppy (%)

Pristine 23.02 Pristine 23.02
3 � 1010 26.91 6.8 23.45
3 � 1011 30.39 12 23.90
1 � 1012 — 30 25.69
3 � 1012 32.21 68 26.60

Figure 3 UV–vis of the Ppy films irradiated with the
Oþ7-ion beam. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 4 UV–vis of the Ppy films exposed to c rays.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

2504 CHANDRA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



EgðeVÞ ¼ 2b=
ffiffiffiffi

N
p

(3)

where 2b is the band structure energy of a pair of
adjacent p sites and was taken as about 2.9 eV for a
six-numbered carbon ring. From the Robertson’s
relation, the cluster size was calculated,24 and then,
the following relation was used to calculate the
number of carbon atoms per cluster:

EgðeVÞ ¼ 34:3=
ffiffiffiffi

N
p

(4)

where N is the number of carbon atoms per
cluster in the irradiated polymers. The calculated
values of the carbon atoms per cluster in the pristine

and ion-beam-irradiated polymer films are listed in
Table II.

SEM

The surface morphological studies of the Ppy films
carried out by SEM are presented in Figure 5. A
grainlike structure was observed in the unexposed
Ppy thin films. The size of the grains depended on
the energy loss during interaction. After irradiation
with SHI, a microcrystalline structure was seen at a
fluence of 3 � 1010 ions/cm2. However, a higher flu-
ence of 3 � 1011 and 3 � 1012 ions/cm2 exhibited
growth of the grainlike structure after irradiation.
The grainlike structure growth upon SHI irradiation

TABLE II
Variations in the Band Gap in the Ppy Films

Oþ7-ion
fluence

(ions/cm2)
Band

gap (eV)
Conductivity

(S/cm)
c-ray

dose (Gy)
Band

gap (eV)

Number of carbon
atoms per cluster

Oþ7-irradiated c-irradiated

Pristine 3.4 40 Pristine 3.4 102 102
3 � 1010 — — 6.8 3.4 — 102
1 � 1011 3.3 52 12 3.4 108 102
3 � 1011 3.2 75 30 3.3 115 115
1 � 1012 3.0 90 67 3.3 131 115

Figure 5 SEM images of Ppy films: (a) pristine film and films irradiated with the Oþ7-ion beam at fluences of (b) 3 �
1010, (c) 3 � 1011, and (d) 3 � 1012 ions/cm2.
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may have been due to huge energy deposition by
heavy ions by the process of electronic energy loss.
The SEM images (Fig. 6) of the Ppy films showed
the microcrystalline structures at a high dose of c
rays.

CONCLUSIONS

The effect of SHIs and c rays on the structural, op-
tical, and morphological properties of Ppy films
were studied in detail. The degree of crystallinity
of the polymer films increased with increasing flu-
ence; this may have occurred because of the cross-
linking of bonds and the formation of single and
multiple helices. The crystallinity of the polymer
films was found to improve with increasing ion flu-
ence and c-ray dose. The intensity of the polaron
peak increased with increasing ion fluence. How-
ever, the shifting of the peak toward a higher
wavelength indicated an increase in the carrier con-
centration and a reduction in the energy band gap
after SHI irradiation. This may have been due to
huge amount of electronic energy loss of the heavy
ions. No significant change in the band gap was
observed after c-ray irradiation. SEM study showed

the growth of grainlike structures in the Ppy film
after irradiation.

References

1. Malinauska, A. Synth Met 1999, 1007, 75.
2. Ramanaviciene, A.; Ramanavicius, A. In Advanced Biomateri-

als for Medical Applications; Thomas, D. W., Ed.; Kluwer
Academic: Dordrecht, The Netherlands, 2004; p 111.

3. Hu, H.; Trejo, M.; Nicho, M. E.; Saniger, J. M.; Garcia-Valen-
zuela, A. Sens Actuators B 2002, 82, 124.

4. Handbook of Conducting Polymers; Skotheim, E., Ed.; Marcel
Dekker: New York, 1986.

5. MacDiarmid, A. G.; Chiang, J. C.; Richter, A. F.; Samasiri, N.
L. D.; Epstein, A. J. In Conducting Polymers; Alacer, L., Ed.;
Reidel: Dordrecht, The Netherlands, 1987; p 105.

6. Menon, R.; Yoon, C. O.; Moses, D.; Heeger, A. J. In Handbook of
Conducting Polymers, 2nd ed.; Skotheim, T. A.; Elsenbaumer,
R. L.; Reynolds, J. R., Eds.; Marcel Dekker: New York, 1996.

7. Ramanaviciene, A.; Ramanavicius, A. Crit Rev Anal Chem
2002, 32, 245.

8. Bhat, N. V.; Gadre, A. P.; Bambole, V. A. J Appl Polym Sci
2003, 88, 22.

9. Shen, Y.; Wan, M. Synth Met 1998, 98, 147.
10. Kim, S. H.; Jang, S. H.; Byun, S. W.; Lee, J. Y.; Joo, J. S.; Jeong,

S. H.; Park, M. J. J Appl Polym Sci 2003, 87, 1669.
11. Levi, M. D.; Gofer, Y.; Aurbach, D. Polym Adv Technol 2002,

13, 697.
12. Kuwabata, S.; Masui, S.; Tomiyori, H.; Yoneyama, H. Electro-

chim Acta 2000, 46, 91.

Figure 6 SEM images of the (a) unexposed Ppy films and Ppy films exposed to c-ray doses of (b) 12, (c) 30, and (d) 67
Gy.

2506 CHANDRA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



13. Evelyn, A. L.; Tla, D.; Zimmerman, R. L.; Bhat, K.; Poker,
D. B.; Hensley, D. K. Nucl Instrum Methods B 1997, 127,
694.

14. Liu, C.; Zhu, Z.; Jin, Y.; Sun, Y.; Hou, M.; Wang, Z.; Chen, X.;
Zhang, C.; Liu, B.; Wang, Y. Nucl Instrum Methods B 2002,
166, 641.

15. Farinzena, L. S.; Papaleo, R. M.; Hallen, A.; de Rauju, M. A.;
Live, R.; Sundquist, B. U. R. Nucl Instrum Methods B 1995,
105, 134.

16. Picq, V.; Ramillon, J. M.; Balanzat, E. Nucl Instrum Methods B
1998, 146, 496.

17. Hussain, A. M. P.; Kumar, A.; Singh, F.; Avasthi, D. K. J Phys
D: Appl Phys 2006, 39, 750.

18. Ramola, R. C.; Alqudami, A.; Chandra, S.; Annapoorni, S.;
Rana, J. M. S.; Sonkawade, R. G.; Singh, F.; Avasthi, D. K.
Radiat Eff Defects Solids 2008, 163, 139.

19. Applications of Electroactive Polymers; Scrosati, B., Ed.; Chap-
man & Hall: London, 1993.

20. Genies, E. M.; Bidan, G. J. Electroanal Chem 1983, 149, 101.
21. Chen, J.; Too, C. O.; Wallace, G. G.; Swierers, G. F. Electro-

chem Acta 2004, 49, 691.
22. Tauc, J.; Grigorovici, R.; Vancu, A. Phys Status Solidi B 1996,

15, 627.
23. Robertson, J.; O’Reilly, E. P. Phys Rev B 1987, 35, 2946.
24. Fink, D.; Klett, R.; Chadderton, L. T.; Cardoso, J.; Montiel, R.; Vaz-

quez, M. H.; Karanovich, A. Nucl InstrumMethods B 1996, 111, 303.

POLYPYRROLE FILMS 2507

Journal of Applied Polymer Science DOI 10.1002/app


