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ABSTRACT:
Surface morphologies of thin ﬁlms of polypyrrole doped with two similar anions (with diﬀerent ionic
radii) viz. chloride and bromide were compared by means of fractal geometry. Scanning electron micrographs of the
polymer surfaces showed a signiﬁcant diﬀerence between the surface structures of two anion-doped polypyrrole ﬁlms
in microscale and particularly in nanoscale. Surprisingly, the bromide-doped polypyrrole had nanostructure; whereas,
the chloride-doped polypyrrole surface was smooth in nanoscale. An electrochemical method based on gold-masking
approach was employed to reveal the fractality of these polymer surfaces in microscale. Fractal geometry successfully
discovered the eﬀect of anion doping on microstructure of the conductive polymer by suggesting diﬀerent fractal
dimensions. In addition, SAXS analysis indicated signiﬁcant diﬀerence in fractality of the polymer in nanoscale.
[doi:10.1295/polymj.PJ2005173]
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It is well known that anion doping has a signiﬁcant
inﬂuence on surface morphology of conductive polymers. As anion doping is an essential process in the
course of polymer synthesis, this issue is of great
interest.1–12 There are two aﬀecting factors in anion
doping: size of the anion incorporated into the polymer structure and the synthesis mechanism in the
presence of the anion. To inspect the second factor,
it is only needed to choose two diﬀerent anions with
approximately the same ionic radii. However, it is
diﬃcult to investigate the ﬁrst factor since anion
eﬀects on the polymerization are essentially diﬀerent.
Investigations in this context are mainly restricted to
common anions such as Cl , NO3  , ClO4  , SO4 2 ,
etc.1–12 As Compton and coworkers emphasized the
inner oxygen bond in the anion has a signiﬁcant eﬀect
on the polymerization process.8 Thus, comparison of
monoatomic anions such as Cl with other anions is
not correct. To overcome this problem, we aim to
compare two similar monoatomic anions as dopants,
since this strategy is not usually followed in the literature.
Fractal geometry as a powerful tool was employed
for surface analysis of a typical conductive polymer.
Applicability of fractal analysis for surface studies
of conductive polymers has been widely reported in
the literature.13–21 Although, it has been emphasized
that usefulness of fractal analysis is related to comparative studies of similar surfaces, less attention has
been paid to this issue for the investigation of surface morphology of diﬀerent anion-doped conductive
polymers. Gobal et al. have investigated the fractal

structure of anion-doped poly-ortho-aminophenol
ﬁlms by means of electrochemical methods, and concluded that anion doping has no eﬀect on fractal structure of conductive polymers.22 This incorrect conclusion (as it is well known that surface morphology of
a conductive polymer is highly dependent on doping
process) is due to the methodology misusing, as
described elsewhere.23 Fractal analysis by means of
electrochemical techniques (such as cyclic voltammetry and chronoamperometry) requires the process of
‘diﬀusion toward electrode surface’ to sense fractal
structure of the electrode surface; whereas, electrochemical redox systems of conductive polymers are
not merely a surface reaction, but mainly solid-state
diﬀusion. Here, we show that upon appropriate utilization of electrochemical methods, they can be successfully applied to reveal diﬀerence in fractal structures of anion-doped polymer surfaces.
EXPERIMENTAL
Polypyrrole as a well-known conductive polymer
was typically chosen for this study. Thin ﬁlms of polypyrrole were conventionally synthesized in the presence of two anions viz. chloride and bromide. The
conductive polymer was electrochemically deposited
onto a Pt substrate surface from acidic aqueous solutions. The electrolyte solutions were prepared from
0.030 mol/L of the monomer in 0.5 mol/L of the
corresponding acid (HCl or HBr). Electropolymerization was performed potentiodynamically by potential
cycling between 0:2 and 1.0 V vs. Ag/AgCl with
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Figure 1.
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SEM images of (A) chloride- and (B) bromide-doped polypyrrole ﬁlms electrodeposited onto Pt substrate surface.

scan rate 50 mV/s for 9 successive cycles. Cyclic voltammetric measurements were performed using a
Metrohm 746VA potentiostat.
Fractal analysis of the polymer surfaces was performed by means of cyclic voltammetry. This method
is based on the concept of ‘diﬀusion toward electrode
surfaces’.24 Gobal et al. have used the diﬀusion of the
own anions in the course of insertion/extraction into
the polymer structure for this purpose.22 However, this
method is not reliable, since the material surface is
subject of severe structural change during the insertion/extraction process.25 On the other hand, this is
accompanied by side-processes leading to experimental errors.23 The best redox system for fractal analysis
is the Fe(CN)6 3 /Fe(CN)6 4 system, as preliminarily
introduced by Pajkossy and Nyikos.26 The electrolyte
solution was 5 mM K3 Fe(CN)6 in 1.0 M KCl as supporting electrolyte.
Although, this redox system can be directly investigated on the polymer surface,19 there are still sources
of experimental errors due to side-reaction such as
incorporation of hexacyanoferrate ions into the polymer matrix. To overcome this problem, gold-masking
approach has been proposed to generalize the electrochemical methods for a vast variety of solid surfaces27,28 and even liquid j liquid interfaces.29 To this
aim, a thin ﬁlm of gold was deposited onto the polymer surfaces. This action was also performed for
scanning electron microscopy (SEM) imaging, as this
technique needs samples with good electrical conductivity. For materials with poor conductivity, it is
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necessary to coat the sample with a thin layer of gold
to meet the method requirement. In spite of relatively good electrical conductivity, conductive polymers
normally fall in this class of materials in SEM imaging. SEM images were recorded using a Cambridge
electron microscope model Steroscan 360 at operating voltage of 20 kV. Small-angle X-ray scattering
(SAXS) measurements were performed by means of
a PW 3710 Philips system employing a rotating X-ray
generator under appropriate conditions.
RESULTS AND DISCUSSION
The most common technique for inspecting the
surface morphology is SEM. The results obtained
from SEM imaging of the anion-doped polypyrrole
ﬁlms obviously display the signiﬁcant diﬀerence between their surface structures (Figure 1). It seems that
chloride doping causes the formation of polymer particles spread across the substrate surface (Figure 1AI).
Whereas, particles of the bromide-doped polypyrrole
tend to form dense clusters, as agglomeration of individual particles is accompanied by close packaging
in this case (Figure 1BI). This is indeed the microscale surface morphology for anion-doped polypyrrole
ﬁlms. Whereas, surface structure of the anion-doped
polypyrrole ﬁlms in nanoscale is of particular interest.
According to Figure 1AII, surface of the chloridedoped polypyrrole ﬁlm is approximately smooth in
nanoscale. Interestingly, the bromide-doped polypyrrole ﬁlm has a complicated morphology in the same
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scale (Figure 1BII). This suggests that not only anion
doping has a signiﬁcant eﬀect on the surface morphology of a conductive polymer, but also this eﬀect
is strongly scale-dependent. Thus, a careful attention
should be paid to this issue. Although, it is well
known that the nature of dopant has an eﬀect on the
morphology of a conductive polymer, however, the
diﬀerence observed in the present case (particularly
in nanoscale) is extremely signiﬁcant.
To compare surface morphologies of the aniondoped polypyrrole ﬁlms, fractal geometry provides a
quantitative measure namely fractal dimension. Fractal analysis based on electrochemical method can be
simply employed for this purpose. As stated above,
diﬀusion of electroactive species as a result of original
redox system of the electroactive material is not a
reliable approach to investigate fractality of electrode surfaces.25 Once again, we follow the great opportunity provided by gold-masking approach25,27–29
to achieve reliable results for comparative study of
the fractal structures.
To this aim, a thin ﬁlm of gold with thickness of ca.
20 nm is deposited on the sample surface via a sputtering process. This action was performed to record the
SEM images illustrated in Figure 1. Therefore, for
fractal analysis of the anion-doped polypyrrole ﬁlms
by means of electrochemical methods using goldmasking approach, it is only needed to use the samples prepared for SEM investigations. Such samples
are generally available in this type of investigations,
as SEM is an essential technique in studies of surface
morphology.
Estimating the fractal dimension of an electrode
surface is very easy by means of electrochemical
methods. The most common technique for this purpose is cyclic voltammetry. In this case, scan rate dependency of the peak current is employed to inspect
the electrochemical response of the system to the
diﬀusion layer thickness, which acts as yardstick
length. In other words, we record the electrochemical
signal (i.e., representative of the diﬀusion process)
at various yardstick lengths by changing the scan
rate. Therefore, it is only needed to record cyclic
voltammograms at diﬀerent scan rates. According to
Stromme et al.,30 by plotting the peak current against
the scan rate in a log-log scale, the curve slope indicates the fractal parameter, which is transformed
to the fractal dimension with the following relation:
 ¼ ðDf  1Þ=2.
Figure 2 shows the scan rate dependency of the
peak current for both anion-doped polypyrrole ﬁlms
with respect to the ‘diﬀusion toward electrode surfaces’ provided by the redox system described in the
Experimental Section, as a single diﬀusing ion is employed for both cases to avoid possible experimental
Polym. J., Vol. 38, No. 8, 2006

Figure 2. Scan rate dependencies of the peak current (log Ip 
log ) for the cases of chloride- ( ) and bromide-doped ( ) polypyrrole ﬁlms. The process of ‘diﬀusion toward electrode surfaces’
was provided by the Fe(CN)6 3 /Fe(CN)6 4 redox system. The
peak currents recorded correspond to the oxidation of Fe(CN)6 4
ions.

errors associated with diﬀerence in the diﬀusion process. The fractal dimensions estimated from the slopes
of corresponding scan rate dependencies were 2.36
and 2.47 for the chloride- and bromide-doped polypyrrole ﬁlms, respectively. It is obvious that there is
a diﬀerence between the fractal dimensions estimated
for two diﬀerent anion-doped polypyrrole ﬁlms. This
diﬀerence can be attributed to 3D growth of the bromide-doped polypyrrole ﬁlm. An advantage of fractal
analysis is its geometrical structure. In other words,
this approach successfully monitored vertical diﬀerence of two surfaces. The fractal dimension of the
bromide-doped polypyrrole ﬁlm is slightly higher,
which is due to its 3D structure. As the growth of conductive polymers can also be vertical as well as its
growth across the surface, for the case of bromidedoped polypyrrole ﬁlm, there was a tendency to form
a 3D structure with a higher fractal dimension. Formation of ups and downs (hills and downs) is indicative
of a more complicated surface in comparison with the
chloride-doped polypyrrole ﬁlm which has 2D growth
across the substrate surface. It should be taken into
account that this is just the diﬀerence in surface morphology as illustrated in Figures 1AI and 1BI.
However, electrochemical methods are not able to
monitor fractality in nanoscale. According to the generalization made in ref 31, electrochemical methods
can detect fractal structure in the scale range 1–100
mm. Therefore, the fractal analysis performed by
means of electrochemical method did not detect surface morphology illustrated in Figures 1AII and 1BII
to suggest this signiﬁcant diﬀerence of two anion-doped polypyrrole ﬁlms. Electrochemical measurements
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detected the fractal structures of the ﬁlms in microscale corresponding to those illustrated in Figures 1AI
and 1BI.
We wish to inspect the surface structures of the
anion-doped polymer ﬁlms at diﬀerent scales. In this
direction, it is useful to go further to inspect the surface structure at smaller scales. None of the abovementioned techniques are capable of surface analysis
at smaller scales. An appropriate technique for this
purpose is SAXS, which have been commonly employed for surface analysis at scales of 0.5–200 nm.
It is also possible to estimate the fractal dimension
from the SAXS data, as this approach has also been
successfully applied for conductive polymers.19,20 It
is well known that scattering intensity mainly includes:32 the diﬀuse scattering, and the Porod term.
The last term represents the surface roughness. The
Porod term is accompanied by a sharp rise of the intensity in the small-angle region, which is indicative
of density ﬂuctuations on nanoscale. The Porod term
corresponds to the material structure on a scale from
about 0.5 through 200 nm. In this region, the Porod
power-law suggests: IðqÞ / q , where  depends on
the material form (e.g. mass or surface), and for fractal surfaces is equal to 6  D.33 However, this relation
is only valid when the scattering intensity is mainly
due to the Porod term. As Ruland pointed out the validity of Porod’s law should be taken into account for
fractal analysis,34 and indeed an appropriate scale
should be used for collecting the data.
The SAXS intensities were plotted against the q
factor in a logarithmic scale (Figure 3). This typical
SAXS analysis corresponds to the scale of 2–20 nm.
This is slightly larger than the atomic-scale, and thus,
contributes the polymer chain structure. The values of
the fractal dimension were estimated from curve
ﬁtting at linear region of the SAXS patterns, which

is indicative of a fractal power-law behavior. The
SAXS analysis of the chloride- and bromide-doped
polypyrrole ﬁlms suggested the fractal dimensions of
2.23 and 2.38, respectively. Although the fractal structures of the anion-doped polypyrrole ﬁlm are signiﬁcantly diﬀerent from those at microscale, the surface
fractality is still stronger for bromide doping even in
nanoscale. This is indeed essential diﬀerence of
microstructure and nanostructure of electrode surfaces
formed in the course of electrochemical processes.35
It is obvious that a better curve-ﬁtting is achieved
for the case of bromide-doped polypyrrole ﬁlm rather
than that of the chloride-doped polypyrrole ﬁlm. Such
behavior is also observable for the fractal analysis at
microscale as obtained from electrochemical measurements (Figure 2). According to the generalization
made in ref 36, this is a measure of the degree of
fractality. In other words, growth of polymer chain
in the presence of bromide dopant is in accord with
fractal pattern. On the other hand, it seems that diﬀerent fractal dimensions can be detected at various
scales for the case of chloride-doped polypyrrole ﬁlm,
as the curve slope slightly varies.
Comparison of the fractal analysis at microscale by
means of cyclic voltammetry and that at nanoscale by
means of SAXS indicates the signiﬁcant diﬀerence of
surface fractality at various scales. This is also visualized in the light of SEM imaging. The results reported
here are simple but lead to an important conclusion,
which is usually ignored in the literature. The diﬀerence of surface morphology of conductive polymer
due to the anion-doping eﬀect should be inspected
in near-atomic scale, as large-scale (microstructure)
morphology of conductive polymers is consequence
of nanoscale morphology (nanostructure) of the growing polymer. In this direction, fractal analysis is an
eﬃcient tool. However, it should be employed with
respect to the scale under investigation; otherwise,
fractal analysis has no physical (and also geometrical)
meaning. This typical study demonstrated how combination of simple investigations leads to a solid argument.
CONCLUSION

Figure 3. SAXS patterns reproduced in a logarithmic scale
with respect to the q factor.
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Ionic radii of doping anions have a particular inﬂuence on the surface morphology of conductive polymers. In a simple case under investigation, it was
shown that morphologies of polypyrrole ﬁlms synthesized in the presence of chloride or bromide ions are
signiﬁcantly diﬀerent. This diﬀerence is more obvious
in vertical morphology of the ﬁlms. The other consequence of the present work is to reveal signiﬁcant
diﬀerence of surface morphology in microscale and
nanoscale. Thus, an appropriate strategy should be
Polym. J., Vol. 38, No. 8, 2006
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used for fractal analysis of solid surfaces, since each
technique is capable of fractal analysis at a given
scale.
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