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Abstract

The ultrathin films with nanometre control over thickness and multilayered structures of polypyrrole (PPY) were manufactured by in-situ
self-assembled technique. A controlled thickness of PPY was deposited on polyanion, poly(styrene sulfonate) (PSS) surfaces as a function of
time; previously PSS had been deposited on various substrates (glass, mica, indium–tin-oxide coated glass plates). Later, alternate PPY and
PSS films were fabricated on such substrates by the layer-by-layer technique. The films were characterized by using UV–visible, electro-
chemical and Quartz Crystal Microbalance techniques. The resulting morphology of the manufactured films was investigated by Atomic
Force and the Scanning Tunneling Microscopies. The electrochemical surveying of self-assembled PPY films in different electrolytic media
highlighted the sensor application. Typical supramolecular films of PPY/PSS were found to have conductivity values in the range of 1022–
1021 S/cm.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Ultrathin organic films are currently gaining interest in
many areas such as integrated optics, biosensors, chemical
sensors, friction reducing coating, surface orientation layers
and molecular electronics [1–8]. Most of the applications
require well-defined films composed of molecules with
tailor-made properties in unique spatial arrangements with
respect to each other and to the substrates [9–11]. Recently,
a new technique of constructing multilayer assemblies by
consecutively alternating adsorption of anionic and cationic
polyelectrolytes was developed, where the adsorption
process was independent of the substrate size and topology
[12–14]. This technique was originally developed by
Decher for polyelectrolytes, and later extended to doped
conjugated polymers by Rubner and co-workers [15–24].
Molecular-level processing of various conjugated polymers
(i.e. polypyrrole (PPY), polyaniline, poly(phenylene viny-
lene), poly(o-anisidine)) by layer-by-layer (LBL) technique
has been shown in the literature [25–32].

Among conducting polymers, PPY is one of the exten-
sively studied electronic materials, and thus has received

much attention because of various technological applica-
tions [32–37]. Though PPY receives considerable interest,
processing it into an ultrathin film is a challenging task
because of its intractability, insolubility and infusibility in
most of the common organic solvents [26–31,37]. PPY is
usually synthesized by electrochemical and chemical oxida-
tive polymerization techniques. Its physical and chemical
properties are considerably dependent upon the dopants and
polymerization conditions. Recent evidence shows that PPY
can be self-assembled into multilayer thin films with a suitable
polyanion [26–31]. In order to highlight the attractive
features of self-assembly, no dedicated and sensitive equip-
ment is needed and the adsorption can be carried out from
aqueous solutions using a polyanion such as the sodium salt
of poly(styrene sulfonate) (PSS) [38–41]. The anionp-
toluene sulfonate (PTS) was used; this is poorly nucleo-
philic but permitted the formation of good quality PPY
films.

Beginning with these considerations, the main aims of
this work were to analyse the fabrication and the character-
ization of in-situ self-assembled films of PPY, as well as to
investigate the effect of electrolytes in the electrochemical
and electrical properties of the films. The PPY films were
fabricated on a polyanion, PSS coated substrates (glass,
mica and indium–tin-oxide coated glass plates), as a func-
tion of time. The LBL technique was also used to fabricate
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alternate PPY and PSS layers on such substrates. The UV–
visible, electrochemical, Quartz Crystal Microbalance and
electrical conductivity techniques were used to characterize
the in-situ self-assembled films of PPY, and the resulting
morphology was investigated by Scanning Probe Micro-
scopies. The electrochemical investigations on such films
were performed in different electrolytic media. The electri-
cal characterizations gave evidence of the change in
conductivity, which can be applicable as a sensor of proto-
nic acid.

2. Experimental details

2.1. Preparation of the substrates

Substrates were activated following a procedure reported
previously [26–31]. The reported procedure produced a
surface with covalently anchored amine group (positively
charged surface) [26–31]. The indium–tin-oxide (ITO)
coated glass was first washed with methanol/chloroform,
and later treated with aqueous ammonia for 5 min to create
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Fig. 1. (a) Schematic of in-situ self-assembled layer-by-layer films of PPY with PSS. (b) Schematic of in-situ self-assembly of PPY on PSS surface as function
of time.



the hydrophilic surface. The positively charged surface on
ITO coated glass plate was created similarly to the glass
treatment. Such substrates were preserved in deionized
water before the deposition of in-situ self-assembled LBL
films. The substrates kept in deionized water can be used for
a period of 2–3 days.

2.2. In-situ self-assembly of PPY

The sodium salt of poly(styrene sulfonate) (PSS,
Mw � 70; 000) at 2 mg/ml was dissolved in water, and
adjusted to pH 1 by addition of HCl. The positively charged
substrate was dipped into PSS solution for 10 min to obtain
a negatively charged surface. Later, the PSS coated
substrate was washed in deionized water and dried by blow-
ing on it with nitrogen gas. The PSS coated substrate was
suitable to fabricate the PPY film, where simultaneous poly-
merization of the pyrrole monomer and oxidation of the
PPY molecules occurred. The active solution for PPY
contained the oxidizing agent (ferric chloride, FeCl3) and
p-toluene sulfonic acid (PTS) and was later adjusted to pH 1
by HCl followed by the addition of pyrrole monomer. The
various concentrations of the dipping solutions of pyrrole
monomer along with PTS and FeCl3 were tested. The poly-
meric charge in solution was evidence of the effect of pH on
the active solution. The optimum films of PPY were
achieved through a solution containing 0.006 M FeCl3,
0.026 M PTS and 0.02 M pyrrole, as shown in literature
[26–31]. The active solution was stirred for 15 min after
the addition of the pyrrole monomer and then filtered.
Such filtered solutions were used for the deposition of the
PPY film. A schematic drawing of the procedure is sketched
in Fig. 1a. A single layer of PPY was obtained in 5 min by
the in-situ polymerization. Alternating the dipping of the
protonated substrate in PSS and PPY solutions produced
bilayered structures. The alternate bilayers of PSS/PPY
were fabricated by dipping the protonated substrates in
PSS solution for 10 min, and 5 min in PPY active solution
followed by washing and drying in each step of deposition.
The schematic of LBL deposition of PSS and PPY films is
shown in Fig. 1b.

2.3. Optical measurements

The optical properties of in-situ self-assembled films of
PPY deposited onto PSS/glass plates as a function of time,
and alternate bilayers PPY/PSS films were measured by
UV–visible spectroscopy (Jasco spectrophotometer model
7800). Absorption optical spectra allowed determining the
inclusion of dopant in the polymer as well as evaluation of
the band gap of the PPY self-assembled films.

2.4. Quartz crystal microbalance (QCM) measurements

The samples were tested by using a home-built nanogra-
vemetric apparatus in order to observe the relationship
between deposition time and thickness. A different number

of layers were transferred onto 10 MHz AT-cut quartz crys-
tal microbalances containing the gold electrodes (Nuova
Mistral, Italy), and the decreasing resonant frequency was
analysed. The frequency variation was correlated to the
mass change of self-assembled films by using the Sauerbray
equation [42–44]:

Dm� KDf �1�
The constantK depends upon the physical parameters of
the utilized resonator, which defines the sensitivity of the
instrument. The value ofK was estimated to be
0.587 ng Hz21 mm22, where the frequency ‘Df’ was in Hz
and the mass density ‘Dm’ was in ng mm22.

2.5. Surface characterization

The surface morphology of the PPY films was investi-
gated by an Atomic Force Microscope (AFM), which was a
home-built instrument (Polo Nazionale Bioelettronica)
working in contact mode in air at a constant contact force
[26–31,42–44]. A commercial instrument (Asse-Z, Italy)
performed the STM analysis of PSS/PPY films. The STM
was equipped with a small scanning range piezo tube to
achieve the high-resolution images of the samples.

2.6. Electrochemical measurements

The potentiostat/galvanostat (EG & G PARC, model 163
with the supplied software M270) was used to measure the
electrochemical measurements. A standard three-electrodes
configuration was used, where PPY films on ITO coated
glass plate served as a working electrode, platinum as a
counter and Ag/AgCl as a reference electrode. The cyclic
voltammograms (CVs) of PSS/PPY films were measured at
different concentrations of electrolytes.

2.7. Electrical measurements

The computer-controlled electrometer (Keithley model
6517) was used to characterize the electrical properties of
the PPY films. Current–voltage (I–V) characteristics were
obtained by a potential step of 0.05 V to the films deposited
on interdigitated electrodes. The interdigitated electrodes
were fabricated on a quartz plate by the photolithography
technique [26–31]. Pairs of electrodes were spaced at
50mm, a width of 50mm and a height of 40 nm.

3. Results and discussion

3.1. Role of PSS in the formation of the film

The polyanion PSS layer on the substrate plays a crucial
role in the formation and the polymerization of polycation
PPY molecules. The polyelectrolytes are known to adsorb
strongly to oppositely charged surfaces. There is a contin-
uous formation of PPY because of the chemical oxidation of
the monomer pyrrole in the presence of FeCl3. Due to the
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electrostatic interaction between Fe13 and PSS polyelectro-
lytes, it causes a local perconcentration of both pyrrole and
Fe13, and thus enhances the polymerization rate. The in-situ
polymerized PPY molecules being polycation are attracted
towards polyanion PSS chains via hydrophobic interaction
resulting in a higher local concentration. Polymerization can
also be enhanced by the low concentration of FeCl3 in the
active solution [45]. The higher concentration of FeCl3

brings about a higher conductivity value of PPY, but the
controlled polymerization is always possible at low concen-
tration of FeCl3. It was observed that the polymerization of
PPY occurs poorly on the surface of the reaction vessel, and

is easily washed by the flow of water. The PPY films in
conducting form contains 10–35% by weight of the anions
[38–41]. Dipping time and solution chemistry can therefore
control the thickness of the deposited layer.

3.2. Optical characterization of PSS/PPY bilayers film

UV–visible spectroscopy was chosen to analyse the opti-
cal bands and uniformity of PPY films. Fig. 2a shows the
UV–visible absorption of PPY films deposited on PSS
surface as a function of time. It reflects the typical spectra
of PPY at 450 nm and broad band at 940 nm indicating the
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Fig. 2. (a) UV–visible absorption of in-situ self-assembled PPY films on PSS surface deposited on glass substrates as function of time. (b) UV absorption vs.
self-assembled PPY films on PSS surface at 450 nm. (c) UV–visible absorption of in-situ self-assembled layer-by-layer films of PPY and PSS. (d) UV–visible
absorption vs. number of PSS/PPY bilayers at 470 nm.



degree of doping of PPY films. Such doping of PPY films is
considered in the context of charge carriers responsible for
the electronic conductivity in the doped PPY as shown in
Fig. 1. The peak at 450 nm is also found in literature for the
electrochemical PPY films [46–48]. The single layer
deposition process described here has been used to create
the films of nearly 60–200 A˚ . The UV–visible absorption
magnitude at 450 nm as a function of deposition time is
shown in Fig. 2b. The in-situ polymerization of the PPY
film is a dynamic process where the thickness of the PPY
films initially increases linearly to the time, and then gradu-
ally evidences to non-linear deposition after 60 min, as
shown in Fig. 2b. The remaining PPY, i.e. not deposited
on the surface of the substrates, precipitated gradually out
of the active solution. Fig. 2c shows the UV–visible absorp-
tion as a function of PSS/PPY bilayers. Interestingly, it
depicts the UV–visible absorption peak at 470 nm as
shown in Fig. 2c. The change in optical absorption from
450 to 470 nm is also observed for the alternate PSS and
PPY deposited LBL film. The nature of the PPY film forma-
tion in both cases is the in-situ self-assembly, but the
mechanisms are different. The nature of absorption
processes in the both cases could have caused different
orientation of the molecular structure of PPY conducting
polymer. It shows a highly reproducible thickness of PPY
added for each interval of 5 min. Fig. 2d depicts a linear
increase in the UV–visible absorption magnitude at 470 nm

as a function of the number of bilayers for PSS/PPY films.
Though the PSS film is formed by the deposition of 10 min,
its overall thickness does not contribute in the absorbance of
film. The UV–visible absorption study reveals nearly equal
absorption magnitude in each deposition and attributes to
highly reproducible type of deposition. The band gaps of
PSS/PPY bilayers and PSS and PPY as a function of time on
different substrates were calculated using a one-dimensional
equation [46–48]. The band gap was estimated by extrapo-
lating �1=ahn�2 vs. photon energy�hn� curve and has been
estimated to be 2.65 eV for the films made as a function of
time, whereas LBL deposited films with PSS show the band
gap at 2.7 eV. The optical adsorption edge at 2.2 eV is also
determined. PPY shows 95% amorphous and 5% crystalline
structure in the doped state [46–48]. The absence of crystal-
linity in the doped PPY makes the band edge blunt similar to
any amorphous semiconductors, and the band edges contain
tails with a reasonable density of states. This could have
caused the band gap to vary within a range of 3.1–2.6 eV.
The band gap in the self-assembled PPY films has been
found to be less than the electrochemical films and shows
a band gap of nearly 3.1 eV [46–48].

3.3. QCM studies

This technique allows characterization of the uniformity
of the film by measuring the frequency change (that can be
computed to mass change) in each successive deposited
layer on the quartz crystal. The in-situ self-assembled
films of PPY were measured in ex-situ measurement proce-
dure. Initially, the PSS film was deposited on quartz crystal,
and the QCM study was performed. Later, such substrate
was dipped for the 5 min in PPY solution, rinsed, dried and
measurements were performed. The similar procedure was
repeated for the number of PSS/PPY bilayers. Fig. 3 shows a
linear dependence of the frequency shifts vs. the deposition
time of PPY films on PSS coated quartz plates. It thus
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Fig. 3. Relationship between frequency variation and time deposition of PPY samples deposited onto 10 MHz quartzes.

Table 1
QCM parameters of layer-by-layer films of PPS/PPY films

Number of
bilayers

Change in frequency
(D f ), Hz

Change of mass
(Dm), g

1 43 7.3× 1028

2 298 5.1× 1027

3 557 9.5× 1027

4 757 1.3× 1026



reveals a linearity in the deposition of PPY films as a func-
tion of time. Table 1 shows a similar result in the case of
alternating deposition of PSS/PPY layers. The correspond-
ing mass variation was calculated as shown in Table 1.

3.4. Surface characterization of PPY films

The uniformity in the deposition process and surface
morphology of the deposited films are observed by AFM
studies. Each picture is representative of various samples,
since similar images were found in four different regions of
the samples. Fig. 4 shows the surface morphology of in-situ
self-assembled films of PPY fabricated on a PSS surface on
glass plates as a function of time, i.e. (1) 2 min, (2) 10 min
and (3) 40 min, respectively. The size of each of the image
is 500 nm× 500 nm. The AFM images reveal a surface
topography of typical granular patterns and the size of
spheres are ranging from 6.0 to 42.1 nm depending upon
deposition time of the films. The PPY films adsorbed for
2 min shown in Fig. 4 have imperfections in packing,
whereas the linearity of multilayer growth indicates that
the thin system is self-healing with respect to addition of
subsequent layers. It is possible to see fine granular sizes in
self-assembled films of PPY films, and such dimension of
the grains was never been observed in the electrochemical
films [49–51]. Although it has been impossible to know the
real organization of the polymer at the PSS/substrate or in
the PPY/PSS structures, AFM studies speculate about the
uniformity and equal grains distributions in each successive
deposition. Table 2 shows the AFM parameters of such
deposited PPY films. The films of PPY started forming as
soon as the PSS coated substrate was introduced into the
active solution, whereas the complete covered films with
fine grains appeared after 5 min. The STM analysis
evidenced circular shaped, with average diameter of
22 nm, grains for 20-min self-assembled films on graphite
surface in Fig. 5. It has a size of 0:5 × 0:5 mm: It can be
highlighted that surface measurements show a topography
of typical spherical or granular patterns ranging from 6.0 to
42 nm depending on the film thickness and length of deposi-
tion time. Such surface morphology could be due to the
orientated PPY molecules on the substrate [49–51]. The
AFM image of PSS/PPY bilayers shows films with a similar
structure as well (figure not shown). The thickness of the
films is also estimated via AFM imaging of the samples.

3.5. Electrochemical surveying

The electrochemical investigation of in-situ self-
assembled films of PPY was carried out by deposition on
PSS/ITO coated glass plates. The cyclic voltammograms
(CVs) of PPY films deposited on a PSS/ITO glass plate
for 45 min are shown in Fig. 6. PPY/PSS/ITO acted as
working electrode, platinum as counter electrode and Ag/
AgCl as reference electrode in a solution containing 0.1 M
KCl at a scan rate of 5, 10, 20, 25, 50, 100 mV/s as shown in
Fig. 6. The potential was scanned between20.8 and 0.8 V
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Fig. 4. AFM image of the in-situ self-assembled films of PPY deposited as
function of time: (1) 2 min; (2) 10 min; (3) 40 min. The size of the each
image is 500 nm× 500 nm.



vs. Ag/AgCl. The obtained redox peaks at potentials of
2261.8 and2355.5 mV are the characteristic peaks of a
PPY film. The peak at2355.5 mV is related to the move-
ment of Cl2 ions, and has been assigned to the uptake of
proton transfer. The potential of redox peaks is related to the
doping and dedoping of Cl2. The redox potential peaks do
not shift with the scan rate [52–55]. The shape of the reduc-
tion peak is different from that of the electrochemical by
synthesized PPY films. In a surface confined species, the
redox peak potential current (Ip) is proportional to square
root of scan rates (V) [53]. The Ip vs. V1/2 shows a linear
relationship between redox peak current andV1/2, and
reveals a diffusion-controlled oxidation of PPY films (figure
not shown). The diffusion coefficients in the redox system
have been calculated as 1.13 and 3.13 cm2/s, respectively.

The counter ions and potential scanning range influence
strongly the electrochemical properties of the PPY films.
With this consideration, PPY film was scanned from20.8
to 1.5 V (in some cases) in different electrolytic media.
Interestingly, the potential of the redox peaks and the
shape of CV are observed differently in each electrolytic
medium. The shape dependent CV in different electrolytic

media can also be seen in the literature for electrochemi-
cally grown PPY films [53]. Fig. 7 shows the CV of self-
assembled PPY films on PSS/ITO coated glass plates for
30 min. The cyclic voltammograms evidence different
values of redox potentials in each studied electrolyte as
shown in Table 3. The peaks of redox potentials are also
different than the electrochemically grown PPY films [26–
31]. The redox potentials$1.0 V can be due to the over
oxidation of the PPY films. It is apparent from Table 3 that
the redox reactivity of PPY strongly depends on the dopant
as well as the electrolyte during cyclic voltammetry (CV).
The CV studies reveal peaks at more than one redox peak
potential over such a wide range of potential value [53], and
demonstrate that the redox activities of the films mostly
depend on the dopant ions. The films show degradation
and low current in the CV for potentials exceeding more
than 1.2 V vs. Ag/AgCl.

3.6. Electrical conductivity on PPY samples

Electrical measurements on PPY films deposited on
various types of substrates were performed. Initially, the
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Table 2
AFM parameters of PSS/PPY films deposited as a function of time

Deposition as a
function of time #

RMS (nm)
roughness

DZ (nm) Size cluster circular
(f ) nm

RMS/DZ
(%)

3 1.2 6.0 54̂ 26 20
10 1.2 42.1 32̂ 11 9
25 2.1 29.8 29̂ 20 9
40 2.1 33.1 29̂ 17 10
60 2.3 11.8 36̂ 12 10

Fig. 5. STM pictures for the in-situ self-assembled films deposited for 20 min. The image size is 0.5× 0.5mm.



electrical conductivity was measured by simply contacting
two different points of the sample deposited on glass
substrates. In order not to introduce some problems related
to the contacts, PPY films were deposited on interdigitated
electrodes prepared so that the interdigitated chromium
electrode metals did not diffuse in the PPY films. The inter-

digitated electrodes were of the same size and had equal
separation from one strip to another. The electrical measure-
ments of PSS/PPY films on such types of interdigitated
electrodes were investigated. The stability in electrical
measurement as a function of time of self-assembled PPY
is observed as shown in Fig. 8.I–V characteristics reveal an
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Fig. 6. CVs of 30-min deposited PPY on PSS surface, prior to the deposition of ITO coated glass surface in 0.1 KCl.

Fig. 7. Cyclic voltammogram of PPY in different electrolytes at a scan of 50 mV/s using Ag/AgCl as a reference electrode and platinum as counter, vs. KCl,
PTS, BF4

2 and HCl.



ohmic behaviour. Interestingly, theI–V characteristics are
found to be increasing for the film during the next days of
the measurements; this could be related to the removal
surface water from the films. Further drying of the PPY
films in ambient condition showed an increase in theI–V
characteristics and later, a constant behaviour for a period of
30 days. The self-assembled films are as stable as the elec-
trochemically or the chemically synthesized films. The esti-
mated conductivity of the samples was found to be between
1021 and 1022 S/cm depending upon the thickness of the
film.

The change in the electrical behaviour was assumed as a
function of dedoping in aqueous ammonia. Fig. 9a shows
such dedoping effect of PPY films as a function of time. The
ex-situ I–V measurements of PPY films on interdigitated
electrodes were observed after the treatment in aqueous
ammonia. The films were washed and dried before theI–
V measurement. TheI–V characteristics revealed a differ-
ence in the dedoping time period for self-assembled films
when compared to electrochemically deposited PPY films.
The self-assembled films needed longer time for the dedop-
ing because it formed compact films due to the electrostatic
interaction of PSS and PPY. The HCl redoping of PPY films
at different concentrations is shown in Fig. 9b. The redoping
of the films were performed for 5 min at different concen-
tration of HCl, and theI–V characteristics of such dedoped
films were recorded. It observes the effect of redoping for

each treatment in various concentration of HCl. The linear-
ity in I–V characteristics of PPY films treated at (1026 M)
can be exploited for the use of the film in HCl sensor. Such a
result highlights that charge transport is not only related to
the doping state but also to the microscopic structure of the
PPY film. TheI–V characteristics of PSS/PPY bilayers also
showed change in the magnitude of the current for deposited
bilayers.

4. Conclusions

In this work the in-situ self-assembly technique has been
successfully applied to obtain ultrathin films of PPY.
Although it has been impossible to know the real organiza-
tion of the polymer at the PSS/substrate or in PPY/PSS
structures, the investigation carried out made it possible to
speculate about the uniformity of self-assembled films of
PPY conducting polymer, and to study some main features
linked to the uniformity and the structure of the film, and its
doping process. The UV–visible absorption and nanogravi-
metric results obtained for either PPY deposited as a func-
tion of time on PSS/substrate and layer-by-layer with PSS
on the substrate were found to be highly reproducible.
Nearly equal distributions of grain size of PSS/PPY films
were confirmed by AFM and STM study. The diffusion
coefficients were calculated to be 1.13 and 3.13 cm2/s.

M.K. Ram et al. / Polymer 41 (2000) 7499–7509 7507

Table 3
Electrochemical parameters of PPY films in different electrolytic media

Electrolytes Concentration of
electrolytes (M)

Applied potential
(V)

Oxidation potential
(mV)

Reduction potential
(mV)

KCl 0.1 21.0 to 1.4 1067.6, 174.5,2305.8 982.2,2412.5,2771.9
PTS 0.026 20.6 to 1.5 1396.5, 652.8, 528,2542.8 1008.6,2375.5
BF4

2 0.1 21.0 to 1.0 987.3, 332.0,2894.1 932.8, 386.8,2759.9
HCl 0.001 20.3 to 0.8 2588.0,2331.94 2692.2, 31.94

Fig. 8. Current–voltage (I–V) characteristics of 30-min self-assembled films on interdigitated electrodes as a function of time.



Typical multilayer films observed the conductivity value in
the range of 1021–1022 S/cm. Such films take longer time in
swelling and dedoping processes. The linearity inI–V char-
acteristics in the range of 1–1026 M HCl of the treated PPY
films could be exploited as a HCl sensor. Furthermore, the
possibility of knowing and/or controlling parameters like
the stability of the film, the packing degree of the molecules
organized in film or the morphological features, allow one to
overcome design problems crucial for the preparation of
homogeneous and highly ordered layered, structures with
a low concentration of defects. In fact, these features
make it possible to design molecular assemblies of PPY
conducting polymer aimed at practical purposes, such as
molecular devices and special coatings.
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