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Abstract

New nanoporous polymeric templates supported on conductive substrates (gold-coated Si wafers or ITO-glass) were used to

electrosynthesize polypyrrole (PPy) nanotube brushes. The influence of different synthesis conditions (template pore size, electrodeposition

potential and temperature) on the resulting structure and properties of the nanotubes were investigated. X-ray photoelectron, Raman and UV–

Vis–NIR spectroscopies were used to characterize the doping level, the conjugation length, and the electronic structure of PPy nanotubes. For

the first time, we also report on the redox properties of PPy nanotubes using in-situ UV–Vis spectroelectrochemistry.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanomaterials constitute an emerging subdiscipline of

the chemical and materials science that deals with the

development of methods for synthesizing nanoscopic

particles of a desired material and with scientific investi-

gations of the nanomaterial obtained. The current interest in

nanoscale structures comes from their expected unique

physical (e.g. electronic, optical, magnetic, mechanical)

properties on account of their finite small size and also from

their potential wide-ranging implications to a variety of

areas, including chemistry, physics, electronics, optics,

materials science and biomedical sciences. In particular, the

synthesis and characterization of molecular conductors is

nowadays a field of intensive research. Therefore, the

control of the morphology of conductive polymers is a very

stimulating challenge, the production of molecular wires

and tubules being a very actively pursued target.

Among the different strategies reported in the literature
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[1] to synthesize nanostructures, template synthesis is an

elegant approach. Martin and his coworkers [2] were the

first exploring a method called ‘template synthesis’ for the

preparation of a variety of micro- and nanofibres. This

process involves synthesizing the desired material within

the void spaces of a porous host material. To date most of

the work in template synthesis deal with the use of ‘track-

etched’ polymeric membranes as templates for the chemical

or electrochemical synthesis of various metallic or con-

ductive polymer nanowires and nanotubes [2–14]. The most

studied systems based on conductive polymers are poly-

pyrrole (PPy) and polyaniline (PANi) nanotubes [3,14]. For

small pore diameters, the electrical [5,6,12–15] properties of

the conducting polymer nanotubes were found to be largely

enhanced relative to more conventional forms of the

polymer.

Recently, a new generation of track-etched templates,

constituted of nanoporous thin polycarbonate (PC) films

supported on various substrates (ITO glass or gold-coated Si

wafers) was developed in our lab [16]. The thickness of

these supported templates can be varied between 200 nm

and several mm and the pore diameter between 15 and

100 nm. The track-etching process consists in an irradiation

of the polymer layer by energetic heavy ions creating linear

damage tracks, followed by a light sensitization and a
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chemical etching of these tracks to cylindrical pores. From a

fundamental point of view, these new templates are useful

for preparing nanostructures with very small diameters in

order to further explore the effects of the dimensionality on

the properties of materials. From a technological point of

view, this new generation of templates offers potential

developments and improvements in the fabrication of nano-

devices.

In this paper, we first describe the synthesis of vertically

aligned PPy nanotube arrays, obtained by electropolymer-

ization into nanopores of supported polymeric track-etched

templates. As the electronic and optical properties of

conductive polymers are inherently related to their local

structure, different synthesis conditions (template pore size,

electrosynthesis temperature and potential) to prepare

nanoshaped PPy were investigated. The study of the

electronic structure and spectroelectrochemical properties

of conductive polymer nanotube brushes is then presented.

The doping level, the conjugation length and the electronic

structure of PPy in the nanotubes were determined by X-ray

photoelectron (XPS), Raman and UV–Vis–NIR spectro-

scopies and compared to PPy in the bulk form (PPy films).

For the first time, thanks to the new PC templates supported

on ITO glass, we were also able to investigate the optical

properties of conductive polymer nanotubes. We report here

on the study of the electroactivity and electrochromic

changes occurring in PPy nanotubes, performed by UV–Vis

spectroelectrochemistry.
2. Experimental
2.1. PPy films and nanotubes electrosynthesis

LiClO4 (Janssen Chemica) was used without any prior

purification. Pyrrole (99%, Acros) was purified immediately

before use by passing it through a micro-column constructed

from a Pasteur pipet, glass wool and activated alumina.

Milli-Q water (18 MU cmK1) was used to prepare all

aqueous solutions.

Two kinds of conductive substrates were used: Indium–

Tin Oxide (ITO, Sheet resistance, RsZ10 U) coated glass

and gold-coated silicon wafers. The gold substrates were

prepared by successive vacuum evaporation of 15 nm of Ti

and 350 nm of Au on the Si wafers. Titanium enhances the

adhesion between gold and the silicon substrate. Prior to

their use, the gold coated wafers and ITO coated glasses

were cleaned by UV-Ozone.

PPy films (thickness of 1–2 mm) were electrochemically

synthesized directly on the conducting substrates. PPy

nanotubes were prepared by electrosynthesis within the

pores of PC supported templates with pore sizes ranging

from 20 to 100 nm, pore density of 2!108 pores/cm2 and

thickness of 350 and 1200 nm. These new nanoporous

templates, supported on ITO-coated glass or gold-coated
silicon wafers, were prepared by a track-etching method

described elsewhere [16].

Pyrrole electropolymerization was performed in a

conventional one-compartment cell, with a Pt counter-

electrode and an Ag/AgCl reference electrode. The gold or

ITO acted as working electrode. Electrosyntheses were

performed at 20 8C from a 0.1 M pyrrole/0.1 M LiClO4

aqueous solution and at 0 8C and K10 8C from 0.1 M

pyrrole/0.1 M LiClO4 dissolved in a mixture of methanol

and water (1:1, v/v). The electrolyte solutions were

deoxygenated with N2 prior to electrosynthesis. PPy films

and nanotubes were grown potentiostatically atC0.65 orC
0.8 V using an EG&G Princeton Research Model 273A

potentiostat/galvanostat. When the first nanotubes emerge at

the top surface of the template, a sudden increase of the

current is observed. The growth of PPy nanotubes was

stopped at that point to avoid the formation of PPy caps or

films on the template surface. PPy films and nanotubes were

left to relax in the electropolymerization solution at open

circuit during 15 min, then carefully rinsed with Milli-Q

water and dried under N2.

2.2. UV–Vis-NIR spectroscopy

UV–Vis–NIR absorption spectra of PPy films and

nanotubes grown on ITO coated glass were recorded on a

Varian Cary 500 Scan UV–Vis–NIR spectrophotometer. A

virgin ITO coated glass was used as baseline.

2.3. UV–Vis spectroelectrochemistry

PPy films and nanotubes grown on ITO coated glass were

placed in a quartz cuvette of 1 cm path length, containing a

monomer free electrolyte (0.1 M LiClO4) aqueous solution.

ITO was acting as working electrode. A platinum wire was

used as counter electrode and Ag/AgCl as reference

electrode. The UV–Vis spectra were recorded concomi-

tantly with the application of a potential varying fromK900

to C500 mV. A virgin ITO coated glass was used to record

the baseline. The presented spectra were recorded 5 min

after the potential application, when a constant absorbance

was reached. UV–Vis–NIR and UV–Vis spectroelectro-

chemistry were performed on PPy nanotubes brushes after

PC dissolution in CH2Cl2 in order to avoid interferences

arising from the template.

2.4. Raman spectroscopy

Raman spectra of PPy films and nanotubes attached to

the surface of gold-coated Si substrates were recorded 24 h

after the electrosynthesis using a dispersive Dilor spectro-

photometer with an incorporated microscope equipped with

a He–NeC laser emitting at 632.8 nm. In this case, the PC

template was not removed for the analysis of PPy

nanostructures and gave no rise to band in the investigated

wavenumber range. The fluorescence background was
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removed from the spectra. In this work, a polynomial

baseline on the fifth order was subtracted from the spectra.

2.5. Electron microscopy

The morphology of the PPy nanostructures was analyzed

using a High Resolution FEG Digital Scanning Microscope

982 Gemini from Leo, operating at 1 kV, after dissolution of

the PC template.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS data were obtained using a SSI X probe (SSX

100/206) spectrometer from Fisons, equipped with an

aluminium anode (10 keV) and a quartz monochromator.

Spectra were taken and recorded at a take-off angle of 358

between the plane of the sample surface and the entrance

lens of the detector optics. PPy films were analyzed without

any prior treatment. PPy nanotubes were analyzed on the

gold-coated Si substrate after removing the PC template. All

binding energies were referenced to the C1s neutral carbon

peak at 284.8 eV. Curve fitting has been done using a

Gaussian–Lorentzian (85%–15%) linear combination and a

linear background. The linewidths (FWHM) of the peaks

were maintained constant for all the components in a

particular spectrum.
3. Results and discussion

3.1. Preparation of PPy nanotubes brushes

It is well established that the electrosynthesis conditions

of conductive polymers affect their morphology and

physical properties [17]. For that reason, PPy/ClO4

nanotubes were electrochemically synthesized within the

pores (different diameters) of supported nanoporous tem-

plates under various experimental conditions: different

electrosynthesis temperatures (K10, 0 and 20 8C) and two

different electrosynthesis potentials (C0.65 andC0.8 V vs.

Ag/AgCl). Fig. 1 presents, at one hand, a schematic

representation of the main steps of PPy nanotubes electro-

synthesis within the nanopores of the supported template

and on the other hand, SEM pictures of the supported

template surface (Fig. 1a) and of PPy nanotubes tethered to

the conductive substrate (Fig. 1b). This last picture was

recorded after PC dissolution in dichloromethane (CH2Cl2).

The dependence of PPy nanotubes growth rate on pore

size, synthesis temperature and electrodeposition potential

was investigated. For all the studied electrosynthesis

conditions, it appears that the nanotubes growth rate

decreases with pore size. At room temperature, the growth

rate of PPy nanotubes within supported templates with pore

size of 60 nm reaches G100 nm/s at a working potential of

C0.8 V. Due to this high growth rate, the control of the

nanotubes length at C0.8 V was difficult. Therefore, in
order to prepare PPy nanotubes with well-controlled

dimensions and in particular, to avoid the formation

of PPy caps or film at the extremities of the tubes,

PPy electrodeposition was performed most of the time at

C0.65 V. At this electrodeposition potential, the growth

rate was drastically reduced (down to 3–4 nm/s for pore size

of 60 nm) allowing an easier control of the electropolymer-

ization process. Decreasing the electropolymerization

temperature also leads to a decreasing of the nanotubes

growth rate. For instance, PPy growth rate at a working

potential of C0.65 V within pores of 60 nm in diameter is

equal to 1 nm/s.

Each PPy nanotube array was characterized by XPS,

Raman and UV–Vis–NIR spectroscopies. For comparison,

PPy/ClO4
K films were also prepared and characterized under

similar experimental conditions.

3.2. X-ray photoelectron spectroscopy

XPS is a particularly useful tool for obtaining infor-

mation on the doping level of electroactive polymers. This

method has now been often used to characterize PPy films

[18–22] and was once used for the characterization of

chemically synthesized PPy nanotubes [15].

Typical N(1s) curve fitted core level spectra of PPy/ClO4
K

films and nanotubes electrosynthesized at room temperature

are presented in Fig. 2. Previous XPS studies on PPy have

demonstrated that the imine like (aN–), amine like

(–NH–) and positively charged nitrogen atoms (–NC)

corresponding to any particular intrinsic oxidation state

and protonation level of the polymer can be quantitatively

differentiated in the curve-fitted N(1s) core-level spectrum.

They correspond to peak components with binding energies

at about 397.8, 399.9 and above 401 eV, respectively [15,

23,24]. Unusual peaks around 406 eV also appear in the

core-level N1s spectra of nanotubes and films. According to

Skotheim et al. [23], the presence of this peak can be related

to the presence of pyrrole oligomers or to shake-up

(simultaneous core-electron excitations and p–p* tran-

sitions from the highest occupied to the lowest unoccupied

valence levels of the conducting polymer). Table 1

summarizes the proportions of the N1s peak components

for PPy films and nanotubes (with two different outside

diameters: 85 and 35 nm) electrosynthesized in different

conditions.

Eaves et al. [20] have attempted to quantitatively

associate the fraction of the N1s spectrum arising from

high binding energy components ([NC]/[N] ratio) to the Cl/

N ratio. Assuming that all oxidized N bear a unit positive

charge, a good correlation was found for PPy samples

synthesized in different conditions or subjected to different

chemical treatment [25]. As in the case of PPy nanotubes

samples, the XPS analyzed area is composed of less than

10% of nanotubes (the remaining 90% being the gold

substrate), chlorine content due to the presence of ClO4
K

doping anions was too low to be detected. Consequently, the



 

Fig. 1. Sketch of the PPy template synthesis in new PC supported templates and the corresponding SEM images of (a) the template surface and (b) PPy

nanotubes tethered to the conductive substrate (image recorded after template dissolution).
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doping level in PPy nanotubes could not be estimated by the

Cl/N ratio. So, we did it by the [NC]/[N] ratio. Results

presented in Table 1 show that in all the studied synthesis

conditions, this ratio is lower for PPy nanotubes than for the

corresponding film. Moreover, it appears that the doping

level is affected by the nanotubes diameter and by the

electropolymerization potential and temperature. For

samples electrosynthesized at C0.65 V (conditions A to

C), large differences in the doping level can be noticed

between PPy films (25.5%!([NC]/[N]!28.8%) and PPy

nanotubes (11.4%!([NC]/[N]!13.3%, for the 85 nm

diameter nanotubes and only 8.0%!([NC]/[N]!10.8%
Table 1

N1s peaks proportions extracted from the XPS spectra of PPy/ClO4
K films and na

Sample N1s component proportions (%)

397.8 eV –Na 3

Conditions A

Film 2.8 6

Nanotubes FZ85 nm 7.8 7

Nanotubes FZ35 nm 17.1 7

Conditions B

Film 0 7

Nanotubes FZ85 nm 12.0 7

Nanotubes FZ35 nm 27.0 6

Conditions C

Film 3.6 7

Nanotubes FZ85 nm 11.7 7

Nanotubes FZ35 nm 17.4 7

Conditions D

Film 5.1 6

Nanotubes FZ85 nm 3.2 7

Nanotubes FZ35 nm 8.4 6

Conditions A: Electrosynthesis at C0.65 V vs. Ag/AgCl and at 20 8C from an

Conditions B and C: Electrosynthesis at C0.65 V vs Ag/AgCl from a 0.1 M pyrro

respectively. Conditions D: Electrosynthesis at C0.8 V vs. Ag/AgCl and at 20 8C
for the 35 nm ones). The lowest doping levels were obtained

for samples electrosynthesized at the lowest studied

temperature, K10 8C. The fact that lower doping levels

were reached for nanotubes than for films could be linked to

the limited diffusion of the counter-anions when PPy is

synthesized in confined media (nanopores). Increasing the

electropolymerization potential up to C0.8 V (conditions

D) significantly enhances the doping levels of PPy

nanotubes (up to ca. 25%) but they still remain lower than

the doping level of the corresponding PPy film (close to

30%). In a similar way, a post-treatment consisting in the

application of an oxidation potential in a monomer free
notubes prepared in various electrodeposition conditions

99.9 eV –NH– O401 eV –NC (doping level)

8.4 28.8

9.5 12.7

2.1 10.8

2.5 27.5

4.7 13.3

4.5 8.5

4.5 25.5

6.9 11.4

4.6 8.0

5.4 29.5

1.2 25.6

6.5 25.1

aqueous solution 0.1 M pyrrole/0.1 M LiClO4, at C0.65 V vs. Ag/AgCl.

le/0.1 M LiClO4 solution in H2O/methanol (1:1, v/v), at 0 8C and K10 8C,

from an aqueous solution 0.1 M pyrrole/0.1 M LiClO4.



Fig. 2. Core-level N1s spectra of (a) PPy film and (b) nanotubes

electrosynthesized at 20 8C and at C0.65 V.
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solution (0.1 M LiClO4) to PPy nanotubes electrosynthe-

sized at C0.65 V allows to increase their doping level. The

post-treatment was performed on nanotubes embedded

within the PC template. After application of a potential of

C0.5 V during 30 min, the doping level of PPy nanotubes
with outside diameter of 85 and 25 nm reaches 22 and 18%,

respectively. Longer oxidation post-treatment did not lead

to a further increase of the doping level.
3.3. Raman spectroscopy

It has already been demonstrated that vibrational

spectroscopies, in particular Raman spectroscopy, is a

powerful tool for elucidating the molecular and electronic

structure of conducting polymer [26,27]. In this work,

Raman analyses were conducted on PPy films and PPy

nanotubes electrochemically synthesized in various con-

ditions onto gold-coated silicon wafers. The low rugosity

(Rms!30 Å) of these gold-coated substrates allows us to

get well-resolved spectra characteristic of polypyrrole for

both films and nanotubes. Typical Raman spectra of PPy/

ClO4
K film and nanotubes of different outside diameters are

shown in Fig. 3. The assignment of the bands according to

Furukawa et al. [25] is provided in Table 2. One can notice

that the ring deformation mode and the symmetric CH-in

plane bending modes are split due to contributions from the

radical cations (polarons) and dications (bipolarons): peaks

at 934 and 1086 cmK1 are associated with the bipolaron

structure and those at 968 and 1055 cmK1 are associated to

the polaron structure.

In previous studies, the band ratio between the intensity

of a band sensitive to the oxidation state of the polymer (i.e.,

1595 cmK1) and the intensity of the skeletal band (i.e.,

1500 cmK1) was used to get a qualitative measurement of

the conjugation length (L) [4,14]. This ratio was calculated

for different PPy samples and the results are reported in

Table 3. Taking into account the experimental errors due to

the poor resolution of the 1500 cmK1 band, a continuous

increase of the 1595/1500 intensity ratio is observed when

going from PPy films to narrow PPy nanotubes (Table 3).

This increase of the intensity of the CaC stretching band vs.

the intensity of the skeletal band means that the polariz-

ability of the system is higher for the narrower PPy

nanotubes or, in other words, that the relative conjugation

length is higher in PPy nanotubes (in particular, in narrow

PPy nanotubes) than in PPy films. These results are in

perfect agreement with those reported earlier by Martin et

al. who determined the relative conjugation length by

polarized infrared absorption spectroscopy (PIRAS) [15].

Different ratios [Eqs. (1–3)] between the intensities of the

bands relative to bipolarons (934 and 1086 cmK1) and

polarons (968 and 1055 cmK1) can be used to estimate the

[bipolarons]/[polarons] ratio [28,29].

R1 Z
Ið934 cmK1Þ

Ið968 cmK1Þ
(1)

R2 Z
Ið1086 cmK1Þ

Ið1055 cmK1Þ
(2)



Fig. 3. Raman spectra of PPy films and PPy nanotubes with different outside diameters.
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R3 Z
Ið934 cmK1ÞC Ið1086 cmK1Þ

Ið968 cmK1ÞC Ið1055 cmK1Þ
(3)
These ratios, R1, R2 and R3 are reported for different PPy

films and nanotubes in Table 3. All these ratios were found

to be significantly higher for nanotubes than for films.

Moreover, they increase when the nanotubes diameter

decreases. Whatever the electrosynthesis conditions, the
Table 2

Assignments of PPy Raman bands following Furukawa et al. [23]

Band position Assignment

934 cmK1 Ring deformation associated with dica

968 cmK1 Ring deformation associated with radi

1050 cmK1 Symmetrical C–H in plane bending as

1080 cmK1 Symmetrical C–H in plane bending as

1255 cmK1 Antisymmetrical C–H in plane bendin

1380 cmK1 Antisymmetrical C–N stretching

1500 cmK1 Skeletal band

1595 cmK1 CaC stretching
highest bipolaron content was always found for the

narrowest PPy nanotubes.

3.4. UV–Vis–NIR spectroscopy and UV–Vis

spectroelectrochemistry

Finally, the electronic structure and the spectroelectro-

chemical properties of PPy within the nanostructures were

carefully studied by UV–Vis–NIR spectroscopy and UV–Vis
tion

cal cation

sociated with radical cation

sociated with dication

g



Table 3

Raman bands intensity ratios, characterizing the [Bipolarons]/[Polarons] concentration (R1, R2 and R3) and Raman bands intensity ratio characteristic of the

relative conjugation length (L) for PPy films and nanotubes prepared in various electrosynthesis conditions

Sample R1 R2 R3 L

Conditions A

Film 0.5 0.8 1.4 1.2

Nanotubes FZ85 nm 2.7 1.2 1.9 4.9

Nanotubes FZ35 nm 3.0 1.3 2.1 5.6

Conditions B

Film 1.3 0.5 1.5 2.2

Nanotubes FZ85 nm 2.5 1.1 1.8 3.4

Nanotubes FZ35 nm 2.6 1.5 2.0 3.3

Conditions C

Film 2.4 0.5 1.4 1.6

Nanotubes FZ85 nm 2.5 1.3 1.9 3.3

Nanotubes FZ35 nm 2.8 1.3 2.0 6.5

Conditions D

Film 2.4 0.5 1.2 1.9

Nanotubes FZ85 nm 2.4 0.9 1.5 2.9

Nanotubes FZ 35 nm 3.6 1.1 2.3 2.5

Conditions A: Electrosynthesis at C0.65 V vs. Ag/AgCl and at 20 8C from an aqueous solution 0.1 M pyrrole/0.1 M LiClO4, at C0.65 V vs. Ag/AgCl.

Conditions B and C: Electrosynthesis at C0.65 V vs. Ag/AgCl from a 0.1 M pyrrole/0.1 M LiClO4 solution in H2O/methanol (1:1, v/v), at 0 8C and K10 8C,

respectively. Conditions D: Electrosynthesis at C0.8 V vs. Ag/AgCl and at 20 8C from an aqueous solution 0.1 M pyrrole/0.1 M LiClO4.
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spectroelectrochemistry. UV–Vis–NIR absorption spectra

of PPy films and different PPy nanotubes tethered to ITO

glass substrates were recorded. Some typical spectra are

displayed on Fig. 4. All of them are characteristics of doped

PPy and are dominated by a broad absorption band at low

energy, around 1 eV. The bandwidth and maximum location

of this peak depend on the considered sample. This first

electronic transition, assigned to the transition between the

valence band (VB) and the bonding bipolaronic band [30],

shifts from 1.16 eV for PPy films to a lower value, 1.05 eV,

for PPy nanotubes. Moreover, the bandwidth is significantly

reduced for PPy nanotubes. Two other absorption bands

located at 2.84 and 3.3 eV for films, 2.48 and 3.81 eV for

large PPy nanotubes (FZ85 nm), and 2.21 and 3.89 eV for
Fig. 4. UV–Vis–NIR spectra of as-synthesized (a) PPy film, (b) PPy nanotubes wit

35 nm.
narrow PPy nanotubes (FZ35 nm) also appear in the

spectra. In the case of PPy films, these two bands can be

assigned to the electronic transition between the VB and the

antibonding bipolaronic band and to the p–p* transition,

respectively [30]. The attribution of the electronic tran-

sitions is however, more complicated for PPy nanostruc-

tures. The absorptions at 3.81 and 3.89 eV seem indeed too

high to be attributed to the p–p* transition. In order to

properly identify the electronic transitions and to check the

elctroactivity of the polymer, an UV–Vis spectroelectro-

chemistry study was carried out on PPy nanotubes and on

PPy films, for comparison. PPy samples (nanotubes and

films) were subjected to a potential sweep fromK900 toC
500 mV. Fig. 5a presents the evolution of the PPy film
h outside diameter of 85 nm and (c) PPy nanotubes with outside diameter of



Fig. 5. (a) UV–Vis spectra of PPy films recorded during a potential sweep from K900 to C500 mV, (b) Different UV–Vis spectra of the PPy film during the

same potential sweep.
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absorption upon oxidation and reduction. In good agreement

with previous studies, the reduced PPy film shows a

maximum of absorbance at 3.14 eV related to the p–p*
transition of neutral PPy. Upon oxidation, this maximum

shifts to higher energy and decreases in intensity. Simul-

taneously, a new absorption band appears at lower energy.

In the fully oxidized sample, the spectrum is dominated by

this transition around 1.55 eV.

The spectroelectrochemical data obtained for PPy

nanotubes were significantly different than those obtained

for PPy films. Fig. 6a presents the spectra of PPy nanotubes

(FZ85 nm) recorded during a potential sweep from K900

to C500 mV. The spectra recorded at K900 mV of

nanotubes with diameters of 85 and 35 nm (not shown)
are dominated by one peak located at 2.73 and 2.99 eV,

respectively. A shoulder at higher energy, around 3.8 eV,

already observed in the UV–Vis–NIR spectra recorded

under ambient atmosphere (Fig. 4), is also detected. The

different spectra presented in Figs. 5b and 6b were

calculated by subtracting the first spectrum recorded at K
900 mV (reference of the sample) from all the consecutive

spectra. By this way, only the electronic transitions sensitive

to the oxidation or reduction of PPy appear in the difference

spectra, the electronic transitions not affected by the redox

process being eliminated. For PPy nanotubes, the disap-

pearance of the high-energy absorption shoulder (ca.

3.8 eV) demonstrates that this band is not sensitive to the

applied potential and can thus not be attributed to the p–p*



 

Fig. 6. (a) UV–Vis spectra of PPy nanotubes with outside diameter of 85 nm recorded during a potential sweep fromK900 toC500 mV, (b) Different UV–Vis

spectra of the PPy nanotubes during the same potential sweep.
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transition of the conducting polymer. This band appears

only for PPy nanotubes and its intensity is higher for the

narrowest nanostructures. It could be related to the presence

of pyrrole oligomers confined into the nanostructures [31].

The absorption bands at 2.73 and 2.99 eV observed in the

spectra recorded at K900 mV of PPy nanotubes presenting
diameters of 85 and 35 nm, respectively, can, therefore, be

attributed to the interband p–p* transition. During PPy

nanotubes oxidation, this absorbtion band decreases in

intensity and shifts towards lower energy. At increasing

oxidation levels, a shoulder at 2.38 eV and a broad

absorption band below 1.38 eV appear in the spectrum.
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These bands are attributed to the transition between the VB

and the anti-bonding bipolaronic band and to the transition

between the VB and the bonding bipolaronic band,

respectively. The redox switching of PPy was not fully

reversible at the first potential cycle, but the electroactivity

then remained stable during the next cycles.

Additional information can be extracted from the UV–

Vis spectroelectrochemical spectra of PPy films and

nanotubes. The spectra can indeed be decomposed assuming

three components: neutral (N), polaronic (P) and bipolaro-

nic (B). Applying the Lambert–Beer law, the resulting

absorbance, at a given potential (V), is then considered to be

a linear combination of these three components (Eq. [4]).

Abs ðl;VÞZ k1Nðl;VÞCk2Pðl;VÞCk3Bðl;VÞ (4)

Zotti et al. [32] used this technique to determine the

evolution of the polaron proportion in PPy and PANi films.

More recently, Rapta et al. [33] determined the quantitative

time dependences of neutral, polaron and bipolaron species

in PPy films during redox cycling using data from in-situ

ESR/UV–Vis experiments. Thanks to cyclic voltammetry

and EPR data, the superimposed UV–Vis spectra were

separated into components corresponding to the individual

redox states using a least-squares method. Similarly, Aubert

et al. [29] compared the optical behavior of different pyrrole

copolymers.

Using the same mathematical peak separation procedure

[34], our PPy films and nanotubes UV–Vis spectra were

decomposed into their three components. The used model

assumed that: (1) at the starting potential of K900 mV, no

charge carriers remain and that only the neutral component

contributes to the absorbance; (2) at the switching potential

of C500 mV, only bipolarons contribute to the absorbance.

This is only an approximation because at C500 mV the

dominant species are indeed bipolarons but some polarons

can still remain. The error induced by this second condition

is however, minimized, as the polaron signal measured for

PPy films by in-situ ESR spectroelectrochemistry decreases

to zero around this potential [33].

The evolution of the contributions (k1, k2, k3) of the

different components to the absorption spectra for PPy films

and nanotubes during redox cycling is presented on Fig. 7.

These contributions cannot be directly related to the molar

concentrations of the different species, their respective

molar absorbance coefficients being unknown. They,

however, give us qualitative information on the evolution

of the different species proportions during oxidation and

reduction of PPy in the different form (films or nanotubes).

Upon oxidation (going from K900 to C500 mV), at low

potentials the neutral species are dominant for films and

nanotubes. With increasing potential, polaron proportion

increases and reaches a maximum at K300 mV for films

and at K100 mV for nanotubes. At higher potentials, the

polaron proportion decreases indicating their recombination

into bipolarons. During reduction (going from C500 to
K900 mV), bipolarons progressively disappear and the

polaron proportion increases up to a maximum around

K300 mV. For PPy film, the bipolarons proportion reaches

nearly zero at K700 mV, whereas for PPy nanotubes, a

significant bipolaron contribution is still observed at

K900 mV. Moreover, some polarons are still present in

PPy films and nanotubes at potentials as low as K900 mV.

Further reduction of the samples at an applied potential of

K1.1 V for 2 h does not allow to eliminate all these charge

carriers. This phenomenon could be explained as folllows:

during oxidation of the polymer, the layers near the

electrode surface are first transformed into the oxidative

conductive state which enables further oxidation of the

upper layers, until the fully oxidized state is reached. During

reduction the polymer layers near the electrode are the first

transformed into the neutral insulating form of the polymer

and the further reduction of more distant layers is partially

inhibited by these passivated layers. Consequently, polarons

and bipolarons can remain in PPy film and nanotubes even

at low applied potentials.
4. Conclusions

Homemade supported PC templates were used to

prepare vertically aligned PPy nanotube arrays. The

influence of different electrosynthesis parameters on the

structure and properties of PPy nanotubes was studied

using different spectroscopies. Under similar electro-

synthesis conditions, the doping level estimated by XPS

was always significantly lower for PPy nanotubes than

for films. Moreover, the doping level of PPy nanotubes

clearly depends on the electrosynthesis conditions. As

revealed by Raman spectroscopy, whatever the electro-

synthesis conditions, PPy nanotubes present higher

relative conjugation length and a higher proportion of

bipolarons than the corresponding film. Finally, as

observed by UV–Vis–NIR spectroscopy and UV–Vis

spectroelectrochemistry, the electronic structure of nano-

shaped PPy presents some interesting characteristics.

First, the p–p* transition occurs at significantly lower

energy for PPy nanotubes than for PPy films. Secondly,

as PPy films, PPy nanotubes are electroactive and can

thus be switched between a conductive and insulating

state.

From a fundamental point of view, the different results

reported in this paper contribute to the explanation of the

genesis of the particular electrical behavior of PPy

nanotubes that others and we have previously reported [5,

6,12–15]. Indeed, the enhancement of the room-temperature

electrical conductivity observed for PPy nanotubes can be,

atleast partially, attributed to the higher relative conjugation

length, the higher bipolaron content and the lower energy

p–p* transition of the polymer in these nanostructures.

From a technological point of view, the process developed

in this work offers the possibility to prepare conjugated



 

Fig. 7. Evolution of the contributions of the different components to the UV–Vis spectra: neutral, polaron and bipolaron contributions during a redox cycle from

K900 to C500 mV for (a) PPy film and (b) PPy nanotubes with outside diameter of 35 nm.
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polymers with an engineered nanoshape of various aspect

ratios directly tethered to the device surface. This point is

very interesting for the development of different appli-

cations based on nanotubes or nanowires as the process is

not limited to the production of polymeric nanomaterials but

could also be used for the preparation of metallic [35] or

metal oxides nanowires.
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