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Abstract

Three types of copolymers composed of pyrrole and 3-alkyl pyrroles (with alkyl being pentyl, nonyl and undecyl) have been synthesized. A
strong linear dependency of the alkyl chain length on the as-prepared copolymer physical properties is demonstrated via (a) DSC (for phase
transition temperatures and enthalpy changes) and (b) UVevis (for wavelengths of the polaronic and bipolaronic electronic transitions, and ratio
of the corresponding absorbances). A trend in the copolymers’ doping level vs alkyl chain length is also estimated, via IR, by taking the ratio of
band intensities of the stretching modes of the polaronic and bipolaronic species. The copolymers are found to be soluble in organic solvents and
their solutions can be cast onto glass substrates or metals resulting in thin films, which can be used as the electroactive component of Schottky
diodes. The electrical properties of these diodes are also found to be dependent on increasing 3-alkyl chain length.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Intrinsically conducting polymers (ICPs), e.g., polyanilines
and polypyrroles, have been recognized for some time as
a class of organic materials capable of exhibiting a unique
combination of optical, electrical and magnetic properties.
Such uniqueness stems from the ease to controllably and
reproducibly modulate, via chemical or electrochemical pro-
cesses, their doping level so as to reversibly switch them
from an insulating to a metallic state [1e4]. While extensive
research is still being conducted in improving the properties
of ICPs, devices fabricated from this class of materials are
known. These include, e.g., biochemical and chemical sensors
[5e7], field effect transistors [8,9], actuators [10], all plastic
optoelectronic liquid crystal display devices [11], electrostatic
protective shields [12] and electrodes for batteries [13].
Among the ICPs, polypyrrole is one of the most investigated
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because of its good chemical/thermal stability, high conductiv-
ity [14] and ease of preparation in a range of solvents. The in
situ doping of pyrrole during synthesis produces a p-type
semi-conducting material whose electrical property can be
traced back to the delocalized polaronic and/or bipolaronic
species present in the structure of the heteroaromatic rings.

The well-known insolubility in most common solvents of
polypyrrole and its intractability/unmouldability have ham-
pered its processability. Therefore, the scope of practical
applications of polypyrroles has been reduced. Nevertheless,
recent progress made in the functionalization of pyrrole, via
its N-alkylation or C-alkylation at the 3-position of the hetero-
cycle [15] followed by its subsequent polymerization, has led
to enhanced solubility of the resulting N-alkyl or 3-alkyl poly-
pyrrole. However, the presence of the alkyl side chain in the
polymer backbone induces loss of planarity of the aromatic
rings due to steric hindrance, thereby reducing its conjugation
length and conductivity [16,17].

Although there has been reported work centered on the use of
polypyrroles as the electroactive layer for the investigation of
electronic properties in Schottky diode metal semi-conducting
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polymer interface, only a few reports have been published for
such use with the N-alkylated or C-alkylated polypyrrole deriv-
atives [18]. Moreover, a systematic study of the influence of the
polypyrrole-alkyl chain length on Schottky diode electrical
properties at the metal/polymer interface has not been reported
so far.

We reason that one way to maintain a decent degree of ring
coplanarity and enhanced polymer solubility is to copolymer-
ize the native pyrrole with a 3-alkylated derivative. In this pa-
per, we report on: (a) the synthesis of three monomeric 3-alkyl
pyrroles (with alkyl being pentyl, nonyl and undecyl) followed
by their oxidative chemical polymerization with native pyrrole
to produce the corresponding, organic solvent soluble copoly-
mers; (b) the formation of semi-conducting films by coating
the copolymer solutions onto metallic or glass substrates fol-
lowed by characterization of the films via DSC, UVevis and
IR spectroscopy; (c) integration of these electroactive films
as part of the critical component, i.e., metal/polymer semicon-
ductor interface, of a Schottky diode whose characteristics are
investigated by means of current densityevoltage (JeV) mea-
surements. The variation in the length of the alkyl chains on
the afore-mentioned characteristics is also discussed.

2. Experimental section

2.1. Synthesis of 3-alkyl pyrroles

Pyrrole was vacuum distilled prior to polymerization. The
remaining chemicals and solvents (Aldrich Chemical Co.)
were used as supplied without further purification.

Several methods for the synthesis of 3-alkyl pyrroles are
known. We have adopted the unconventional, less cited syn-
thetic and shorter, albeit lower yielding route of Babler and
Spina [19], who in their attempt to prepare a-substituted suc-
cinaldehydes, have unexpectedly isolated short chain 3-alkyl
(isopropyl or n-butyl) pyrroles. These products were isolated
during vacuum distillation of crude product. We found that
the three-step procedure can also be used for the synthesis
of longer 3-alkyl (pentyl, nonyl or undecyl) pyrrole derivatives
(Scheme 1). All 3-alkylated pyrrole monomers were con-
comitantly isolated in a Kugelrohr apparatus during the final
vacuum distillation. They were fully characterized by NMR

Scheme 1. Synthetic route for 3-alkyl pyrrole (alkyl¼ pentyl, nonyl or

undecyl).
(Varian 300 MHz spectrometer). The 1H and 13C NMR spectra
(Table 1) are from solutions using CDCl3 as the solvent and
the chemical shifts quoted are relative to TMS.

2.2. Preparation of copolymers

The copolymerization of 3-alkyl pyrrole and pyrrole was
conducted under a blanket of N2 using a method adapted
from the literature with FeCl3 (aq.) as the oxidant [20] and
a molar ratio of 3-alkyl pyrrole/pyrrole of 2.50. The copoly-
mer formed was washed with copious amounts of water and
then with small amounts acetone until the washings were col-
orless. This is to ensure the removal of salts, monomers and
oligomers. The resulting black powder was then dried in vac-
uum overnight. The as-prepared copolymers are labelled
coPPy-3CnPPy, where n is the number of carbons of the alkyl
side chains. A detailed characterization of coPPy-3CnPPy by
differential scanning calorimetry (DSC), SEM, UVevis and
IR spectroscopies is presented in Section 3.

2.3. Sample preparation and measurement methods

The preparation of films of 3-alkyl pyrrole (homopolymers)
via electrochemical process has been reported [21,22]. We
have adopted a different approach which is based on using
the chemically prepared copolymers composed of pyrrole
and 3-alkyl pyrroles to produce thin films. The following is
a typical procedure: a suspension of copolymer (0.030 g) in
10 ml CHCl3 was sonicated for 2e5 h (shorter alkyl chain
containing copolymers require longer sonication times) after
which time it was suction filtered. The filtrate was slowly
reduced approximately to one-third of its initial volume at
50 �C. The remaining solution was used for film preparation
via casting onto either glass microscope slides (Menzel Glaser,
Germany) for spectral analyses or aluminum vacuum deposi-
tion on glass substrate for Schottky diodes’ preparation. In
the latter case, a gold thin film electrode (w25 mm2) was
then deposited on top of the copolymer film by vacuum evap-
oration under 10�3 mbar (Cressington Sputter Coater 108),
with the gold electrode patterned via suitable masking. The re-
sulting Schottky diodes are referred to as Al/coPPy-3CnPPy/
Au (with Cn being the number of carbons in the 3-alkyl side
chain). Film thickness was obtained with the use of a micro-
caliper (Mitutoyo, Japan). The UVevis and IR (KBr pellets
of pulverized copolymer films) spectra were recorded on a
PerkineElmer Lambda 2S and a Bruker Equinox 55 spectrom-
eters, respectively. The differential calorimetric measurements
were performed on TA Q1000 calorimeter under nitrogen
atmosphere (50 ml min�1) with the heating rate set at
10 �C min�1.

2.4. Electrical measurements

The electrical conductivity was determined using both con-
ventional linear four-probe and impedance spectroscopy tech-
niques. Four-probe experiments were carried out on a setup
consisting of a Lake Shore 120CS DC current source and
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Table 1

Spectral data of 3-alkyl pyrrole monomers

3-Pentyl pyrrole
1H NMR d (ppm) 8.10 br s (NeH), 6.71 m (CeH), 6.56 m (CeH), 6.08 m (CeH), 2.47 t (CH2), 1.67 m (e(CH2)3e), 0.87 t (CH3)
13C NMR d (ppm) 124.96, 117.84, 115.01, 108.82, 32.06, 31.21, 27.21, 22.90, 14.40

3-Nonyl pyrrole
1H NMR d (ppm) 8.01 br s (NeH), 6.71 m (CeH), 6.56 m (CeH), 6.08 m (CeH), 2.46 t (CH2), 1.68 m (e(CH2)7e), 0.86 t (CH3)
13C NMR d (ppm) 124.67, 117.54, 114.78, 108.53, 31.91, 31.23, 29.69, 29.62, 29.57, 29.36, 26.93, 22.68, 14.13

3-Undecyl pyrrole
1H NMR d (ppm) 8.00 br s (NeH), 6.71 m (CeH), 6.56 m (CeH), 6.09 m (CeH), 2.47 t (CH2), 1.67 m (e(CH2)9e), 0.86 t (CH3)
13C NMR d (ppm) 124.63, 117.53, 114.76, 108.48, 31.91, 31.23, 29.69, 29.65, 29.57, 29.34, 26.93, 22.68, 14.11
a ChauvineArnoux CA 5240G numeric multimeter [23]. Im-
pedance measurements were performed at room temperature
using an HP 4194A impedance/gain phase analyzer. The
current densityevoltage (JeV) characteristics of Al/coPPy-
3CnPPy/Au devices were investigated at room temperature
with the use of an Agilent E3631A stabilized DC output
generator and an HP 34401A digital multimeter.

3. Results and discussion

3.1. Differential scanning calorimetric analyses and
morphology of copolymers

Differential calorimetric measurements have been con-
ducted on pelletized samples (5 mg) to assess the thermal
stability of the crude copolymers. A typical DSC thermogram
recorded on the first heating ramp is given in Fig. 1. According
to previous works on polypyrrole derivatives, the broad exo-
thermic peak observed at high temperature (T> 300 �C) has
been assigned to the thermal decomposition of the copolymers
[24]. The exothermic peak detected at lower temperature
(w195 �C) was observed during the first heating scan suggest-
ing that this transformation is mainly irreversible. It can also
be seen that the corresponding transition temperature mea-
sured for the various copolymers appears to be linearly

Fig. 1. DSC thermogram of coPPy-3C11PPy on heating; inset: temperature

(left) and enthalpy change (right) of the cold crystallization process vs alkyl

chain length.
dependent on the number of Cs of the alkyl side chains (inset
of Fig. 1, left axis). Furthermore, the enthalpy change in-
creases with increasing alkyl chain length (inset of Fig. 1, right
axis). These observations may stem from partial ordering upon
heating of aliphatic side chains present as spacers in-between
the copolymer backbone. In other words, the heat flow re-
leased at w195 �C could be associated with a cold crystalliza-
tion process resulting from the conformational changes of the
alkyl side chains. However, the thermograms exhibit no ob-
servable side chain melting endotherms with temperature
rise. This is in accord with previous X-ray and DSC studies
on polymers (flexible or rigid backbones) bearing long alkyl
chains, indicating that localized side chain order may exist
within a predominantly amorphous polymer matrix [25,26].

SEM experiments were carried out to investigate the influ-
ence of the film preparation method on the sample mor-
phology. The as-prepared copolymers (powders) exhibit a
cauliflower-like texture with grain size ranging from 50 to
300 nm (Fig. 2a). According to the procedure reported in
Section 2, copolymer powders were processed to afford solu-
tions which were then cast with a bar-coater onto conventional
microscope glass slides to form thin films. On the right hand
side of the SEM picture displayed in Fig. 2b, it can be seen
that the top surface of the coPPy-3C11PPy film is quite uni-
form, smooth and flat showing the high quality of the coating.
The left hand side of the picture corresponds to the edge of the
sample which was initially used to focus on the surface. The
edge of the sample exhibits a step-like structure associated
with thickness changes in-between micron-sized holes.

3.2. UVevis spectral analyses of copolymers

A typical electronic absorption spectrum of the copolymer
films cast onto glass substrates from CHCl3 solutions is shown
in Fig. 3. All spectra present two main absorption bands
named l1 and l2. The peak detected at w400 nm (l1) is char-
acteristic of a benzenoid pep* transition absorbance which is
the spectral feature of a bipolaron band structure in the copol-
ymers [27,28]. The data indicate that copolypyrroles bearing
shorter alkyl side chains exhibit a more pronounced batho-
chromic (red) shift of the bipolaronic peak (inset of Fig. 3,
open diamonds). Thus, a correlation between the alkyl side
chain length and electronic transitions from the valence band
to the anti-bipolaron (upper polaron) band in this series of
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ICPs is obtained. In other words, these transitions are facili-
tated by the presence of a shorter alkyl chain whose contribu-
tion in ring plane distortion, thereby p conjugation length is
minimized. The presence of a second peak located within
the 600e800 nm range is also observed with a noticeable trend
in the bathochromic shift at l2 (inset of Fig. 3, solid diamonds)
similar in sequence to the afore-mentioned one. Considering
previous works on polypyrroles [29,30] and substituted poly-
pyrroles [31e33], this absorption band is ascribed to the elec-
tronic transition from the lower polaron to the upper polaron
level. Indeed, we surmise that segments of undoped and/or de-
doped alkylated pyrrole units are present in the copolymer
backbone. These alkylated segments should release more elec-
tron density around the neutral N-atom of the undoped/de-
doped aromatic rings and their presence also induces a more
distorted conformation in the copolymer backbone which in
turn affects the electronic transitions from the fully aromatized
undoped rings (benzoid) into the conjugated polyene-like moi-
eties (quinoid) [34] of the copolymer backbone, analogous to
the benzenoid to quinoid transition observed in polyanilines
[35]. In addition to the above spectral features, a free carrier
tail extending into the near IR region is also observed. Its

(a)

(b)

Fig. 2. SEM pictures of coPPy-3C11PPy samples: (a) as-synthesized com-

pound and (b) film on a glass substrate obtained after processing of the crude

compound (the left hand side of the picture shows the edge of the film); insets:

enlarged views (the white scale bar represents 1 mm).
shape indicates the presence of a more relaxed/expanded poly-
meric chain which can be associated with the delocalized con-
jugation length, i.e., the length of an intramolecular electronic
path in polymer chain [36].

It is also worthwhile to indicate that both the wavelengths
l1 and l2 and the ratio of their absorbances (l1/l2) are linearly
correlated to the number of hydrocarbon units of the alkyl
chain as shown in the inset of Fig. 3 (open circles). These
results are useful in that they may provide an estimation of
the degree of substitution and/or doping level for other closely
related copolymers. Thus, the trend in the doping level of
copolymers is qualitatively estimated to be as follows:
coPPy-3C5PPy > coPPy-3C9PPy > coPPy-3C11PPy. There-
fore, it can be inferred that the intrinsic copolymer film
conductivities would follow the same trend.

3.3. Infrared spectral analyses of copolymers

Infrared spectroscopy of the as-prepared copolymer films
was undertaken. Fig. 4 shows a representative IR spectrum

Fig. 3. UVevis spectrum of a coPPy-3C9PPy film; inset: wavelength (left) and

UV absorbance ratio l1/l2 (right) vs alkyl chain length.

Fig. 4. IR spectrum of coPPy-3C11PPy.
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of the copolymer (coPPy-3C11PPy) based film. Table 2
provides the pertinent band positions (cm�1) of all three as-
synthesized copolymers. The locations of bands falling into
the regions w2800 to 2875 cm�1 are associated with CH2

symmetrical stretching modes and those from w2875 to
2975 cm�1 are from CH2 asymmetrical stretching modes,
mixed with a minor absorption at 2965 cm�1 which is related
to CH3 stretching. These absorptions may provide some in-
sight into aliphatic chain conformations, defects and packing
arrangements. For example, the ratio of band intensities
(I2850/I2930) is a diagnostic feature of chain arrangement
[37], i.e., the higher the above ratio, the more ordered the
chains suggesting that a predominance of trans conformations
in the methylene (CH2s) backbone. While there is no detect-
able frequency shift observed in the symmetrical and asym-
metrical vibrational modes in our IR spectra (Table 2 and
Fig. 5), however, the ratio of band intensities (inset of Fig. 5)
decreases linearly with n, showing that an increase in alkyl
chain length leads to a lower degree of trans-conformational
order. This result could be explained by a side chain folding
of longer alkyl homologues along the copolymer backbone
which requires a cis-conformational order to occur. This
reflects a better overall structural fit between the copolymer
backbone with that of the alkyl chains serving as spacers of
aromatic rings.

It is well documented that the conduction process in one-
dimensional conjugated polymer chain involves the participa-
tion of either polaronic and/or bipolaronic species via hopping
between adjacent sites [38,39]. The IR features observed in
the spectral region 850e1650 cm�1 (Fig. 6) provide some in-
formation on the degree of electron delocalization through
analyses of the CeC and CeN stretching modes in pyrrole

Table 2

IR spectral characteristics of coPPy-3CnPPy

IR absorption band positions (cm�1) Mode

n¼ 5 n¼ 9 n¼ 11

3440 3443 3404 n(NeH), stretch

secondary amine

3140 3142 3138 n(]CeH), stretch

2922 2922 2922 n(CH2), asym stretch

2852 2852 2851 n(CH2), sym stretch

1710 1710 1710 n(C]O), stretch

(by-product)

1558 1559 1560 n(C]C)/(CeC) bipolaron

1459 1461 1464 n(C]C)/(CeC) polaron

1381 1381 1384 n Ringþ rock CH3

1292 1291 1292 Ring CeH in-plane

bending

1208 1207 1209 Ring breathing

1086 1092 1098 d(NeH), bending

1041 1036 1038 d Ring, bending

deformation

970 970 966 d Ring, bending

deformation

914 912 916 d Ring in-plane

deformation

804 804 804 d CH out of plane

deformation

e 721 723 n CH3 rocking
[40,41]. In particular, the bands located at w1560 cm�1

(bipolaronic band) and 1464 cm�1 (polaronic band) indicate
that the area change associated with the bipolaronic band is
much more dependent on the length of the alkyl side chain
than that of the corresponding polaronic band (inset of
Fig. 6). Nevertheless, the above spectral finding is approxi-
mate because the less prominent polaronic band at
1464 cm�1 overlaps to some extent (at right) with that of the
alkyl bending modes. Recalling that the degree of electron de-
localization in unalkylated polypyrroles is inversely propor-
tional to the ratio of the above-mentioned band areas [42],
the trend implies that the copolymer functionalized with
shorter alkyl chains exhibits an improved electron delocaliza-
tion which is in agreement with the UVevis analyses.

3.4. Measurements of electrical characteristics

The coPPy-3CnPPy conductivities were estimated using
both linear four-probe and impedance spectroscopy techniques
[43]. Fig. 7 displays the plot of the DC conductivity (s) against

Fig. 5. IR alkyl symmetrical (2850 cm�1) and asymmetrical (2922 cm�1) CH2

vibrational modes; inset: absorbance ratio vs alkyl chain length.

Fig. 6. IR spectrum in the spectral region 850e1650 cm�1; inset: polaron and

bipolaron absorption band area (left) and band ratio (right) vs alkyl chain

length.
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alkyl chain length n (average s values for FeCl3 doped PPy
(n¼ 0) [44] and n¼ 14 (homopolymer) [18] were taken
from the literature and inserted in the plot for comparison
purposes). It can be clearly seen that the conductivity drops
drastically as n increases (open symbols). Using the variable
range hopping model (VRH) proposed by Mott and coworkers
[45e47], the conductivity, in the case of a three-dimensional
transport, can be expressed [48,49] as:

sDC ¼ s0 exp

"
�
�

l

x3NEfkT

�1=4
#
; ð1Þ

where l is a dimensionless constant, x is the delocalization
length of the electron wave function (0.3< x< 1 nm [43]),
NEf is the density of states at the Fermi level, k is the Boltz-
mann constant, and T is the temperature. Recalling that our
experiments were performed at room temperature, i.e.,
T¼ constant, the conductivity can be approximated as:

sDCfs0 exp

�
�
�

K

NEf

�1=4�
; ð2Þ

where K is a constant. Using a logarithmic-linear scale (right
axis, solid symbols), the plot of log10(s) vs n exhibits a linear
decrease indicating that the conductivity obeys a first order-
like exponential decay similar to a plot derived from Eq. (2).
In other words, an increase in the alkyl side chain length leads
to a shift towards a more pronounced semi-conducting regime
which might be associated with a decrease in the density of
states (induced by an enhanced ring torsion) at the Fermi level
(NEf). This trend is also consistent with an improved electron
delocalization with decreasing n as evidenced by spectro-
scopic analyses (UVevis and IR). This finding can be of great
interest for technological applications because it allows a
tuning of properties of critical element like the metal/semi-
conductor interface which usually forms the basis of many
microelectronic devices such as diodes. In order to gain
further insight into the junction at such an interface, several
coPPy-3CnPPy based devices were fabricated. A typical

Fig. 7. Influence of the alkyl chain length (n) on the electrical conductivity (s).
cross-sectional view of a metal/coPPy-3CnPPy/metal devices
is given in Fig. 8. First, current densityevoltage (J vs V) char-
acteristics were investigated. Devices prepared from copoly-
mers functionalized with longer alkyl chains (nonyl and
undecyl) exhibit non-linear JeV curves implying a non-ohmic
rectifying contact (Fig. 9), whereas that of the pentyl-based
device shows a ohmic, i.e., linear, behavior. The devices show-
ing non-linear JeV curves were further exploited by means of
the Schottky barrier theory [50]. According to this theory, a
p-type semi-conducting device exhibiting an asymmetric,
non-ohmic (JeV) behavior can be assumed to follow the ther-
moionic emission process for conduction across the metal/
polymer junction with the current density across the junction
given by the equation:

J ¼ J0½expðqV=nkTÞ � 1�; ð3Þ

where J is the current density per unit area, J0 is the reverse
saturation current density, q is the electronic charge, V is the
applied forward bias, n is the ideality factor of the diode, k
is the Boltzmann constant, and T is the absolute temperature.
J0 is given by the following equation:

J0 ¼ A�T2 exp½ � qFb=ðkTÞ�; ð4Þ

where A* is the effective Richardson constant with a value of
120 A k�2 cm�2 for a free electron and Fb is the potential bar-
rier. The above A* value is usually assumed for Schottky diode
with p-type organic semiconductor for calculations of barrier
heights. At a given temperature (298 K in this work), the log-
arithm of J vs V of Eq. (3) is expected to provide a linear plot
(inset of Fig. 9) from which the saturation current (J0) is

Contacts to
external circuit

Au coPPy-3CnPPy
Al
Glass substrate

Fig. 8. Typical cross-sectional view of the fabricated Au/coPPy-3CnPPy/Al

devices.

Fig. 9. Evolution of the current density J upon application of a DC voltage V
for a Au/coPPy-3C11PPy/Al device; inset: semilogarithmic plot of J vs V.
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obtained, by extrapolation, to V¼ 0 V. This linear equation is
obtained when qV/(kT )> 1 in Eq. (3). Further, the ideality fac-
tor (n) can be deduced from the slope of the straight line re-
gion of log10 J vs V. The fabricated diode characteristics (J0,
Fb, and n) are summarized in Table 3. The estimated n values
are not approaching the ideal value (n¼ 1). In this regard, it is
worth mentioning that there are reported ideality values as
high as 11 and 18 for junctions composed of Al/electrochem-
ically [51] prepared tetrafluoroborate-doped (unalkylated) pol-
ypyrroles and of Al/unalkylated PPyePET composite [52],
respectively. We ascribe this discrepancy in n values to the na-
ture of dopants, the steric effect engendered by the presence
of alkyl groups and the method of polymer synthesis which
affects film morphology and metal/copolymer interfacial
junction properties.

One or a combination of the following arguments may be
used to explain the results in Table 3. These are: (a) the pres-
ence of an insulating oxides of aluminum in-between the alu-
minum metal and the copolymer. Indeed, precedents on the
formation of such an insulating layer on a low work function
metal (aluminum) has been reported in the literature, i.e., even
high vacuum (10�5e10�6 Torr) deposition of aluminum metal
on inert substrate cannot prevent the complete exclusion of
oxygen [53], i.e., a thin coating of aluminum oxide was
formed; (b) formation of oxidized by-products or the presence
of oxygen atom containing polymers which bond with alumi-
num via its oxygen atom(s) thereby forming an oxide like in-
sulating layer; (c) the absorption of oxygen by polypyrrole
when exposed to air (the absorbed oxygen is not removable
on pumping in vacuum [54]).

Based on the above reasons and our experimental proce-
dures for diode fabrication (conducted in the presence of ad-
ventitious oxygen) and copolymer synthesis/processing
(using water as the solvent in which dissolved oxygen was
not excluded), the formation of an insulating aluminum oxide
layer and/or aluminum oxide by-products cannot be ruled out.
As a supporting piece of data, we found the presence of a car-
bonyl functional group (C]O) in the IR spectra (Fig. 4) in all
synthesized copolymers indicating the formation of oxidized
by-products. This by-product is known to arise from the
sequence nucleophilic attack by water on the pyrrole and
ketoeenol tautomerization [55,56]. The oxygen terminal of
the carbonyl group can readily bond with aluminum.

The electrical characteristics of coPPy-3CnPPy devices
(n¼ 9, 11) suggest that the presence of longer alkyl chains
would reduce the conjugation length in the copolymer back-
bone which in turn lowers the concentration of charge carrier/
conductivity, thereby resulting in a wider depletion width
and better junction behavior. Thus, a clear trend emerges
from the JeV analyses which permits the ranking of diode

Table 3

Schottky diode characteristics of Al/coPPy-3CnPPy/Au diodes

coPPy-3C9PPy coPPy-3C11PPy

J0 (A cm�2) 4.95� 10�6 7.08� 10�7

fb (eV) 0.73 0.78

N 86.6 25.4
performances in the following decreasing order (as a function
of decreasing chain length): Au/coPPy-3C11PPy/Al>Au/
coPPy-3C9PPy/Al [ Au/coPPy-3C5PPy/Al. In summary, the
studies on the electrical properties demonstrate that a lower
limit/threshold of alkyl chain length must be satisfied for
Schottky diode behavior to take place in this series of copoly-
mers. Investigation is underway to determine whether such
a phenomenon will occur for other series of intrinsic conduct-
ing copolymers.

4. Conclusion

The syntheses of three 3-alkyl pyrroles and their copoly-
merization with native pyrrole to provide the corresponding
copolymers have been achieved. These copolymers revealed
to be soluble in organic solvents and the resulting solutions,
when coated on a substrate, produce (semi-)conducting films
with a quite even surface morphology. Spectral analyses
(UVevis) showed the presence of polaronic and bipolaronic
species whose bathochromic shifts and the ratio of the corre-
sponding absorbances are linearly dependent on alkyl chain
length. Likewise, IR spectral data indicate a linear correlation
between the ratio of absorbances, of the hydrocarbon symmet-
rical and asymmetrical stretching modes, and the alkyl chain
length. In addition, IR spectroscopy shows an ascending trend,
in the bipolaronic, polaronic band surface areas and the corre-
sponding ratio of the areas, with increasing alkyl chain length.
The conductivity of the copolymers can be inversely corre-
lated with alkyl chain length, i.e., the shorter the chain, the
more conducting the copolymeric films. Data from electrical
measurements support Schottky diode properties, although
imperfect, for the nonyl- and undecyl-based diodes. However,
there appears to be a threshold/lower limit in alkyl chain
length below which the copolymeric film will show Ohmic
behavior, and thus, cannot be used as the electroactive com-
ponent for Schottky diode interface for current density
rectification.
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