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ABSTRACT: We have demonstrated patterning of highly ordered nano-
structured conducting PEDOT (poly(3,4-ethylenedioxythiophene)) on glassy
carbon electrode (GCE) through electrochemical polymerization of a biobased
liquid crystalline template of EDOT-PDPPA (3-pentadecylphenyl phosphoric
acid). Self-assembled “EDOT-PDPPA” in water exhibited lyotropic liquid
crystalline (LC) phases of nematic gyroid, columnar, and lamellar phases.
Studies revealed that, during electrochemical polymerization, PEDOT-PDPPA
mimicked the anisotropic domains of its monomer LC template. Nyquist plot
showed enhancement in conductivity with a positive change in the HOMO−
LUMO gap. Further, the efficiency of the modified GCE was demonstrated as
an electrochemical transducer for the detection of nicotine. It was observed that
oxidation of nicotine occurs at lower potential (0.83 V) with higher current
(54.63 μA) compared to bare GCE (1.1 V, 17.86 μA) with nanomolar
detection. This simple strategy of electrochemical patterning of conductive
polymer on a conventional electrode can be exploited for the high tech applications in miniaturized plastronic devices.
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■ INTRODUCTION

Modification of electrodes using nanostructured conductive
polymers (CPs) has received a lot of attention in both academia
and industry, owing to their unique optical, electrical, and
electrochemical properties and good environmental stability,
which may find applications in the field of sensors, electro-
chromic devices, organic light emitting diodes, solar cells, drug
delivery systems, actuators, etc.1−4 Among the various CPs,
PEDOT (poly(3,4-ethylenedioxythiophene)) has been identi-
fied as a reliable functional material for a wide range of
applications because of its tunable conductivity by doping, high
charge carrier mobility, optical transparency, low band gap,
flexibility, ease of preparation, versatility for side chain
functionalization, and bioconjugation.5−9 But the control of
the structure and orientation of PEDOT is limited due to its
low solubility and infusibility. Several methods are adopted for
improving or attaining a higher degree of molecular orientation,
such as deposition of PEDOT in an oriented environment like
Langmuir−Blodgett films.10 However, these strategies lack in
the prediction of morphology and performance.11,12 Other
promising strategies reported for the enhancement in the
ordering of CPs are to prepare them in the nanometer regime
using self-assembly. This can be carried out by the selective
control of noncovalent interactions such as hydrogen bonding,
van der Waals forces, π−π stacking, and so forth.13,14 The
different synthetic routes include synthesis in micellar
media,15,16 template-guided polymerization using porous

surfaces17,18 and liquid crystalline (LC) phases.19−21 Aqueous
solutions containing a variety of anionic, cationic, or nonionic
surfactants can self-assemble to form concentration dependent
LC phases of specific textures.22−25 These specific textures may
contain well-organized channels which can be exploited to tune
the size and shape of the functional nanomaterials. Stupp et al.
studied the electrochemical polymerization of EDOT in a
hexagonal lyotropic LC template and observed that formed
PEDOT retained the texture and optical anisotropy of the LC
template.20 We have recently reported the preparation of water
dispersible PEDOT nanospindles through chemical polymer-
ization from the liquid crystalline phase of the spindle shaped
smectic phase.21 We have observed that the ordered molecular
chains in the polymer imitated the anisotropic nature of the
monomer. The shape and ordering of the liquid crystalline
monomer are locked in PEDOT in the nanometer regime due
to the thermodynamic influence of the growing chain.
Due to the hike in the price and scarcity for the petroleum

based surfactants, now researchers are in search of low cost
renewable resource based products. Among them, cashew nut
shell liquid (CNSL) is receiving importance as an alternate
source for unsaturated long chain phenols.26 It is a low cost,
abundantly available industrial byproduct obtained from the
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cashew industry. The main constituent of CNSL is cardanol (3-
pentadecenylphenol), which can be separated by a distillation
process. 3-Pentadecylphenyl phosphoric acid, denoted as
PDPPA, is a phosphoric acid derivative of cardanol. It has a
unique built-in amphiphilic design consisting of a hydrophilic
headgroup of phosphoric acid and a long alkyl chain as
hydrophobic tail. Development of nanostructured conducting
polymers using PDPPA as structure directing agent was
reported earlier from our group.27

Electroanalytical techniques have received considerable
attention in the area of sensors due to their quick response,
relatively high sensitivity, the ability to be miniaturized, low cost
for instrumentation, and suitability for real time detection.
Voltammetry is used for studying current potential behavior.
The current corresponding to the quantity of material
transported by diffusion and reacting at the electrode surface
is usually measured. Cyclic voltammetry is a potentiodynamic
electrochemical measurement in which it scans the electric
potential before turning to the reverse direction after reaching
the final potential and then scans back to the initial potential.
Square wave voltammetry (SWV) is an electroanalytical
technique which amends the signal-to-noise ratio by subtracting
most of the short time responses, such as double layer
capacitance, and leaving most of the slower processes, like
Faradaic features.28 Nicotine is a neuroactive pyridine derivative
alkaloid present in tobacco leaves. The continuous intake of
nicotine may cause cancer in various organs, like the lungs,
mouth, kidney, and pancreas, and also increase the heartbeats,
blood pressure, coronary heart disease, and pulmonary disease,
etc.29 Despite its toxic effects, nicotine has many therapeutic
applications in a variety of disorders, such as Parkinson’s disease
and Alzheimer’s disease.30−32 Consequently, the detection of
nicotine is important in several areas, such as chemistry,
toxicology, pharmacology, and clinical and environmental fields.
The slow kinetics of nicotine makes it oxidize at very higher
potentials at glassy carbon electrode (GCE). Novel electrode
materials for the modification of GCE are receiving importance
in the present scenario. Modification of GCE with well-defined
nanostructured CP is increasing in interest due to its ability to
detect and transduce chemical or physical information into an
electrical signal.6,33 Moreover CPs can efficiently adhere with
the electrode and will be compatible with the aqueous and
biological media.
In the present work, we are reporting the electrochemical

patterning of conductive PEDOT on GCE using a liquid
crystalline template formed from an adduct of EDOT-PDPPA.
The liquid crystalline phase was characterized by PLM. The
effect of the liquid crystalline phase on the morphology,
HOMO−LUMO gap, and conductivity of the PEDOT were
studied. Finally the efficiency of the modified GC electrode as a
transducer for the detection of nicotine was demonstrated.

■ EXPERIMENTAL SECTION
Materials and Methods. 3-Pentadecylphenyl phosphoric acid was

prepared from 3-pentadecyl phenol as per the reported procedure.27

EDOT, nicotine, lithium perchlorate, potassiumferricyanide and
potassium ferrocyanide were purchased from Sigma-Aldrich Chemicals
Pvt. Ltd., India. All solutions were prepared in deionized water.
X-ray diffraction studies were done using powder X-ray

diffractometer (Philips X’pert Pro, Netherlands) with CuKα radiation
(λ ∼ 0.154 nm) employing X’celarator detector and monochromator
at the diffraction beam side. Thin films casted on glass plates were used
employing standard sample holder. FT-IR measurements of the
polymers were made using fully computerized Nicolet impact 400D

FT-IR spectrophotometer (Czech Republic, EU). Critical micelle
concentration studied by UV−vis spectrum. Polarized light micro-
graphs (PLM) were taken in an Olympus BX 51 microscope after drop
casting the solution of the sample in a clean dry glass plate. The SEM
images were obtained with SEM/EDAX (Scanning Electron
Microscopy, JEOL JSM 5600 LV. EDS., EDAX, NJ, USA).

Electrochemical experiments were carried out using CHI6211B
Electrochemical Analyzer, in a three-electrode one-compartment
electrochemical cell in which GCE served as working electrode and
a platinum wire used as a counter electrode. All the potentials were
recorded using Ag/AgCl as the reference electrode. Prior to
electrochemical experiments, GCE was polished with 0.03 micron
alumina and then ultrasonically cleaned for about 5 min in doubly
distilled water. Finally, the electrode was washed thoroughly with
double distilled water. All the experiments were carried out at 25 ± 5
°C. Before performing the experiments, the solution was purged with
nitrogen gas for 10 min and current was passed. Electrochemical
impedance measurements were carried out at a frequency range of 0.1
Hz to 10 kHz. To obtain EIS data, the modified Randle circuit
consisting of solution resistance (Rs), electron transfer resistance (Rct),
constant phase element (CPE) and Warburg impedance (W) was
used.

Preparation and Characterization of Liquid Crystalline
Template, EDOT-PDPPA. EDOT-PDPPA was prepared by mixing
the equimolar proportion of EDOT and PDPPA at room temperature
for 30 min. Then it was dispersed in water by slow addition. Its critical
micelle concentration was determined by measuring UV−vis
absorption intensity by varying the concentrations of EDOT-PDPPA
in water. From UV−visible spectroscopic data the CMC of EDOT-
PDPPA was found out by taking the concentration corresponding to
the inflection point in the absorbance vs concentration plot. Liquid
crystalline behavior of EDOT-PDPPA was studied by observation
under PLM.

Electrochemical Patterning of PEDOT on GCE. Electro-
chemical patterning of PEDOT on GCE was performed by
electrochemical polymerization of liquid crystalline template of
EDOT-PDPPA by cyclic voltammetry (CV). Experiments were
performed in 0.1 M LiClO4 aqueous solution containing EDOT-
PDPPA of concentrations 10 mM (nematic), 20 mM (columnar) and
30 mM (lamellar). CVs were recorded in the potential range between
−0.2 to 0.9 V at the scan rate 0.05 V/s for 15 cycles. PEDOT film was
formed on the surface of the GCE during electrochemical polymer-
ization EDOT-PDPPA. Later, it was scanned for 5 cycles in monomer
free electrolyte to remove the unreacted monomer from the electrode.
GCE patterned with PEDOT-PDPPA was taken for further character-
ization. Experiments were performed with liquid crystalline template of
EDOT-PDPPA in nematic, columnar, lamellar phase and also a
control experiment was carried out with EDOT alone. They were
designated as NPEDOT, CPEDOT, LPEDOT and PEDOT for
polymers prepared from LC phases of nematic, columnar, lamellar and
control, respectively. LPEDOT modified GCE was used for studying
the detection of nicotine.

Detection of Nicotine. Electrochemical detection of nicotine was
carried out using LPEDOT/GCE in BR buffer (pH 8.0) in a potential
range of 0.4 V to +1.2 V by CV and SWV. Parameters optimized for
SWV are amplitude (0. 25 V), frequency (15 Hz) and sensitivity
(0.001 V). Three brands of commercial cigarettes (C1 to C3) were
purchased from local super market. From each brand 10 cigarettes
were taken and tobaccos were collected separately and dried in an
oven for 30 min at 40 °C and were grounded with a mortar and pestle.
Tobacco powder (0.1 g) was placed in a 50 mL glass vial and 10 mL of
deionized water was added and the vial was capped. The mixture was
sonicated for 3 h in an ultrasonic water bath at room temperature and
filtered. An aliquot (100 μL) of the clear filtrate of each sample was
added to the cell containing 10 mL of BR buffer (pH 8.0) and
measurements were made by square wave voltammetry.
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■ RESULTS AND DISCUSSION
Studies on the Formation of Adduct EDOT-PDPPA

and Its Liquid Crystalline Phases. Polymerizable liquid
crystalline adduct “EDOT-PDPPA” was prepared by mixing
EDOT and PDPPA in equimolar proportion. The stability of
the adduct “EDOT-PDPPA” was theoretically checked by
energy minimization using Gaussian software with the B3LYP
method with a basis set 6-31G and is shown in Figure 1A. The

observed higher negative value of the binding energy (−4.5
kcal) confirms the stability of the adduct “EDOT-PDPPA”. The
energy minimized structure of adduct “EDOT-PDPPA” showed
a bent core structure suggesting its proclivity for the formation
of self-assembled supramolecular liquid crystalline phases
through various noncovalent interactions.34 Studies also give
insight into the charge transfer interaction between the
thioether group of EDOT and the phosphoric acid group of
PDPPA which leads to the adduct formation. Further, the
charge transfer interaction and the formation of stable adduct
“EDOT-PDPPA” were supported by the results obtained from
the FTIR spectra. The FTIR spectra of EDOT, PDPPA, and
EDOT-PDPPA are shown in Figure 1B. The characteristic
band of P−O−H appeared at 989 cm−1 in PDPPA.27 It was
observed to be shifted to 981 cm−1 in EDOT-PDPPA confirms
the interaction of the lone pair of P−O with EDOT. The
characteristic assym (CC) stretching band of EDOT
observed at 1452 cm−1 is shifted to 1446 cm−1 in EDOT-
PDPPA. The band maxima measured at 978 cm−1 in EDOT of
C−S were observed to be shifted to 889 cm−1 in EDOT-
PDPPA.21 These observed shifts in the characteristic bands of

EDOT and PDPPA in the FTIR spectrum of EDOT-PDPPA
reveal the presence of various types of molecular interactions
between these two molecules during the formation of the
adduct. EDOT-PDPPA can form self-assembled supramolecu-
lar architectures through various interactions such as
Coulombic forces among hydrophilic cations (phosphonium
δ+) and anions (thiopheneδ−) present in the ionic head groups
and also form interdigitated self-assembled structure via
antiparallel stacking of the hydrophobic alkyl chains through
electrostatic layer by layer assembling.
Investigation on the lyotropic phase formation of EDOT-

PDPPA in water was performed by observation under PLM. At
low concentration of EDOT-PDPPA in water, the molecular
layers of EDOT-PDPPA with the hydrophilic head and
hydrophobic tails are randomly oriented and no distinct texture
was observed, revealing the formation of the isotropic phase.
On increasing concentration, individual molecules loss their
degree of freedom partially and self-assemble by means of ion−
dipole interaction between the ionic head regions and layer by
layer interdigitation of alkyl chains to form micelles. The CMC
of the EDOT-PDPPA in water was determined using UV−vis
absorption measurements as 5 × 10−4. On further increasing
the concentration of EDOT-PDPPA, various micelles undergo
collision, and later they reorganized to form thermodynamically
stable phases in water. These supramolecular assemblies are
thermodynamically stable and may take the shape of the
nematic gyroid (Figure 2A).
Gyroid type phase formation may be attributed to the strong

intermolecular interaction among the charged ions present in
the head groups, hydrophobic tails, and also inter planar π−π
stacking. On further increasing the concentration of molecular
chains, their ordering in a particular direction, position, and
orientation from the director angle changes, leading to another
type of defects in the texture to form two dimensionally
ordered columnar mesophases (Figure 2B). Here, approaching
of molecular assemblies to close proximity is prevented by the
repulsive interactions between the polar end groups, leaving
nanochannels in between the columns. However, columnar
layers are biaxially oriented, and the molecular layers in this
phase are perpendicular to the layer planes. On further
increasing the concentration of molecular chains, lamellar
phases with more ordering were observed. Formation of
multiple mesophase by increasing the number of molecular
chains resulted from the frustration experienced by the gyroid
shell during the transition from nematic to columnar to lamellar
phases. The interdigitated bilayers are formed by the “EDOT-
PDPPA” ensembles as shown in Scheme 1.
Formations of various LC phases were further confirmed by

XRD analysis as shown in Figure 3. It showed a d-spacing of

Figure 1. (A) Energy minimized structure of EDOT-PDPPA; (B)
FTIR-spectra of (a) PDPPA, (b) EDOT, (c) EDOT-PDPPA, and (d)
PEDOT-PDPPA.

Figure 2. PLM images of EDOT-PDPPA: (A) nematic gyroid; (B) columnar; (C) lamellar.
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∼37.35 Å, which is slightly less than twice the molecular length
of “EDOT-PDPPA”, suggesting the presence of interdigitated
molecular layers in the supramolecular aggregates. The layer by

layer self-assembled structure of EDOT PDPPA is given in the
inset of Figure 3.
The XRD patterns of PDPPA and EDOT-PDPPA/water

(nematic, columnar, and lamellar phase) are shown in Figure 3a
to 3d, respectively. The XRD diagram of PDPPA exhibited
well-defined sharp peak at 2θ = 5.5°, 6.97°, 9.28°, 20.13°,
21.73°, and 22.97° with d-spacing ∼15.77, 12.66, 9.51, 4.40,
4.08, and 3.86 Å, revealing the formation of well-defined
ordering in the crystalline phase. The XRD pattern of EDOT-
PDPPA in the nematic phase exhibited a well-defined sharp
intense peak at 2θ = 2.99° with d- spacing of ∼29.61 Å,
corresponding to the distance of the monodimensionally
oriented layers. Diffractograms of EDOT-PDPPA cast from
the columnar phase showed well-defined peaks at 2θ = 3.44°
and 2θ = 6.75° (weak peak) with d-spacing of ∼25.66 Å and
∼13.09 Å. This d-spacing is slightly higher than the distance
between the head groups and also the length of the repeating
alkyl chain. This confirms the formation of a mesophase with
hexagonal columnar symmetry. The XRD diagram of EDOT-
PDPPA in the lamellar phase exhibited a sharp peak at 2θ =
3.64° with a d-spacing of ∼24.29 Å and a small peak at 2θ =
6.15° with a d-spacing of ∼14.39 Å, which is slightly higher than
the length of the alkyl chain. As the concentration of EDOT-

Scheme 1. Electrochemical Polymerization of Liquid Crystalline EDOT-PDPPA

Figure 3. XRD of (a) PDPPA and (b) nematic, (c) lamellar, and (d)
columnar phases of EDOT-PDPPA.
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PDPPA increased, the distance between the hexagonal columns
decreases and they pack more densely and merge to form more
ordered layered lamellar phases with interdigitated hydrophobic
bilayer (Figure 2C). These observations were supported by the
studies made by other researchers, and they reported that LCs
could exhibit different textures which depend upon the
molecular shape, effect of surface alignment, and topological
defect arising from the variations in the molecular organ-
izations.35,36 Thus, the formation of various mesophases such as
nematic gyroid, columnar, and lamellar phases with character-
istic textures observed in the EDOT-PDPPA/water system
could generate well-defined channels and is expected to act as
an intrinsic template for the formation of highly ordered
PEDOT on the surface of GCE. The effect of these various LC
phases on the morphology and electrochemical band gap and
impedance is discussed below.
Characterization of PEDOT Patterned GCE. GCE was

patterned through electrochemical polymerization of intrinsic
liquid crystalline templates of EDOT-PDPPA/water in nematic,
columnar, and lamellar phases and is shown in Scheme 1. The
consecutive CVs observed during the electrochemical polymer-
ization of EDOT-PDPPA in different LC phases with LiClO4
on GCE when scanned between −0.2 and 0.85 V vs Ag/AgCl
electrode are shown in Figure 4, and S1A and S1B. It has been

observed that during the polymerization, when the liquid
crystalline phase changed from nematic to hexagonal columnar
to lamellar, the measured current increased from 33.89 μA to
40.11 μA to 57.89 μA, respectively, and the oxidation potential
also showed variation in the potential at the current maxima
from 0.85, 0.83, and 0.81 V. PEDOT films formed were found
to be homogeneous and adherent to the electrode surface of
GCE.
The chemical structure of the prepared PEDOT-PDPPA was

confirmed by FT-IR spectroscopy. The FTIR spectra of
PEDOT-PDPPA are shown in Figure 1. PEDOT-PDPPA
exhibited peaks at 1520 and 1331 cm−1 which can be ascribed
to the C−C and CC stretching vibrations of the thiophene
ring. The observed band maxima at 1197 and 1122 cm−1 are
due to the C−O−C bond stretch in the ethylenedioxy group.
The peaks at 980, 924, and 838 cm−1 are assigned to the
thiophene C−S bond stretching. The peak observed at 1051
cm−1 is associated with the stretching vibrations in the
ethylenedioxy group. The peak at 1746 cm−1 is associated
with the doped level of PEDOT. The peaks observed at 2925

and 2853 cm−1 are ascribed to the characteristic −CH2−
stretching of the ethylenedioxy bridge. The peaks at 635, 573,
and 520 cm−1 are due to the stretching vibrations of O−P−O
and OP−O of (−PO4). It was also observed that the peaks at
1398 cm−1 are related to −PO. These results suggested that
PEDOT is effectively doped with PDPPA. The presence of
phosphorus in PEDOT-PDPPA was further confirmed by the
EDX analysis.
The morphology of the PEDOT films prepared from liquid

crystalline templates of EDOT-PDPPA in nematic, columnar,
and lamellar phases was studied by PLM and SEM analysis. The
SEM picture of PEDOT-PDPPA prepared from the nematic
gyroid phase exhibited nanospheres (Figure 5A) while PEDOT
synthesized from columnar phases exhibited columns or a web
of peacock-like features in SEM (Figure 5B). The morphology
of PEDOT prepared from the lamellar phase of EDOT-PDPPA
exhibited a tubular/sheet-like morphology (Figure 5C and D).
PLM images of NPEDOT, CPEDOT, and LPEDOT are shown
in Figure S2A−C. An interesting observation made during
morphological analysis is that PEDOT-PDPPA copycatted the
liquid crystalline features of the monomer “EDOT-PDPPA”.
Under PLM, it showed birefringent spheres, columns, and
lamellar textures for PEDOT-PDPPA prepared from LC
templates of gyroid, columnar, and lamellar phases, respectively.
These observations were further supported by the studies made
by other researchers.37−39 In the propagation step, PEDOT
aggregates which are in the lyotropic mesophase may lose
molecular order on a nanometer scale due to the thermody-
namic influence of the growing chain. They form thermody-
namically stable mesophases of inherent nanoscale dimensions
via a self-assembly process. Similar observations were made by
O’Brien et al.40 They successfully prepared varieties of liquid
crystalline assemblies with the preservation of the shape of the
mesostructures of the monomers.
Further, the presence of phosphorus in PEDOT-PDPPA was

confirmed by EDX analysis (Figure 5E). It showed a pattern
containing the presence of carbon, sulfur, and phosphorus, and
PEDOT prepared without template did not exhibit the
presence of phosphorus (Figure 5F).

Studies on the Electrochemical Band Gap of PEDOT-
PDPPA Modified GCE. The electrochemical band gaps of
PEDOT-PDPPAs were calculated from the voltage difference
of reduction (addition of an electron to the lowest unoccupied
molecular orbital, LUMO) or oxidation (addition of a hole or
removal of an electron from the highest occupied molecular
orbital, HOMO).41,42 HOMO−LUMO values for NPEDOT
and CPEDOT were calculated by cyclic voltammetry, and the
same are given in Figure S3. The cartoon showing various
specific modes of ordering of the molecular layers in lamellar,
columnar, and nematic liquid crystalline phases with the
HOMO values measured by CV and the changes in the
interlayer distance measured from XRD is shown in Table S1.
The extent of ordering is in the order lamellar > columnar >
nematic. As the ordering increases, the interlayer distance
between the molecules decreases, which allows easier hopping
of the charge carriers, and it also may show a surge in the
motion of the charge carriers. Kasha et al. experimentally
measured the changes in the HOMO−LUMO value during
polymer assembling.43 The HOMO values are as follows for
NPEDOT (−5.04) to CPEDOT (−4.94) and LPEDOT
(−4.89 eV) and the LUMO values for NPEDOT (−3.82 eV)
to CPEDOT (−3.84 eV) and LPEDOT (−3.88 eV),
respectively. The band gap calculated from electrochemical

Figure 4. Cyclic voltammogram of electropolymerization of EDOT-
PDPPA (lamellar phase).
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studies showed that the band gap is found to be decreasing
from NPEDOT (1.22 eV), to CPEDOT (1.2 eV), to LPEDOT
(1.01 eV), which confirmed the highly conducting nature of
LPEDOT compared with NPEDOT and CPEDOT.
Electrochemical Impedance Spectroscopic Studies.

Electrochemical impedance spectroscopy (EIS) is a non-
destructive steady-state technique useful to probe electron
transfer and electrical properties of surface modified electrodes
and the mechanism of the charge conduction process at the
electrode/electrolyte interface by applying an oscillating
potential as a function of frequency in the redox probe
Fe(CN) 6

3−/4−. The complex impedance (Z) can be presented
as a sum of the real impedance (Z′(Ω)) and the imaginary
impedance (Z″(Ω)), which are components that originate
mainly from the resistance and capacitance of the cell.44,45

= ′ − ″Z Z iZ

The typical electrochemical impedance spectrum can be
presented in the form of Nyquist plots, Z″ vs Z′, which are
recorded as a function of frequency.

| | = ′ + ″Z Z Z[( ) ( ) ]2 2 1/2

A typical Nyquist plot includes a semicircle region lying on
the Z″ axis followed by a straight line. The straight line in the
lower frequency region represents the characteristics of the
diffusion-limited electron transfer process between the
electrode and electrolyte, and the semicircles at higher
frequencies correspond to the electron transfer kinetics.46

Figure 6A represents Nyquist plots for GCE, PEDOT/GCE,
NPEDOT/GCE, CPEDOT/GCE, and LPEDOT/GCE. The
equivalent circuit diagram is shown in Figure 6B, which is
composed of the solution resistance (RS), the constant phase
element (CPE, Q), the electron transfer resistance (Ret), and
the Warburg impedance (W) resulting from the diffusion of
charged species from the bulk solution to the interphase. Due
to the inhomogeneity of the electrode surface resulting from
polymer films formed, CPE was used instead of an ideal double
layer capacitance (Cdl) to take the depressed semicircles into

account. RS is usually independent of composition changes, as it
represents the bulk properties of the electrolyte solution.
PEDOT/GCE exhibited a straight line with a very small

depressed semicircle area, and the electron transfer resistance of
101.3 Ω revealed that PEDOT accelerates the electron transfer
rate and provides a network structure. The electron transfer
resistance (Ret) values of NPEDOT/GCE, CPEDOT/GCE,
and LPEDOT/GCE are measured as 95.67, 83, and 68.34 Ω,
respectively. It has been observed that the anisotropic lamellar
phase of LPEDOT exhibited a lower value of electron transfer
resistance; otherwise, it exhibited a higher value of electron
transfer conductance. This arises from the high extent of
ordering with well-defined textures and domains, which could

Figure 5. SEM images of PEDOT-PDPPA (A) nanospheres, (B) columns, (C) sheets (magnified image is shown in the inset), and (D) cylindrical
tubes. EDX plots (E) of PEDOT-PDPPA and (F) PEDOT.

Figure 6. (A) Nyquist plots of (◆) GCE, (▼) PEDOT/GCE, (■)
NPEDOT/GCE, (●) CPEDOT/GCE, and (▲) LPEDOT/GCE; (B)
Equivalent circuit.
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provide frisky channels for the transfer of electrons, and hence,
the electron transfer conductance increased. The bulk anion, i.e.
phosphonium ion, present in LPEDOT, tightly incorporated
into the polymer matrix, induces internal capacitance for all the
NPEDOT/GCE, NPEDOT/GCE, and LPEDOT/GCE.
Detection of Nicotine. The efficiency of the patterned

transducer was studied by using it as a sensor for the detection
of nicotine. From the above results, it has been observed that
LPEDOT/GCE exhibited a low value of Ret, and hence, it is
taken as a model electrode for studying the performance of the
transducer. The electrocatalytic performance of LPEDOT/
GCE in the electrochemical oxidation of nicotine was studied
by both cyclic voltammetry and square wave voltammetry
(SWV) in BR buffer (pH 8.0). The CV diagram showing the
oxidation of nicotine (10−3 M) at the bare GCE and LPEDOT/
GCE in the presence of nicotine in BR buffer (pH 8.0) at the
scan rate of 0.05 V/s is given in Figure S4. At the bare GCE,
CV exhibited a poorly resolved oxidation signal, and the peak is
diffused over a broad potential region with a weak current
response. When LPEDOT/GCE was replaced as the working
electrode, the oxidation potential was observed as a well
resolved peak at about 0.83 V with a peak current of 56.07 μA.
The peak potential was shifted to the lower positive value as
compared to bare GCE (+1.1 V), indicating electrocatalytic
oxidation of nicotine. CVs were recorded at various scan rates
from 0.01 V/S to 0.1 V/s in 1 mM nicotine in BR buffer
solution (pH 8.0), and are shown in Figure 7. The plot of peak

current vs the square root of scan rates, exhibiting a straight line
with a good linear response (regression coefficient R2 > 0.99),
revealed the oxidation process of nicotine at the modified
electrode is diffusion controlled.47 The oxidation of nicotine
was studied at NPEDOT/GCE and CPEDOT/GCE (Figure
S4c and d). The peak corresponding to the nicotine oxidation
was observed to be 31.09 μA and 39.90 μA at NPEDOT/GCE
and CPEDOT/GCE, respectively, which were lower than that
of LPEDOT/GCE. Hence, further studies were carried out
with LPEDOT/GCE.
Square wave voltammetry (SWV) was also used for studying

the electrocatalytic performance of LPEDOT/GCE for the
oxidation of nicotine. In SWV, the peaks in the differential
current vs applied potential were used instead of separate

forward and reverse current plots. So significant time evolution
between potential reversal and current sampling, high
sensitivity screening can be obtained, since the background
currents may be suppressed much more effectively than CV.
The SWV response of LPEDOT/GCE after the addition of
nicotine in BR buffer solution showed a clearly resolved
oxidation peak at 0.83 V (Figure 8). The peaks in the plots are
indicative of a redox process, and the magnitudes of the peaks
are proportional to the concentrations of various redox active
species. Figure 8 shows the well resolved SWV obtained during
the successive additions of nicotine in BR buffer solution (pH
8.0). LPEDOT/GCE exhibited a linear relationship with
nicotine in the concentration range of 0.1 μM to 320 μM,
and the limit of detection of nicotine was calculated as 50 nM.
Since the current response of the analyte is associated with

the pH of the electrolyte solution, the SWV response of
LPEDOT/GCE was studied by performing experiments by
varying pH. Investigation on the peak potential (Ep) and peak
current (Ip) of nicotine was done by SWV in the pH range from
2 to 12 using BR buffer solutions. The effect of pH on the peak
current (Ip) of nicotine in the range of pH 2−12 is showed in
Figure 9. With an increase of from pH 6 to 8, an enhancement
of peak current was observed. On increasing the pH, the peak
current tends to decrease and remains almost a constant value.
Hence, pH 8 is selected as the finest composition of the buffer
for the sensing of nicotine. At acidic pH (2 to 5), the current
response of nicotine was barely visible with magnitudes close to
the blank. Nevertheless, it was found that the oxidation peak of
nicotine shifted toward lower positive potentials with the
increase of pH from 6 to 12, indicating proton participation in
the oxidation reaction as the suggested mechanism by
Suffredini et al.48 They studied the oxidation of nicotine in
alkaline media at a boron-doped diamond electrode. Nicotine is
a weak diacidic base with two pKa values at pKa1 (3.12) and
pKa2 (8.02) which correspond to the protonation of the
diprotonated pyridine nitrogen and monoprotonated pyrroli-
dine nitrogen present in nicotine. The first intersection point
observed at pH 8.0 was close to pKa2, as a result of the changes
of the protonation of the nitrogen in the pyrrolidine moiety. At
pH 9−12 the unprotonated form of nicotine predominates and
no proton transfer occurs in the rate-determining step. These
results strongly indicated that the oxidation site of nicotine is
situated on the pyrrolidine ring and ascribed to the oxidation of
tertiary nitrogen.
We have made a comparative performance of the LPEDOT/

GCE with the literature,47−58 and the results are given in Table
S2. Studies showed that LPEDOT/GCE exhibited high
sensitivity and lower detection limit than the reported methods.
The selectivity of LPEDOT/GCE transduced on nicotine

was evaluated by adding possible interfering substances such as
glucose, dopamine, ascorbic acid, tyrosine, and uric acid to 50
μM nicotine under optimized conditions. It has been observed
that these substances could not make any alteration in the
measured values of the oxidation potential or current of
nicotine under study.
To validate the applicability of the proposed method for the

determination of nicotine in real samples, recovery experiments
were performed under optimized SWV at LPEDOT/GCE.
Three brands of commercially available cigarettes (C1, C2, and
C3) were analyzed, and the values are given in Table 1.
Recoveries ranged from 94.09 to 101.24% for C1 sample, 97.27
to 102.27% for C2 sample, and 99.27 to 102.23% for C3
sample, respectively. These results suggested that the proposed

Figure 7. Effect of the scan rate on the CV responses of the
LPEDOT/GCE (a) 0.01; (b) 0.02; (c) 0.03; (d) 0.04; (e) 0.05; (f)
0.06; (g) 0.07; (h) 0.08; (i) 0.09; and (j) 0.1 V/s in BR buffer with 1
mM nicotine. Plot of the square root of the scan rate vs the peak
current is shown in the inset.
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method is suitable and satisfactorily accurate for the
quantification of nicotine in cigarettes.

■ CONCLUSIONS
We have patterned glassy carbon electrode with well-ordered
predesigned nanostructured PEDOT through electrochemical
polymerization of a biobased liquid crystalline template
(EDOT-PDPPA). Self-assembled “EDOT-PDPPA” in water
exhibited concentration dependent liquid crystalline phases of
“nematic gyroid”, “columnar” and “lamellar” phases. During
electrochemical polymerization, PEDOTs preserved and locked

the ordering of the LC template of the EDOT-PDPPA in the
nanometer regime. The electrochemical properties of patterned
GCE exhibited enhanced electrochemical charge conductance
with low band gap compared to the one modified without
template. Further, the modified electrode behaved as an
electrochemical transducer for the detection of nicotine by
CV and square wave voltammetry at a nanomolar level.
Selectivity, interference, recovery, and real sample analysis were
performed. This simple low cost strategy of electrochemical
patterning of a conductive polymer with a desired ordering on
the nanometer scale on the conventional electrode can be
exploited for anode modifications which will fetch applications
in various miniaturized plastronic devices.
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Figure 8. (A) Effect of the nicotine concentration on the SWV responses of the modified electrode in BR buffer (pH 8.0): (a) 0.3 μM, (b) 0.5 μM,
(c) 0.7 μM and (d) 0.9 μ M, (e) 1.1 μM, (f) 1.3 μM, (g) 1.5 μM, (h) 1.7 μM, (i) 1.9 μM, (j) 2.1 μM, (k) 2.3 μM, (l) 2.5 μM, and (m) 2.7 μM
nicotine. (B) Linear relationship of peak current with respect to concentration.

Figure 9. Effect of pH on peak current Ip and peak potential Ep.

Table 1. Quantitative and Recovery Analysis of Nicotine in Cigarettes (n = 3)

cigarette sample total nicotine content (w/w%) ± SD determined (μM) added (μM) found (μM) % recovery (mean ± % RSD)

C1 1.35 ± 0.04 20.56 50 66.39 ± 1.53 94.09 ± 2.16
70 87.82 ± 2.51 96.97 ± 2.95
100 128.13 ± 2.19 101.24 ± 3.22

C2 1.14 ± 0.02 18.94 50 67.06 ± 3.37 97.27 ± 4.42
70 90.96 ± 2.98 102.27 ± 2.87
100 117.31 ± 3.64 98.26 ± 3.39

C3 1.51 ± 0.01 24.62 50 75.95 ± 2.83 101.78 ± 3.72
70 93.93 ± 3.96 99.27 ± 4.13
100 127.41 ± 4.09 102.23 ± 3.21
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