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Abstract: Nanostructured conducting polymers have re-
ceived immense attention during the past few decades
on account of their phenomenal usefulness in di-
verse contexts, while the interface between two im-
miscible liquids is of great interest in chemical and
biological applications. Here we propose a novel
Electrode sjiq)/Electrolyte yqycous)/ Electrolyte o gqnic) In-
terfacial assembly for the synthesis of polymeric nanos-
tructures using a novel concept of three diffuse double
layers. There exist remarkable differences between the
morphologies of the polymers synthesized using the con-
ventional electrode/electrolyte method and that of the
new approach. In contrast to the commonly employed
electrodeposition at liquid/liquid interfaces, these poly-
mer modified electrodes can be directly employed in di-
verse applications such as sensors, supercapacitors etc.

Keywords: Electropolymerization, Polyaniline, Polypyr-
role, Polyindole, Polythiophene, Surfactants, Elec-
trode/Electrolyte/Electrolyte Interface, Electrical double
layer

1 Introduction

The study of the interface between two immiscible liquids
is of much interest in many areas of science and technol-
ogy. The first experimental evidence for ion transport at
the interface between phenol and water was provided by
Nernst and Riesenfeld [1], while the fundamental analysis
was further advanced by Koryta et al. [2] indicating the iso-
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morphism between the liquid/liquid interfaces and biolog-
ical membranes. In the past few decades, novel synthetic
protocols for nanomaterials have emerged at liquid/liquid
interfaces [3, 4] apart from studies of charge transfer, pho-
toelectric effects, electrodialysis, drug behavior, electro-
catalysis [5, 6] and computer simulations [7]. In a comple-
mentary manner, diverse experimental techniques such as
voltammetric (using four electrodes [8], thin film and three
electrode approaches [9], three phase electrode assem-
blies [10], etc.) and characterization studies viz NMR spec-
troscopy [11], scanning electrochemical microscopy [12],
X-Ray and neutron scattering techniques [13], electron
paramagnetic resonance spectroscopy [14] have been used
for mechanistic analysis of the interfacial processes. The
study of liquid/liquid interfaces is of paramount interest
in biology [15], chemistry [16] and medicine [17], while
the phase transfer studies between two immiscible liquids
have great importance in fundamental understanding of
interfacial phenomena and also in wide applications viz
controlled encapsulation, delivery of substances etc [18].
Conducting polymers of micro- and nanometer size
have been investigated on account of their potential as
electronic and electrochromic devices [19], sensors [20]
and light-emitting diodes [21]. Polyaniline (PANI)-based
compounds are especially promising on account of their
ease of synthesis, adjustable conductivity, processability
and redox activity thus yielding various applications [22].
Apart from PANI, another conducting polymer of impor-
tance is polypyrrole (PPy) due to its large conductivity,
satisfactory specific capacitance, thermal stability and im-
pressive redox behaviour [23]. These conducting polymers
with high surface area and porosity function effectively as
the electrode materials for supercapacitors on account of
their distinct conducting pathways, surface interactions
and nanoscale dimensions [24]. In this context, polyin-
dole (PIn) has not received much attention, due to slow
polymerization kinetics despite its excellent environmen-
tal stability [25], conductivity [26] and high-redox activ-
ity [27]. Polythiophenes (PT) too possess large thermal sta-
bility as well as conductivity and can be employed in su-
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percapacitors [28], sensors [29], batteries [30] etc. The fore-
going analysis indicates the wide range of applications of
polymeric nano- and micro- structures. Hence it is of in-
terest to investigate new methods for the electrochemical
synthesis of polymers exploiting the full potentialities of
L/L interfaces in obtaining interesting morphologies vis a
vis novel applications.

The experimental methodology proposed here is en-
tirely new and different from any of the hitherto known
studies at liquid/ liquid interfaces. It is customary to
carry out deposition of species using heterogeneous elec-
tron transfer agents (HET) in four-electrode assemblies,
thin film and three electrode approaches. On the other
hand, the salient features of the present strategy are as
follows: (i) no HET agents such as M /M D* are em-
ployed here to induce the polymerization [31]; (ii) in con-
trast to the synthesis of polymer nanostructure using four-
electrode assembly where the working area constitutes
the liquid/liquid interface and two reference as well as
two counter electrodes are necessary [32], our experimen-
tal protocol involves a simple three-electrode assembly
(iii) since the deposition occurs on the electrode surface,
through the liquid/liquid interface here, direct applica-
tions of the modified electrode can be envisaged in con-
trast to the thin film electrode approach, wherein the de-
posited molecules are present on the electrode surface
covered with a thin organic film [33] and (iv) in hitherto-
known three-electrode polymerization methods, the elec-
trodes are placed in the organic phase containing the
monomet, while the volume ratio of the aqueous phase
cannot exceed ca. 2%, due to the solubility and diffusion
limitations [34]; however, in the present strategy, since all
the electrodes are placed in the aqueous phase and the
monomer is present in the other phase, the compositions
of the two phases can be varied to the desired extent. In
contrast to the earlier methodologies [33, 34], the present
approach demonstrates the occurrence of the monomer
transport from the organic phase to the aqueous phase
through the immiscible liquid/liquid interface mediated by
a surfactant and bias electric field. This methodology can
be considered as electrodeposition ‘using’ liquid/liquid in-
terfaces rather than ‘at’ liquid/liquid interfaces. The de-
position of polyaniline, polypyrrole, polythiophene and
polyindole nanostructures has been carried out so as to in-
dicate the generality of the method.

Polymerization beyond the Liquid/Liquid Interfaces = 7

2 Materials and Methods

2.1 Chemicals

Aniline (SRL Chemicals India), pyrrole (Spectrochem In-
dia), thiophene (Spectrochem India), were employed af-
ter suitable distillations. Indole monomer (Sigma Aldrich),
tetrabutyl ammonium perchlorate (Fluka), lithium per-
chlorate (Alfa Aesar), tetradecylsulfate sodium salt (Sigma
Aldrich), dichloromethane extra pure (Merck) were used
as received. Triple distilled water was used in all studies.

2.2 Electrodes

The 304 Stainless Steel foils (working electrodes) were pro-
cured commercially with the area as 1 cm? and thickness
1 mm while Pt wire was the counter electrode, Ag/AgCl
being the reference electrode (CH Instruments, USA). The
composition of the stainless steel (SS) electrode was esti-
mated as Cr (19.85%), Ni (7.78%) and Fe (72.38%) using En-
ergy Dispersive Spectroscopy (EDS). All the potentials are
reported here with reference to the Ag/AgCl electrode.

2.3 Instrumentation

The cyclic voltammograms were recorded using the CH
Instruments Electrochemical work station, CH660D. The
SEM images were captured using (FEI) HR-SEM Quanta
FEG 200 at suitable voltages and magnifications. The FTIR
spectroscopy was carried out with KBr pellets using Bruker
Alpha (ATR-IR) spectrometer and the UV-Visible absorp-
tion spectra were obtained using JascoV-650 spectropho-
tometer. All the experiments were carried out at room tem-
perature (25 + 1°C).

2.4 Methodology

2.4.1 Electrode(siq)/Electrolyte ygyeous)
[Electrolyte(,,gqnic) Interface assembly

The cell employed here is a simple 25 mL glass vessel
wherein the organic phase consists of 0.1 M tetrabutyl am-
monium perchlorate (TBAP) in 10 mL of dichloromethane
(DCM) to which 46 pL of aniline is added; the aqueous
phase contains 10 mL of 0.01IM sodium tetradecylsulphate
(STS) in 0.1 M LiClO,. The three electrodes are placed in the
aqueous phase without contacting the organic phase.
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Figure 1: A schematic representation of the general EEEl assembly: (A) without any monomer and before applying the potential; (B) with
monomer in the organic phase and after applying the potential. The curved green lines on the electrode in Figure B indicate the formation
of the polymer while the surrounding red colour denotes the surfactant. (C) The magnified view of the micelle forms: (a) surfactant alone
and (b) the surfactant with the monomer in the aqueous phase. For specificity in the schematic representation, the monomer is chosen as

aniline, the surfactant being sodium tetradecylsulfate.

2.4.2 Electrode s;;q)/Electrolyte(,q,e0us) Interface
assembly

The same cell and electrodes are employed here too but
the aqueous phase consists of 10 mL of 0.01 M STS and 0.1
M LiClO,4 and 46 pL of aniline, while the organic phase is
absent.

3 Results and Discussion

3.1 Demonstration of EEEl methodology

The formation of polyaniline on the SS electrode is
demonstrated using water/dichloromethane interface as-
sisted by the three diffuse double layers. The SS elec-
trode is employed here due to its inexpensive nature
and applicability in a supercapacitor [35] The existence

of the two interfaces is of significance here viz be-
tween (i) the electrode/electrolyte (SS/LiClO,,)) and
(ii) the two immiscible electrolyte solutions (Tetrabutyl
ammonium perchlorate (TBAP),,q)/lithium perchlorate
(LiCl04)(4q.))- Hence this arrangement may be designated
as the Electrode/Electrolyte,, )/Electrolyte(,,q Interface
system (EEEI system), it is depicted in Figure 1. Here, the
sodium tetradecyl sulphate plays the role of a molecular
pump in transporting monomers from one phase to another,
analogous to that of ions or molecules through the biolog-
ical membrane channels [36]. The driving force is the ap-
plied potential facilitating the transport of monomers to-
wards the electrode/electrolyte interface at which the oxi-
dation occurs. The formation of PANI is inferred from FTIR
(Supporting Information Figure S1) spectral data.
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Scheme 1: Representation of three diffuse double layers viz. one at electrode/electrolyte and the other two at the aqueous elec-
trolyte/organic electrolyte interfaces. IHP and OHP denote the inner Helmholtz plane and outer Helmholtz plane respectively.

3.2 Visualization of three diffuse double
layers

The electrical double layer at electrode/electrolyte inter-
faces continues to be of interest in biological [37] and
physical sciences [38]. The study of the electrical dou-
ble layer is required in electrode kinetics, bacterial adhe-
sion processes and non-viral gene therapy [39]. The elec-
trode/electrolyte interface has one diffuse double layer [40]
while the liquid/liquid interface possesses a compact layer
surrounded by two diffuse double layers [41]. This visual-
ization enables the comprehension of the experimental ar-
rangement for the deposition of nanoparticles beyond lig-
uid/liquid interfaces (Scheme 1).

3.3 Potentiodynamic method for the
electrodeposition of polyaniline using
EEEI system

Among various polymerization techniques, cyclic voltam-
metric method is preferable in view of the flexibility of-
fered by the scan rate with a wide choice of the number
of cycles. The schematic representation of the EEEI sys-
tem is shown in Figure 2A. The appearance of the green
colour on the working electrode and the cyclic voltammet-
ric peaks (Figure 2B) and FTIR spectra (Figure S1, Support-
ing Information) are indicative of the polyaniline forma-
tion that has resulted due to the transfer of aniline from the
organic phase to the aqueous phase. The cyclic voltammo-
grams were obtained at the scan rate of 50 mV-s~! in the

potential window of —1.0 V to 1.5 V, with the number of cy-
cles being kept at 50. The formation of polyaniline nanofi-
brous structures on the SS electrode is inferred from the
SEM image of Figure 2C.

Interestingly, the nature and location of the voltam-
metric peaks are altered depending upon the parameters
chosen implying the remarkable role of the chemical con-
stituents for the electrodeposition of PANI nanostructures
(Figure 3). Surprisingly, (i) even in the absence of the sur-
factant, PANI nanospheres are formed but to a lower ex-
tent indicating that STS enables a facile polymerization,
(ii) the PANI nanofibers are formed in both cases with dif-
ferent orientations and aggregations indicating the role of
the aqueous and organic supporting electrolytes (LiClO,
and TBAP) on the morphologies and (iii) the well aligned
nanospheres are noticed (in the presence of the surfactant)
when the monomer is located in the aqueous phase. At this
point, it is difficult to predict the exact reason for the self
assembly of PANI spheres but the difference in morpholo-
gies here may be due to the partial diffusion of aniline from
the aqueous to the organic phase. From the SEM images, it
is inferred that the morphological changes may be implic-
itly attributed to the Galvani potential difference at the lig-
uid/liquid interface and to the potential gradient at the in-
terface between electrode/electrolyte rather than the sur-
factant.
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Figure 2: (A) Schematic depiction of the EEEI cell; (B) cyclic voltammogram for the polymerization of aniline and (C) a typical SEM image of

PANI. Scan rate: 50 mV-s~1, number of cycles: 50.

3.4 Uniqueness of EEEI strategy over
conventional electrode/electrolyte
interfacial system

In order to further comprehend the uniqueness of the
present strategy ‘beyond’ the L/L interface, polyani-
line has also been deposited using the conventional
electrode/electrolyte interfacial system. Here, three-
dimensional PANI microspheres are observed and the
morphologies are not uniform in contrast to the EEEI ap-
proach (Figure 4) indicating the novelty of our strategy for
the synthesis of uniform PANI nanostructures in a simple
manner.

3.5 EEEI system for other polymers

For validating this methodology, the polymerization of
pyrrole, thiophene and indole was also carried out. The
cyclic voltammograms and FTIR spectra imply the forma-
tion of polypyrrole, polythiophene and polyindole (Fig-
ure S5, Supporting Information). The voltammograms also
demonstrate that the formation of polymers assisted by
the three diffuse double layers is a general feature and not
specific to PANI alone. Polypyrrole exhibits circular plate-
like morphologies with different orientations along with

nanofibers on it. On the other hand, nanospheres are ob-
served in the case of polythiophene and polyindole.

3.6 Monomer transport studies of aniline,
pyrrole, indole and thiophene

At a preliminary stage, it can be surmised that the trans-
port of monomers from the organic to the aqueous phase
is caused by the applied potential which initiates the elec-
tropolymerization on the working electrode. In order to
comprehend the transport of aniline, pyrrole, thiophene
and indole from the organic phase to the aqueous phase,
the UV-Visible spectra (Figure 5) were recorded for the
aqueous solution, after electrodeposition (E) and without
applying any potential (C), keeping identical time dura-
tions.! Surprisingly, the transport of aniline, pyrrole, thio-
phene and indole was observed even in the absence of

1 The calculation of time duration pertaining to the polymerization
is an involved exercise since the degree of polymerization increases
as the potential is made more positive. An approximate value is ob-
tained from the relation |AE| = scan rate x time where AE denotes the
potential window. This value upon multiplication by the number of
cycles may be considered as the total time of polymerization. How-
ever, it is essential to recognize that the applied potential may not al-
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Figure 3: Polymerization of aniline using EEEI methodology: a, b, c and d - cyclic voltammograms and (a’, b, ¢’ and d’) - the corresponding
scanning electron micrographs. The inset indicates the various chemical constituents in each phase. Other conditions as in Figure 2.

the applied potential. In hindsight, this may be attributed
to the presence of the concentration gradient associated
with the thermodynamic distribution laws at the inter-
face. However, the precise quantification of the electrical
and chemical potential gradients requires further investi-
gation.

The transport of aniline occurs in the absence of ap-
plied potential due to its solubility in water and STS also
promotes the transport form the organic phase thus form-
ing stable micelles in the aqueous phase. The appear-

ways be sufficiently positive to facilitate electropolymerization. This
aspect requires further investigation.

ance of an additional peak at 560 nm in the UV-Vis spec-
tra (Figure 5a) indicates the presence of PANI [38] and
is interpreted as follows: during electrodeposition, PANI
molecules near the electrode surface may diffuse away
from the electrode and reach the bulk solution [39]. As pyr-
role is partially hydrophilic, the gradient in the chemical
potentials brings the molecules from the organic to the
aqueous phase in a facile manner, thus the absorbance
in UV-Vis spectra are analogous in both cases (C) and (E)
mentioned above (Figure 5b). In the case of indole, the ab-
sorbance (below 300 nm) increases with the applied po-
tential due to its hydrophobic nature (Figure 5c). The ab-
sorbance increases six times in the presence of the applied
potential for thiophene which implies the crucial role in
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Figure 4: SEM image of polyaniline on the SS working electrode synthesized (a) at electrode/electrolyte interface and (b) using EEEI
methodology; scan rate = 50 mVs~! and number of cycles = 50.
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spectra.
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transporting the hydrophobic monomers from the organic
to the aqueous phase (Figure 5d).

Thus, from the UV-Vis spectra it is inferred that the
transfer occurs essentially due to the surfactant, while po-
tential also plays a role in the case of indole and thiophene
monomers (Figure S7, Supporting Information).

It is of interest to enquire whether the present inter-
facial synthetic method has any unique features. In or-
der to respond to this, we emphasize that the transport of
monomers which occurs from the organic to the aqueous
phase can be controlled by structure-directing agents i.e.
surfactants, apart from different types of aqueous and or-
ganic phase electrolytes. This flexibility is capable of yield-
ing various morphologies of polymers. Furthermore, as an
illustration, the potentiodynamic method has been chosen
here although other electrochemical techniques may also
provide additional insights into the growth mechanism.
The choice of the stainless steel electrode was deliberate
since the PANI-covered SS electrodes have earlier been
demonstrated as suitable pseudocapacitor electrodes. It is
envisaged that the present EEEI method will throw more
light on the influence of synthetic techniques on the mag-
nitude of the specific capacitance of electrochemical su-
percapacitors.

4 Conclusions

The concept of EEEI in conjunction with the three diffuse
double layers is introduced for the deposition of conduct-
ing polymer nanostructures. Since the polymer nanos-
tructures are formed directly on the electrode, through
the liquid/liquid interface, this approach is different from
the hitherto known deposition methods ‘at’ immiscible
liquid/liquid interfaces and can be used directly for di-
verse applications viz. catalysis, sensors and supercapac-
itors etc. In view of the existence of the three diffuse
double layers, new theoretical analysis for comprehend-
ing the equilibrium properties and the molecular trans-
port process becomes essential. Further, the influence of
the Gibbs free energy of transfer of monomers from the
organic to the aqueous phase with subsequent reaction
at the electrode/electrolyte surfaces requires a complete
thermodynamic systems analysis. This method also im-
plies diverse potential applications on account of the elec-
trode/electrolyte and liquid/liquid interfaces existing in a
single experimental system.
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Figure S1: FTIR spectra of (a) polyaniline, (b) polypyrrole,(c) polyindole and (d) polythiophene

The characteristic FTIR peaks of PANI, PPy, PIn and PT:

Polyaniline
Frequency/cm™! Assignment
833 Aromatic C-H out of plane bending of the 1,4-disubstituted aromatic ring
778,1227 C-N stretching vibration of aromatic amine out of plane deformation of C-H of 1,4 disubstituted
rings
1101 C=N stretching (-N=quinoid=N-)
1179 Aromatic C-H bending in the plane for a 1,4 disubstituted aromatic ring
1322,1510 C-N stretching (-N-benzenoid-N-)
1456 C=C stretching mode for the benzenoid rings
1558 C=N stretching modes for the quinoid rings
698 S-0 stretching
1054 S=0 stretching

The peaks are consistent with Li, N., Xiao, Y., Xu, C., Li, H., Yang, X., Int. J. Electrochem. Sci., 2013, 8, 1181-1188.
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Polypyrrole

DE GRUYTER

Frequency/cm~

Assignment

687
804
934
970
1130-1000
1400-1260
1459
1555

C-C out of plane ring deformation or C-H rocking
C-H out of plane ring deformation

C-H out of plane deformation vibrations of the ring
C-C out of plane ring deformation vibration

C-H and N-H in plane deformation vibrations

C-H or C-N in plane deformation modes

C-N stretching vibration in the ring

C-C stretching vibrations in pyrrole ring

The peaks are consistent with Omastova, M., Trchova, M., Kovarova, J., Stejskal, J., Synth. Met., 2003, 138, 447-455.

Polyindole

Frequency (cm™)

Assignment

730
782
973
1130-1000
1400-1260
1087,628
1514

Out of plane deformation of C-H bond in benzene ring
Out of plane deformation of C-H bond in pyrrole ring
In plane deformation of C-H bonds

C-H and N-H plane of deformation

C-N plane of deformation

Stretching of Cl-O bonds in perchlorate counter ions
Stretching of aromatic C-N bonds

The peaks are consistent with Talbi, H., Maarouf, E.B., Humbert, B., Umbert, M.A., Ehrhardt, J.J., Ghanbaja, ]., Billaud,
D., J. Phys. Chem. Solids, 1996, 57, [145-1151.

Polythiophene
Frequency/cm™? Assignment

687 C-C out of plane ring deformation
751 C-S bending band
843 C-S stretching
1021 changes in the conjugated backbone due to the electron withdrawing
1420 C=C asymmetric stretching of backbone
1323 electron donating dopants on the polymer chain and the balancing counter ion ClO}
1088 vibration of counter ions in the polymer from the electrolyte solution ClOj

The peaks are consistent with Gnanakan, S.R.P., Rajasekhar, M., Subramania, A., Int. J. Electrochem. Sci., 2009, 4, 1289-

1301.
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Figure S2: EDAX image of polyaniline depicting the locations of C and N.

As anticipated, the scan rates and the number of cycles exert a marked influence on the morphologies. The formation
of PANI nanofibers using EEEI system was also observed at the scan rates of 100 mVs ™! and 500 mVs™! for 50 cycles,
and at 500 mVs~! for 300 cycles. The increase in the scan rate leads to the aggregation of nanofibers on account of
rapid diffusion of monomers towards the working electrode while the larger number of cycles results in the enhanced
deposition on the electrode. The SEM images and the corresponding EDAX spectra are provided in Figures S3 and S4.

Figure S3: SEM images of polyaniline deposited on the the SS electrode using EEEI assembly. The aqueous phase (10 mL) contains 0.01
M STS in 0.1 M LiClO, with the organic phase consisting of 0.1 M TBAP, 46 pL of aniline, (a) scan rate = 100 mVs~1; number of cycles = 50,
(b) scan rate = 500 mVs~!; number of cycles =50 and (c) scan rate = 500 mVs~!; number of cycles = 300. The placement of the chemical
constituents is as in Figure 2 of the main text.
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Figure S4: EDAX spectra of polyaniline formed on the SS electrode using EEEI strategy, with the aqueous phase consisting of 0.01 M STS

in 0.1 M LiClO,4, while the organic phase contains 0.1 M TBAP and 46 pL of aniline in 10 mL of DCM, (A) for (a) scan rate = 50 mVs~!; number
of cycles = 50; (b) scan rate = 100 mVs™1; number of cycles = 50; (c) scan rate = 500 mVs~1; number of cycles =50 and (d) scan rate = 500

mVs~1; number of cycles = 300 and (B) scan rate = 50 mVs~!; number of cycles = 50 along with the conditions of (a) aniline in the aqueous

phase, (b) without STS, (c) without TBAP and (d) without LiClO,.
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Figure S5: (A) Cyclic voltammograms depicting the polymerization of pyrrole, thiophene and indole using the EEEI system, (B) SEM images
and (C) the corresponding EDAX spectra (scan rate = 50 mVs~!; number of cycles = 50) while 16.6 pL of pyrrole, 44 pL of thiophene and
58.6 pL of indole monomers were added to the organic phase for electropolymerization of respective monomers; other conditions are as in
Figure 2 of the main text.
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Figure S6: The schematic representation of the conventional method (electrode/electrolyte interface system) for the electropolymerization
of aniline at the scan rate of 50 mVs~! for 50 cycles and the corresponding SEM image and EDAX spectra of polyaniline on the SS electrode.

The aqueous phase contains 0.01 M STS and 46 pL of aniline in 10 mL of 0.1 M LiClO4.
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Figure S7: UV-Vis spectra demonstrating the transport of monomers from the organic to the aqueous phase at different time intervals.
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