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Abstract: Cetyltrimethylammonium bromide (CTAB) forms a coacervate gel complex with lauric acid (LA) in aqueous 

medium. It has a typical fibrillar network structure containing a core and a shell. Polyaniline (PANI) was synthesized 

in the void space of the junction of core and shell. Controlled synthesis and washing gives a variety of polymer mor-

phologies including nanofiber, nanotube and inter-connected network structures of PANI. Again using this typical tem-

plate and precise synthesis procedures the lengths of the PANI nanotube can be tuned in the micrometer scale. With 

conductivities in the order of 10⁻2 S/cm, HCl-doped samples demonstrate promising electrical properties, making them 

suitable for various applications.
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Introduction

The synthesis of nano-dimensional polymers has emerged as 

a prominent research topic due to their widespread applications 

and growing recognition among polymer scientists, materials 

engineers, biochemists, and environmental chemists.1-7 A nano-

dimensional polymer is a material composed of polymeric units

wherein at least one structural dimension—such as particle size,

fiber diameter, or layer thickness—falls within the nanometer

scale, typically ranging from 1 to 100 nm.

Polyaniline (PANI) is a highly versatile material. Its ability 

to transition between different oxidation states and morpholo-

gies makes it valuable across various fields. From sensing 

applications to protective coatings, its conductivity, environ-

mental stability, and ease of doping offer opportunities for fas-

cinating innovations.8-12

PANI can form nanoparticles, nanotubes, and network struc-

tures when prepared using templates, making it suitable for use 

as an efficient adsorbent,8,9 electrochemical supercapacitors,11

wastewater treatment, oil/water separation,12 nanoreactors,13,14

and other applications.

Additionally, nanostructured polyaniline enhances sensor

performance due to its large surface area and low-dimensional 

conductivity.15-17 PANI undergoes morphological transitions—

from nanofiber to nanotube to interconnected network struc-

tures—when polymerization occurs in the same complex coa-

cervate gel template across its sol and gel states.10 This ability

to switch between nanostructures opens exciting possibilities 

for tailoring PANI’s properties to specific applications like in

sensors, electrochemical devices, or even organic electronics.3,15

In this study, the length of PANI nanotubes was successfully 

tuned by modifying the template and optimizing the synthesis 

conditions.

Experimental

Materials and Methods. Cetyltrimethylammonium bromide    

(CTAB, Merck, India), lauric acid (LA, Loba Chemie, India), 

and ammonium persulfate (APS, Merck, India) were used as 

received without further purification. Aniline (GR grade, 

Merck, India) was purified by double distillation under a nitro-

gen atmosphere, and the middle fraction was employed in this 

study. Hydrochloric acid (HCl, GR grade, Merck, India), ammo-

nium hydroxide (NH4OH), and methanol (International Chem-
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icals, India) were also used as received. Hydrogel templates

composed of CTAB and LA were employed in this study to

facilitate polyaniline (PANI) polymerization under controlled 

conditions. A mixture of aniline (5 × 10⁻4 mol), lauric acid

(LA, 1.2 × 10⁻3 mol), and an aqueous CTAB solution (5 mL,           

3 × 10⁻2 M) was subjected to sonication.

The system was then maintained at 30 ℃ for ten minutes,          

resulting in gel formation.10 Subsequently, 2 mL 0.25 M ammo-

nium persulfate (APS) solution was added onto the surface of 

the prepared gel. The setup was left undisturbed at 30 ℃, during           

which the gel initially transitioned to a brown color. After one 

hour, the temperature was increased to 45 ℃, leading to a further          

transformation where the gel turned green in colour.18 The polym-

erization process was completed within six hours, allowing suf-

ficient time for the reaction to progress and for the intended

structural transformation to occur. The resulting polymers were

washed sequentially with hot water followed by methanol to 

remove any residual surfactant. Finally, the samples were dried 

under vacuum conditions at 60 ℃ to ensure purity and stability          

prior to characterization experiments.

For molecular weight determination, the synthesized poly-

aniline salt was initially converted to its emeraldine base (EB) 

form through alkaline treatment with ammonium hydroxide 

(NH4OH) solution. The viscosity-average molecular weight of 

PANI-EB was then evaluated via intrinsic viscosity measure-

ments conducted in 97% sulfuric acid (H2SO4) at 27 ℃. The          

intrinsic viscosity [η] was determined, and molecular weight 

estimation was performed using the Mark–Houwink equation,

applying empirical constants derived from poly(p-phenylene

terephthalamide): k = 1.95 × 106
 and α = 1.36, in H2SO4 medium.2

Fourier-transform infrared (FTIR) spectra were recorded using 

KBr pellet technique on a SHIMADZU FTIR instrument (model 

FTIR-8400S, Japan). Wide-angle X-ray scattering (WAXS)

analysis of the gel and additional samples was conducted using

a Seifert X-ray diffractometer (model C-3000, Germany), oper-

ated in reflection mode with a parallel beam optics setup. The

measurements employed nickel-filtered Cu Kα radiation (λ =

0.154 nm) at an operating voltage of 35 kV and a current of 30

mA. Surface morphology was examined using a field emission 

scanning electron microscope (FE-SEM, JEOL JSM-6700F, Japan). 

Transmission electron microscopy (TEM) analysis was conducted

by depositing a drop of sample solution onto a copper-coated 

carbon grid and imaging with a JEOL 2010 EX TEM (Japan) 

operating at 200 kV. For electrical conductivity measurements, 

the samples were compressed into pellets (diameter: 1.3 cm) using 

a hydraulic press. Measurements were performed at room tem-

perature (27 ℃) using a conventional four-probe method with     

spring-loaded pressure contacts. Electrical contacts were estab-

lished with silver paste. A constant current (I) supplied by a direct 

current source electrometer (Keithley, model 617, USA) was 

passed through the outer probes, while the voltage (V) across 

the inner probes was recorded using a Keithley digital multimeter 

(model 2000, USA). Conductivity (σ) was calculated using the

relation:  = (ln2/d) (I/V), where d represents the thickness of

the pellet, determined as the average value obtained from four 

independent measurements using a screw gauge.

Results and Discussion

The FTIR spectrum of the synthesized PANI is presented in 

Figure 1. Two distinct peaks at 1508 and 1590 cm1 correspond 

to the benzenoid and quinonoid moieties of PANI, which are

essential for understanding its electronic structure and proper-

ties. A characteristic peak at 1160 cm1, attributed to the C–H

bending vibration of the quinonoid unit, further confirms the 

presence of this structural motif within the polymer frame-

work.19-22 The quinonoid structure plays a pivotal role in the 

electrical conductivity of PANI and its ability to transition 

between oxidation states. Elemental analysis reveals a compo-

sition of 75.5% carbon (C), 9.3% hydrogen (H), and 15.2% 

nitrogen (N), which closely aligns with the expected stoichi-

ometry of polyaniline synthesized via conventional methods. 

The observed atomic ratio of C:N (5.8:1) corroborates the 

anticipated molecular structure of PANI, indicating that the 

synthesis process likely followed standard oxidative polymer-

ization pathways and preserved a balanced distribution of qui-

nonoid and benzenoid units.23

Figure 2 presents the WAXS patterns of the freeze-dried 

CTAB-LA coacervate gel, the freeze-dried PANI-loaded CTAB-

Figure 1. FTIR spectra of PANI nanotube.
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LA coacervate gel, and the synthesized PANI embedded within 

the matrix. Both the CTAB-LA coacervate gel and the PANI-

loaded variant exhibit distinct low-angle diffraction peaks at

dhkl values of 0.91, 1.4, and 2.7 nm. These peaks suggest that the

incorporation of PANI exerts minimal influence on the inter-

lamellar structure of the CTAB-LA coacervate gel, as evidenced 

by the retention of peak positions and alterations only in relative 

peak intensities. Although the precise structure of the complex 

coacervate remains unknown, but it is widely accepted that 

ionic interactions between mixed surfactant strands play a key 

role in stabilizing its formation.24,25

The gelation process in a CTAB–LA mixture is not yet fully 

understood. However, Nandi et al. proposed a plausible mech-

anism for the development of various polymer morphologies

within this gel system, suggesting that aniline is incorporated 

into the surfactant strands as an anilinium ion, along with water.

A schematic two-dimensional representation of PANI nanotube

formation within the CTAB–LA complex coacervate is illus-

trated in Scheme 1. The presence of excess LA in the mixture 

promotes the formation of anilinium ions, thereby rendering 

aniline water-soluble. These ions are confined within the inter-

stitial spaces of the CTAB-LA complex coacervate, where 

polymerization primarily occurs on the coacervate surface. The 

synthesized PANI within this template demonstrates peaks at 

1.2 and 1.6 nm, which could suggest that PANI forms on the 

exterior of the interlamellar structure of the CTAB-LA coace-

rvate gel, resulting in a nanotube structure. This is attributed to 

the ionic nature of the anilinium ion, which prevents its pen-

etration into the micellar interior.

The morphology of PANI is governed by its polymerization 

kinetics, which are influenced by the diffusion behavior of the

initiator within the complex coacervate. In APS-initiated polymer-

ization, the initiator molecules diffuse around the periphery of 

the coacervate but are unable to penetrate its core due to elec-

trostatic repulsion from lauric acid (LA) anions associated with

aniline molecules. This surface-confined distribution of initia-

tors promotes ortho (o) and para (p) position electrophilic attacks 

on aniline, leading to the formation of phenazine-type units that 

act as nucleating species.19 Initially adopting a planar sheet-like 

configuration, these phenazine units gradually bend along the 

curvature of the coacervate interface, ultimately giving rise to 

nanotube formation.19-21

Upon completion of polymerization, the surfactant strands 

are removed via leaching with water and methanol, thereby 

revealing the nanotube morphology. Polymerization at low 

temperatures yields long PANI nanotubes, whereas high-tem-

perature conditions result in shorter nanotubes. This trend indi-

cates that the nanotube length can be effectively tuned through 

controlled adjustments to the synthesis parameters. To obtain 

Figure 2. WAXS pattern of (a) Freeze-dried CTAB-LA coacervate 

gel; (b) freeze-dried PANI loaded CTAB-LA coacervate gel; (c) 

synthesized PANI into this matrice.

Scheme 1. Schematic presentation of (a) CTAB-LA coacervate gel column; (b) aniline loaded CTAB-LA coacervate gel column; (c) syn-

thesized polyaniline into CTAB-LA coacervate gel template; (d) CTAB-LA coacervate gel template removed polyaniline nanotube; (e) TEM 

image of synthesized polyaniline nanotube.
 Polym. Korea, Vol. 49, No. 6, 2025
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intermediate-length PANI nanotubes, the synthesis protocol can 

be modified by initiating chain growth at a low temperature, 

followed by a propagation phase during which the template

temperature is gradually increased. This temperature modulation 

alters the length and width of the coacervate column and is 

sustained until polymerization is complete, thus enabling the 

design of nanotubes with tailored intermediate dimensions.19,20

Figure 3 compares the SEM morphologies of PANI nano-

tubes synthesized under different polymerization conditions. 

Micrograph A depicts nanotubes exceeding 5 μm in length, 

formed within a gel template at 30 ℃ using APS solution.          

Micrograph B illustrates nanotubes approximately 2.4 μm in 

length, prepared via sequential polymerizationinitially within 

a gel template at 30 ℃, followed by a sol template at 45℃.            

Micrograph C presents shorter nanotubes, roughly 1 μm in length,

generated within a sol template at 42 ℃ using the same initiator.           

Increasing the temperature of the CTAB-LA coacervate gel 

causes the coacervate columns to become more labile, leading 

to shorter lengths and narrower diameters. It was observed that 

the longest PANI nanotubes formed within the gel state, the 

shortest in the sol state, and intermediate lengths were achieved 

under mixed state conditions. These findings suggest that nano-

tube length is primarily governed by the structural character-

istics of the coacervate column and the diffusion dynamics of 

the APS solution into the interstitial regions of the LA micelles.

The viscosity-average molecular weights of three polyaniline 

(PANI) nanotube samplesof approximate lengths ~1 μm, 

~2.4 μm, and >5 μmwere determined based on intrinsic vis-

cosity ([η]) measurements. The corresponding [η] values were 

found to be 0.62, 0.72, and 0.83 dL/g, respectively. Using the 

established Mark–Houwink relationship, the calculated molec-

ular weight values for the ~1 μm, ~2.4 μm, and >5 μm nano-

tubes were approximately 10800, 12600, and 14700, respectively 

(rounded to the nearest hundred). The observed variation in vis-

cosity-average molecular weight among the PANI nanotube 

samples may be attributed to differences in polymerization 

temperature. Elevated polymerization temperatures can accel-

erate chain growth kinetics, alter nucleation rates, and influ-

ence oxidative coupling pathways, thereby affecting the length 

and entanglement of polymer chains.

Figure 4 presents TEM micrographs of PANI nanotubes 

approximately 2.4 μm in length, synthesized via sequential 

templatinginitially in a gel matrix at 30 ℃, followed by a sol     

matrix at 45 ℃ using APS as the oxidizing agent. Notably, an     

individual PANI nanotube measuring ~2.4 μm is distinctly 

observed in the TEM images. For dc conductivity analysis, the 

sample was converted to its emeraldine salt (ES) form via HCl 

doping and evaluated using the four-probe method. The result-

ing conductivity of 1.14 × 10⁻2 S/cm demonstrates a sufficiently 

high level for potential integration into various functional 

applications.

Figure 3. SEM micrograph of polyaniline nanotube: (a) > 5 μm 

length; (b) ~ 2.4 μm length; (c) ~ 1 μm length.

Figure 4. TEM image of synthesized polyaniline nanotube of length 

~ 2.4 μm.
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Conclusions

Controlled variation of thermal conditions has been demon-

strated as an effective strategy for tailoring PANI nanotube

length, without necessitating alterations to either the template or 

the initiator system. This approach to synthesizing polyaniline 

(PANI) nanotubes is both innovative and methodologically sig-

nificant, offering promising potential for enhanced performance 

and structural control. The utilization of a complex coacervate 

gel template presents a straightforward yet effective strategy

for achieving controlled morphological outcomes in PANI 

nanostructures. Owing to its reproducibility and cost-efficiency, 

this technique holds significant promise for scalable imple-

mentation across diverse functional domains, including nano-

reactors, actuators, gas-separation membranes, and neural interface 

devices. The dual-surface exposure of these nanotubes may 

significantly enhance their efficiency in sensor technologies and 

catalytic processes by increasing active surface area and acces-

sibility. Notably, similar template-assisted synthesis approaches

have also been investigated for other polymers, thereby broaden-

ing the scope of nano-dimensional material design and expand-

ing the toolkit for functional nanostructure engineering.
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