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1. Introduction

Insights from theory and experiments on the
dynamics of controlled in situ polymerization of
pyrrole at the liquid-liquid interface

Aiswarya Chandran,® Hashima Madathingal,®
P. N. Bala Subramanian @ *° and Mini Mol Menamparambath @ *2

The controlled diffusion and precise assembly of nanoparticles, polymers, and conventional surfactants at
liquid-liquid (L-L) interfaces have significant potential in research domains such as oil recovery, electro-
optics, and liquid electronics. Apart from this, L-L interfaces have been explored as a promising strategy to
tune the nanostructure of conductive polymers and their hybrids in an in situ manner. The present work
focuses on understanding the dynamics and molecular interactions between reactive intermediates and
the solvent molecules at the interface to aid in optimizing the polymerization process. The molecular
dynamics (MD) simulations and their experimental validation revealed the molecular interactions between
the oligomeric/polymeric units of pyrrole and solvent molecules at the interface of chloroform and water.
We focus on the polymer size and charge-to-size ratio in governing the confinement, interfacial coverage,
and morphology during polypyrrole (PPy) formation under varying oxidant concentrations. The present
results reveal that the charge-to-size ratio dictates the hydrophobic-amphiphilic-hydrophilic transition of
PPy, which in turn controls the adsorption of the oligomers at the water-chloroform interface.
Morphological characterizations such as FESEM, AFM, and HRTEM confirmed that at intermediate
concentrations of oxidant, ammonium persulfate (APS), corresponding to the optimum charge-to-size
ratio, well-defined two-dimensional PPy sheets form at the interface. The interfacial tension, density
profiles, electrostatic potential, and hydrogen bonding interactions of reactive intermediates and the
orientation of polymer units at the water-chloroform interface affirm the importance of the molecular
interactions in controlling the in situ generation of conducting polymers at the L-L interface. The combined
experimental and theoretical studies give profound insight into the mechanism of in situ interfacial
polymerization and lay a foundation for controlled design of multifunctional polymer hybrids.

spontaneous self-assembly of a variety of functional materials,
such as nanoparticles,"* surfactants,"” polymers,'®"” etc., at the

Ton transfer across the interface between two immiscible liquids
is of great practical interest in areas like surface catalysis," drug
delivery,” food processing, oil-recovery,>* electro-optics,” etc.® In
particular, the thickness of such interfaces typically ranges from
few angstroms to a few nanometers, creating a highly confined
region where electron as well as mass transfer takes place that
can be altered relative to the bulk environments.”® Within this
ultrathin region, the interfacial environment is governed by an
interplay of intermolecular forces, including electrostatic
interactions,”* n-n interactions,"" dipole-dipole interactions,
and H-bonding.”® The forces collectively facilitate the
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liquid-liquid interface. The driving force for the self-assembly
at these interfaces is primarily the minimization of interfacial
free energy/interfacial tension.'® The confinement of the
nanomaterials at the interface is determined by their
amphiphilic character, particularly the balance between
hydrophobic and hydrophilic segments.'® By localizing at the
interface, these amphiphilic or surface-active species reduce the
interfacial tension, thereby stabilizing the interface itself.*’
Thus, the liquid-liquid interface represents an effective method
for modulating the morphology of materials to achieve
nanometer-sized two-dimensional (2D) films.**

Numerous experimental and computational studies have
focused on the interfacial behavior of materials such as
nanocrystals,”>** polymers*! and their enzyme complexes,*
proteins,’ etc., at the liquid-liquid interface, particularly at the
water-chloroform interface due to the small molecular size,
hydrophobicity and polar nature of chloroform. Among these
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nanomaterials, conductive polymers are of particular interest
due to the conjugated m-electron systems present, which impart
unique electronic properties relevant to smart electronics
applications.?*® Notably, polypyrrole (PPy) has emerged as one
of the most extensively studied conductive polymers owing to
its low cost, synthetic accessibility, distinct redox properties,
high electrical conductivity, and good environmental
stability.>?® Due to their unique characteristics, PPy
nanomaterials hold significant potential across various fields,
including energy storage®”** such as batteries® and super
capacitors®> as well as in the medicinal field, such as sensors®
and drug delivery,®* flexible electronic devices,*® and wearable
electronics.®®  The construction of well-defined polymer
architecture  of  polypyrrole  materials into  different
nanostructures such as nanowires,?” nanotubes,*® nanosheets,*”
and nanoparticles®® leads to overall performance enhancement
in terms of their electronic conductivity, optical response, and
microbial resistance. The significance of the liquid-liquid
interface in this context lies in its unique ability to enable
controlled, stimuli-responsive self-assembly processes to
facilitate the morphology tuning of nanostructures. As reported
previously, the physicochemical tuning of PPy polymers at the
water-chloroform interface through in situ generation of metals,
metal oxides, and doped metal oxides using various oxidants
has been explored experimentally. However, systematic
computational investigations into the morphology evolution of
conducting polymers at the liquid-liquid interface are barely
reported.

Molecular dynamics (MD) simulations offer valuable insights
into molecular orientations and interactions governing the
interfacial behavior of water and organic molecules of liquid-
liquid interfaces and those featuring nanoparticles on a
molecular scale.®® Building on the foundational understanding
of structural organization at the interface, the scope of MD
simulation has been expanded to more complex interfacial
systems involving nanoparticles,"**° surfactants,"”> and
polyelectrolytes.’®'®*! In particular, atomistic MD simulations
of polyelectrolytes at the liquid-liquid interface have
demonstrated that factors such as molecular concentration,
charge-to-size ratio, tacticity,*" and spatial charge distribution**
play a significant role in determining their adsorption
characteristics, conformational behavior, and interfacial
confinement. In addition, these parameters also influence key
interfacial properties such as interfacial thickness, interfacial
tension, and electrostatic interactions, especially in the presence
of functional nanomaterials. Despite these advancements, a
systematic understanding of how oligomeric properties,
specifically chain length and charge, affect adsorption-
desorption dynamics at liquid-liquid interfaces remains elusive.
To date, there have been limited investigations, both
experimentally and theoretically, into how such molecular
features influence confinement behaviour and interfacial
stabilization.

In the present study, we aim to bridge the knowledge gap by
exploring the adsorption-desorption behavior of PPy oligomers
at a water-chloroform interface under varying concentrations of
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ammonium persulfate (APS), a commonly used oxidizing agent.
To achieve this, we adopt a dual-faceted approach by integrating
molecular  dynamics  simulations  with  experimental
characterization. The study is initiated with atomistic MD
simulations to gain a molecular-level understanding of how
parameters such as oligomer chain length and charge
distribution influence the structural and dynamic behavior of
PPy at the liquid-liquid interface. In particular, we investigate
how these molecular features modulate key interfacial
properties, including interfacial tension, electrostatic potential
distribution, and H-bonding. The computational findings form
the basis for subsequent experimental validation.
Experimentally, we synthesize PPy oligomers at the water-
chloroform interface by in situ interfacial polymerization under
varying APS concentrations and analyze their morphology and
assembly behavior using appropriate characterization
techniques. This combined computational-experimental
methodology provides a comprehensive framework for
understanding the physicochemical behavior of conductive
oligomers at liquid-liquid interfaces.

2. Computational and experimental
section
2.1 Computational methodology

All molecular dynamics (MD) simulations were conducted using
the GROMACS 2022.3 version,*® and further visualization and
structural analysis were carried out using visual molecular
dynamics (VMD) software.** The force field parameters were
based on the optimized potentials for liquid simulations all-
atom (OPLS-AA) force field.”> A combination of Coulomb
interaction and Lennard Jones (L]) force potentials with a cut-
off distance of 1.4 nm is applied to represent short-range non-
bonded interactions.*® Long-range electrostatic interactions
were calculated using particle-mesh Ewald (PME) methods.*”
Prior to the production run, initial structure relaxation was
achieved through energy minimization using the steepest
descent algorithm to eliminate any unfavorable steric contacts
or high-energy configurations.*® The minimization was followed
by equilibration stages conducted under constant volume and
temperature (NVT) and constant pressure and temperature
(NPT) ensembles. During the NVT equilibration run conducted
for 5 nanoseconds (ns), the temperature of the system was
maintained at 300 K using a velocity-rescaling thermostat,*
which ensures proper canonical ensemble sampling. In the
subsequent NPT equilibration phase for 16 ns, the system
pressure was maintained at 1 bar using a Berendsen barostat.>
In the production run, the Nose-Hoover thermostat was
employed for refined temperature coupling to 300 K to ensure
thermodynamic ensemble behavior.>®  Pressure
coupling of the system to 1 bar was performed isotropically
using the Parrinello-Rahman method.”® Molecular dynamics
(MD) simulations were performed for 100 ns for each system.
Periodic boundary conditions were applied in all directions,
and three parallel runs were performed to improve statistical
reliability. The last 5 ns of each trajectory were taken out for

accurate
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data processing. A leap-frog integrator was used to update
particle positions and velocities at each time step of 2 fs,>* and
the LINCS algorithm was applied to ensure precise bond
lengths.>* To investigate the role of chain length and charge,
PPy oligomers with 1, 2, 3, 4, 5, 10, and 15 repeating units (RU)
were employed. To differentiate the effects of electrostatic
interactions on the adsorption-desorption dynamics of PPy
chains at the interface, each system is further classified by the
total positive charge assigned to individual oligomeric (PPy)
chains. A total charge of +1, +2, and +3 was assigned to all
chains, except 1RU, and except 1 & 2RU, respectively. Each
system was simulated using a box containing 50 PPy chains
randomly distributed in CHCI; with an identical number of RUs
and uniform charge distribution in all pyrrole chains; therefore,
each simulation box represents a unique combination of pyrrole
chain length and charge. This approach resulted in a total of 18
distinct systems, each containing a homogeneous population of
PPy oligomers with specific structural and electrostatic
properties. To maintain charge neutrality, a corresponding
number of sulfate (SO,>) counter ions were randomly added to
the aqueous phase in each system. The design provided 18
distinct systems, each representing a unique combination of
PPy chain length and charge.

2.2 Chemicals and reagents

Pyrrole (Sigma Aldrich, 109-97-7, 98%), ammonium persulfate
(APS) (Sigma-Aldrich, 7727-54-0, 98%), and chloroform (Thermo
Fisher Scientific India, 67-66-3, 99.5%) were used as received.
Deionized water (ELGA Pure lab Quest UV, 18.2 MQ), was
employed throughout the synthesis.

2.3 Interfacial synthesis of PPy at the water—chloroform
interface and characterization

To verify the influence of ionic charges on the polymerization
kinetics and morphology of the PPy, interfacial polymerization
of pyrrole was conducted at the interface of water and
chloroform under ambient temperature-pressure conditions. In
this method, the pyrrole monomer in chloroform and the
oxidant ammonium persulfate in the aqueous phase were
allowed to react at the water-chloroform interface for a duration
of 2 hours and 45 minutes, devoid of agitation or stirring to
facilitate the self-assembly of polymeric products at the
interface. The influence of ionic charges during the reaction
was controlled by varying five different concentrations of APS
(9.75 x 107 to 312 x 10~ millimoles) while maintaining a
constant concentration of pyrrole monomer (731 x 107
millimoles). The experimental parameters, such as
concentrations of reactants, volume of solvents, and product
codes, are tabulated in Table S1. The final products were
filtered, dried under ambient temperature-pressure conditions,
and redispersed in water for further characterization.

The morphology of the products was analyzed using field
emission scanning electron (FE-SEM) and high-resolution
transmission electron (HR-TEM) microscopy and the
topographical information was obtained using contact mode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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atomic force microscopy (AFM). The adsorption and desorption
of reactants, intermediates, and products at the interface during
the polymerization were systematically investigated using UV-
visible spectroscopy (Shimadzu UV-2600 spectrometer) at
different time intervals. Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was performed using a Bruker Autoflex max LRF instrument to
determine the molecular weight of PPy and estimate the
number of monomer units present.

3. Results and discussion

The interfacial properties of the pure water-chloroform
system and the molecular interactions of polymeric chains at
the water-chloroform interface were investigated using MD
simulations. Fig. 1a represents a double interface box with
dimensions 11 nm x 11 nm X 22 nm, which then reduced to
10.93 nm x 10.93 nm x 21.86 nm after 20 ns of MD
simulation. To examine and compare the physical properties,
the volume, the number of molecules, the density of each
phase, and the resulting interfacial tension were simulated
using two different water models (simple point charge - SPC,
and extended simple point charge - SPC/E models).">** As
shown in Fig. 1b, simulations of pure water-chloroform
systems yielded an interfacial tension value of 28.18 mN m™*
for the SPC-CHCl; system and 33.75 mN m™" for the SPC/E-
CHCI; system. It can be observed that the interfacial tension
from the SPC model was closer to the experimental value of
29.7 mN m .>® Furthermore, the densities of aqueous and
organic phases in both systems (SPC-CHCl; and SPC/E-
CHCl;) are in agreement with the experimental values of
water and CHCl;, 1000 kg m™ and 1489 kg m™,
respectively.>” Density profiles of CHCI;, SPC, and SPC/E were
averaged over the last 5 ns of the 20 ns sample run and are
shown in Fig. 1c. Consequently, the SPC model was selected
for subsequent simulations in combination with the OPLS-AA
force field for the other molecules, and all systems were
constructed in a double interface configuration.

We investigate the morphology and adsorption-desorption
behavior of PPy chains of different sizes and charges by
simulating these chains in the SPC-CHCl; system. The
generation of the polaronic structure of PPy during
polymerization is schematically represented in Fig. S1. Fig. 2
represents the snapshots of the SPC-CHCI; system containing
PPy oligomers as described in the system setup of the
Computational methodology section. This design enabled a
controlled investigation into how chain length and charge of
PPy chains independently or jointly influence the dynamics of
these polymer systems at the liquid-liquid interface.

The PPy chains, initially placed in the organic phase, were
mass transferred to the aqueous phase, and/or confined at
the interface based on the chain length and total charge on
PPy as summarized in Fig. 2. Fig. 2a and b illustrate the
behavior of short-chain PPy oligomers with one and two
repeating units (1 and 2RU). Notably, 1RU exhibits significant
migration towards the aqueous phase, likely due to its high

RSC Appl. Interfaces, 2025, 2,1889-1902 | 1891
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Fig. 1

(a) Water-chloroform double interface box with dimensions 10.93 nm x 10.93 nm x 21.86 nm, grey color indicates chloroform molecules

and cyan color indicates water molecules. (b) The table contains details such as volume, number of molecules, the density of each phase, and the
resulting interfacial tension simulated using different water models. (c) Density profiles of CHCls, SPC, and SPC/E averaged over the last 5 ns of

the 20 ns sample run in both systems (SPC-CHClz and SPC/E-CHCls).

Fig. 2 Snapshots of SPC-CHCl; containing pyrrole repeating units after 100 ns of MD simulation for (al) 1RU, (bl and b2) 2RU, (c1-c3) 3RU, (d1-
d3) 4RU, (el-e3) 5RU, (f1-f3) 10RU, and (gl-g3) 15RU. The first, second, and third rows represent corresponding +1, +2, and +3 charges,
respectively, on each PPy chain. The schematic illustrations of PPy chains and $SO42 ions are shown in the inset.

charge-to-mass ratio-induced hydrophilicity (Fig. 2a). For 2RU
with +1 charge (Fig. 2b1), PPy chains are majorly confined at
the interface, however, 2RU with +2 charge (Fig. 2b2)
exhibited a complete distribution of PPy chains in the
aqueous phase. As we move from 3RU to 5RU (Fig. 2c-e), the
interfacial confinement is predominantly observed for the
PPy chains with +1 charge, whereas an increase in total
charge on the polymer chain helps in the distribution of the
products in the aqueous phase (Fig. 2¢ and d). However, the
5RU oligomer shows complete confinement at the interface
for charge states of +1 and +2 (Fig. 2e). For the +3 charge,
although confinement is still evident, the oligomers tend to
form clusters rather than spread uniformly across the
interface. Some of these clusters even orient deeper towards
the aqueous phase, implying the beginning of a transition

1892 | RSC Appl. Interfaces, 2025, 2, 1889-1902

from interfacial confinement to aqueous phase migration, as
a result of high charge density on the PPy chains. The long-
chain oligomers 10RU and 15RU (Fig. 2f and g) exhibit robust
confinement at the water-chloroform interface across all
studied charge states (+1, +2, and +3).

To better understand how PPy oligomers are confined at
the water-chloroform interface, mass density profiles were
examined for each system. These profiles quantitatively reveal
the spatial distribution of PPy chains and counter ions
(S0,>) and chain length at the interface as well as in the
bulk phases. The results presented in Fig. 3 and 4 depict the
mass density profiles for varying charge densities and chain
lengths. Fig. 3a-d represents the mass density profiles of PPy
chains with higher charge density per RU such as 1RU (+1
charge), 2RU (+2 charge), 3RU (+2 and +3 charges), and 4RU

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mass density profiles of PPy chains with higher charge density
per RU. (a) 1RU (+1 charge), (b) 2RU (+2 charge), (c) 3RU (+2 and +3
charges), and (d) 4RU (+3 charge).

(+3 charge). PPy chains with higher charge density tend to
migrate towards the aqueous phase, mainly due to
electrostatic interactions with the polar solvent. Fig. 3a
demonstrates the mass density profile of 1RU with a +1
charge, highlighting the significant presence of the species in
the aqueous phase due to the migration of high-charge-
density PPy units to the aqueous phase. Fig. 3b depicts the
mass density of 2RU with +2 charge, with peak intensity
surpassing that of 1RU attributed to the increase in
oligomeric chain length (total mass of PPy chain). Fig. 3c

View Article Online
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shows the density profiles for 3RU with +2 and +3 charges.
The +2 charged species exhibit minimal interfacial
confinement and a noticeable shift in density towards the
aqueous phase, suggesting limited stabilization at the
interface and enhanced distribution of PPy chains in water.
On the other hand, for the +3 charged species the density
distribution is even more dispersed within the aqueous
phase, with almost no interfacial confinement. This
distribution pattern of 3RU indicates that an increase in
charge per RU considerably decreases the affinity of PPy
chains towards the hydrophobic chloroform, favoring its
movement into the aqueous phase. Finally, Fig. 3d illustrates
the density profile for 4RU with +3 charge, which displays
high intensity corresponding to PPy chains dispersed in the
aqueous phase. The nature of density plots further confirms
that highly charged PPy chains (particularly at +3 per RU) are
unable to maintain stable interfacial confinement due to the
dominant electrostatic interaction with water.

Fig. 4 illustrates the mass density profiles of lower charge
density of PPy chains of 2RU & 3RU (+1 charge), 4RU (+1 and
+2 charge), 5RU, 10RU, and 15RU (+1, +2 and +3 charges).
The peak height of the density profile at the interface
correlates with the increase in chain length, particularly for
PPy with repeating units 10 and 15. In contrast to Fig. 3, the
density profiles of Fig. 4 feature sharp and narrow peaks at
the interface corresponding to PPy and SO,* ions, suggesting
the absolute localization and planar confinement of the
oligomers at the narrow interface of water and chloroform.
Fig. 4a details the density plot of 2RU, each chain bearing a
+1 charge, and the peak intensity at the interface is very low
due to its small size. In this configuration, the PPy chain
exhibits major confinement at the interface. Oppositely, in
the case of 3RU (+1 charge), 4RU (+1 and +2 charge), and

(@) (b) e 3RU (+1) (c) e RU )
—~ 400 " 2RU () S042°_3RU (+1) 2
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= - e 4RU (+2)
g S042"_4RU (+2)
2
£ 200
c
@
(=]
LA AL A AL A A
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Z(nm) Z(nm) Z(nm)
(d) = 5RU (+1) (e) —10 Rzu 1 (f) — 15RU (+1)
__400 S042"_5RU (+1) :?;J—:; RU() S042"_15RU (+1)
e 5RU (+2) 2_( ) | — 15RU (+2)
) $042°_5RU (+2) T(?;u_:: RU (£2) Il sog2_15RU+2)
x e 5RU (+3) - 2_( ) | 15RU (+3)
2200 $042°_5RU (+3) 5047 _10 RU(+3) | SO4%_15RU (+3)
: |
@ {
LA A |
04k )&77 N /. _— - — ‘ S (R S j
0 5 10 15 20 0 5 10 15 20 O 5 10 15 20

Z(nm)

Fig. 4 Mass density profiles of PPy chains with lower charge density per RU. (a) 2RU (+1 charge), (b) 3RU (+1 charge), (c) 4RU (+1 and +2 charges),

Z(nm)

Z(nm)

(d) 5RU (+1, +2 and +3 charge), (e) 10RU (+1, +2 and +3 charge), and (f) 15RU (+1, +2 and +3 charge).
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5RU (+1 and +2 charge), Fig. 4b-d show sharp peaks at the
interface which confirms the complete confinement of PPy
chains at the interface. Although peaks corresponding to
density profiles of 5RU (+3 charge) of the PPy oligomer
appear to be confined at the interface, they are slightly
broadened towards the aqueous phase compared to 5RU with
+1 and +2 charges. On comparing the mass density profiles
of 3RU, 4RU, and 5RU PPy chains, it can be concluded that
the PPy chains exhibit charge density-dependent confinement
at the interface. For longer chains of 10RU and 15RU
(Fig. 4e and f respectively), sharp and narrow peaks are
consistently observed regardless of the charge per RU, where
the designated charges are +1, +2, and +3. As depicted from
the mass density profiles of SO,>” counter ions in Fig. 3 and
4, the counter ions are also confined at the interface. The
spontaneous electrostatic association of counter ions with
the positively charged NH," terminal of PPy chains makes
them more hydrophilic in nature.

The preferential distribution and the nature of self-
assembly of PPy chains and the solvent accessible surface
area (SASA) at the interface were analyzed from the top-down
(z-axis) view of the interface of simulated systems (Fig. 5). For
this particular study, the authors have selected only the
samples in which the PPy chains are majorly or completely
adsorbed at the interface. In Fig. 5a-f, the first, second, and
third rows represent the PPy chains with total charges, +1,
+2, and +3, respectively. On comparing the PPy chains with
the same total charges, for example, PPy chains of 2, 3, 4, 5,
10, and 15RUs with +1 charge (left to right in the first row of
Fig. 5), the surface coverage increases with an increase in RU
per chain. Moreover, as shown in Fig. 5e and f, 10RU and
15RU have more planar sheet-like structures where individual
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oligomer chains lie parallel and stack side-by-side. In
contrast, when the total charge increases for fixed chain
length PPy (+1 and +2 for 4RU and +1 to +3 for 5RU), a
transition from planar stacking to agglomeration of PPy
chains is observed in Fig. 5¢ and d. In longer chains (10 and
15 RU), the stacked 2D sheets-like nature persists even at
higher charge densities, although some lateral dispersion is
observed as the charge increases. To support this
observation, the 2D density maps of the PPy chains at the
interface are also provided in Fig. S2. Based on these
observations, it can be concluded that the charge-induced
agglomeration is more pronounced for medium-length than
for longer PPy chains, leading to a morphology tuning from
agglomerated clusters to two-dimensional sheets. Apart from
this, the surface coverage of PPy chains was quantified using
the solvent accessible-surface area (SASA), by the Connolly
method which reflects the extent of oligomer exposure to the
surrounding medium and contributes to the understanding
of interfacial stabilization and adsorption mechanism.*® As
shown in Fig. 5g, the SASA decreases with an increase in the
total charge for medium chain length (3RU, 4RU, and 5RU),
reflecting increased agglomeration and reduced interfacial
spread. In contrast, for long-chain PPy, the SASA does not
vary significantly. However, as the chain length increases (10
and 15RUs), the SASA more or less remains the same with an
increase in total charge, indicating more dispersed and
compact stacking of PPy chains at the interface.

The influence of the adsorbed PPy chains on minimizing the
interfacial tension (IFT) and stabilization of a high-energy
water-chloroform interface was compared with that of a pure
water-chloroform system. The interfacial tension (y) between
the aqueous and organic phases, both in the presence and

Number of repeating unit increases interfacial confinement
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absence of PPy oligomers, was computed using the mechanical
definition derived from pressure tensor components:*’

L ptp
A ) 0

where L, is the length of the simulation box along the z-axis
(direction perpendicular to the interface), p, is the normal
pressure component, and p, and p,, are the tangential pressure
components. A factor of 1/2 accounts for the presence of two
interfaces arising from periodic boundary conditions applied in
the z-dimension. The interfacial tensions of all the systems
calculated in the last 5 ns of MD simulations are summarised
in Fig. 6a. As mentioned earlier, the interfacial tension of pure
SPC-CHCI; (y,) was 28.18 mN m ". Regarding the IFT in the
case of medium-length PPy chains (3RU, 4RU, and 5 RU), an
increase in IFT with an increase in total charge (+1 to +3) was
observed. However, the maximum IFT observed for these
systems was 28.29 mN m™" for 3RU with a +3 charge, which is
almost similar to the IFT of pure SPC-CHCl;. In contrast to the
behavior observed for medium-chains, long-chain PPy (10RU
and 15RU) shows a decrease in IFT (y) with an increase in total
charge. The lowest IFT values for 10 RU and 15 RU at a total
charge of +3 are 26.7 mN m ™" and 24.8 mN m ", respectively. As
reported earlier, the decrease in IFT is attributed to the
increased stabilization of the water-chloroform interface as a
result of the adsorbed nanostructures.>»** The illustrations in
Fig. 2 and 5 additionally emphasize the adsorption of
nanostructures at the interface. Therefore, it further affirms that
the adsorption of PPy chains at the interface decreases IFT,
whereas the agglomeration/distribution of PPy chains in the
aqueous phase resulted in IFT values similar to that of the pure
SPC-CHCI; system.

View Article Online
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Molecular ordering and polarization of solvent molecules
as a result of the adsorption/desorption of PPy chains were
investigated using the electrostatic potential across the
water-chloroform interface as shown in Fig. 6b and c. The
electric potential difference across the interface was
evaluated by performing a double integral of the charge
distribution of the system in z-direction using the Poisson
equation in its integrated form:*°

V@ -v(0) = | a2’ [ azrPe) ©)
0 0 €o
In this expression, w(z) and w(0) are the electrostatic
potentials at position z, and at the reference point z = 0,
respectively. ¢, is the vacuum permittivity, and p(z) is the
spatially resolved charge density along the z-direction. For
the pure SPC-CHCI; interface, the interface electrostatic
potential was calculated to be —-624 mV, which is consistent
with the theoretical value reported.”” The electrostatic
potential becomes more negative at the interface by the
incorporation of PPy oligomers. We notice that there is a
change in the shape of the electrostatic potential, as we move
to +3 charge configurations, which may be an artefact of the
box size we have chosen. In these contexts, based on the
shape of the potential well, they are categorized into two,
electrostatic potential trends exhibited by PPy with lower total
charge (+1 and +2) as shown in Fig. 6b and PPy with higher
total charge (+3 charge) represented in Fig. 6¢c. For PPy chains
with +1 and +2 charge, as the number of repeating units
increases, the electrostatic potential minimum at the
interface becomes more negative. Among these systems,
15RU with +2 charge exhibits the lowest electrostatic
potential, suggesting that long chains with moderate charge
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(a) Interfacial tension, (b) electrostatic potential of PPy chains with charge +1 and +2 per chain, (c) electrostatic potential of PPy chains with

charge +3 per chain, (d) average radius of gyration R, (e) average radius of gyration along the xy plane Rg,, and (f) number of H-bonds within 0.35

nm of PPy chains.
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induce the strongest polarization on solvent molecules close
to the interface. This may be due to the extended surface
contact and the stronger electrostatic field generated by the
longer chains. As shown in Fig. 6c, the potential profiles
exhibit a step-wise well structure for +3 charge, which is
notably different from chains with low charge. Additionally,
the charge distribution arising from the solvent-polymer
interactions is shown in Fig. S3. For PPy chains with +1 and
+2 charges, the charge is more concentrated near the
interface giving rise to sharper charge density peaks near the
interface (Fig. S3a). On the other hand, for PPy chains with
total charge +3, charge multiple charge zones (Fig. S3b) are
formed along the box that may contribute to the distinct
structure of the electrostatic well for +3 charge.

Moreover, the radius of gyration R, provides insight into the
conformational behavior of PPy chains during polymerization.
The overall spatial extent of the oligomers (Ry) and the spread
of the oligomers within the interfacial 2D plane (Rg,,) are shown
in Fig. 6d and e, respectively. The plots of both R, and Ry,
reveal a clear tendency of aggregation among the oligomers for
medium chains (3RU, 4RU, and 5RU) as the total charge
increases. The radius of gyration processed from the last 5 ns of
each trajectory is represented in Fig. S4. Notably for medium
chains, an increase in charge density drives conformational
transitions from 2D arrangement to aggregated clusters,
implying the dominant role of electrostatic interactions over
chain length in determining the interfacial confinement. In
contrast to medium chain length, longer chains (10RU and
15RU) have almost constant R, values, and tend to adopt a more
spread-out conformation at the interface, independent of the
total charge on the chains. Furthermore, to quantitatively
investigate the role of polymer-solvent interaction in deciding
the confinement at the interface/distribution to the solvent
phase, H-bonding interactions with surrounding water
molecules were analyzed. The distance and angular criteria for
hydrogen bonds were defined using the standard geometric
criteria corresponding to the first minimum in the donor-
acceptor radial distribution function, which ensures near-
linearity of the hydrogen bond.®> The number of hydrogen
bonds (Nyg) within 0.35 nm of PPy chains (Fig. 6f) shows an
increase with an increase in total charge. The variation of Nyg is
detailed in Fig. S5 and can be correlated with the radial
distribution function (RDF) of SO,*” ions around the PPy chains
as shown in Fig. S6. Moderate chain length oligomers, such as
3RU, 4RU, and 5RU, show stronger localized electrostatic
interaction with SO, ions at higher total charges due to
concentrated positive charge. This results in enhanced
clustering of $O,>” ions around the PPy chains which leads to
an increase in the Nyp value with an increase in total charge.
The corresponding reduction in R, value confirms that the
oligomers are highly agglomerated and more distributed into
the aqueous phase. In contrast, the delocalized charge on
longer PPy (10RU and 15RU) chains leads to a lower probability
of SO,*” ion accumulation in the vicinity of PPy chains as shown
by the lower RDF value compared to that of medium chains.
However, Ngp values for longer chains remain high, due to the
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greater number of N atoms that act as hydrogen bonding sites.
Despite the high Nyp values, the radius of gyration remains
unchanged for longer chains suggesting that these PPy chains
retain 2D natured confinement and do not undergo
aggregation.

MD simulation findings were further verified using
experimental methods, in which the dynamics at the interface
and the morphology tuning of PPy nanostructures were
investigated. To elucidate the dynamics of reactive
intermediates and their distribution across the interface, UV-
visible absorption spectral analysis was carried out during
polymerization using four different concentrations of
ammonium persulfate. The samples were collected from three
different regions, i.e., (i) bulk aqueous phase (ii) near the water-
chloroform interface and (iii) bulk organic phase every 15
minutes over a total period of 2 h and 45 minutes on each
sample, i.e., PPy2 to PPy5 (Table S1). The reaction dynamics of
reactive intermediates were recorded using UV-visible
absorbance spectroscopy for SO,>", PPy oligomeric chains, and
monomer peaks at 185 nm, 210 nm, and 240 nm, respectively,
as shown in Fig. S7 and S8. As the reaction proceeds, the
intensity of the monomer and oxidant decreases due to the
consumption of reactants, whereas the intensity of oligomeric
chains increases due to the polymerization. The UV-vis
characterization of PPyl was not included in the comparison as
there is no visible product formation for this particular
concentration. Fig. 7 represents the variation in the intensity of
absorption for the reactive species in the bulk aqueous phase,
near the water-chloroform interface, and bulk organic phase.
Fig. 7a represents the temporal evolution of peak intensity for
the SO,* ions in the aqueous phase and at the interface for the
samples PPy2 and PPy3, in which the APS concentration is low.
The concentration of SO,>  ions decreases with time, in
particular, a sharp decrease in concentration was observed
within the first 1 hour, however, a very slow decrement was
subsequently seen. At the same time, the concentration of SO,*"
ions increases similarly at the interface, indicating the
consumption of APS from the aqueous phase and generation of
the SO, ion attached oligomers at the interface. Meanwhile in
the case of PPy4 and PPy5, SO,> ions in the aqueous phase
sharply decrease within 1 hour; however, the concentration
increases during polymerization (Fig. 7b). Moreover, the SO,*
ion concentration at the interface increases within 1 hour and
slowly decreases, indicating the fast generation of SO,>  ion
attached oligomers at the interface, initially migrating to the
aqueous phase due to the attachment of a higher number of
SO,* ions to the PPy chains. These experimental observations
corroborate with the MD simulations, where the agglomeration
and distribution of PPy chains are more prominent at higher
concentrations of SO,>” ions. Fig. 7c represents the decrease in
the concentration of pyrrole monomers distributed in the
organic phase for all samples (PPy2 to PPy5), indicating the
consumption of monomers during polymerization. The
percentage depletion of pyrrole monomers was significantly
higher for PPy4 and PPy5 samples, indicating enhanced
monomer consumption at higher APS concentrations which in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Absorption peaks for SO42 ions (a) at lower concentrations of APS (PPy2 and PPy3) in the aqueous phase, (b) in higher concentrations of
APS (PPy4 and PPy5) in the aqueous phase and (c) absorption peaks of pyrrole in the organic phase for PPy2, PPy3, PPy4, and PPy5. The inset
shows the depletion percentage of pyrrole monomers during the reaction. (d) The oligomeric absorbance observed in PPy2 and PPy3 was sample

collected from the aqueous and interface.

turn hinders the formation of longer PPy oligomers. In contrast,
slower depletion at lower APS concentrations (PPy2 and PPy3)
allows sufficient availability of monomers for oligomer growth.
The fair comparison between Fig. S7 and S8 proves the
formation of long-chain oligomers, indicated as a broad peak
closer to SO,>” ion absorption. This is further supported by
Fig. 7d, where the absorbance intensity of PPy oligomers
increases at the interface for PPy2 and PPy3, while it remains
low or decreases at the aqueous phase with time, suggesting
that PPy oligomer formation predominantly occurs at the
interface under low APS concentrations.

MD simulations proved that the doping of SO, ions to the
PPy chains plays a crucial role in regulating the migration and
tuning the morphology of PPy nanostructures generated in the
bisolvent systems. Hence, the impact of APS concentration on
both the dynamics of interfacial polymerization and the
morphology of PPy nanostructures of samples PPyl to PPy5 is
depicted in Fig. 8. The optical images of the reaction medium
allowed to react for 3 hours indicate the different modes of

© 2025 The Author(s). Published by the Royal Society of Chemistry

product confinement for different APS concentrations (Fig. 8a1-
el). The nature of product generation and its distribution/
confinement varies based on the APS concentrations. At the
lowest APS concentration (PPy1) there was no visible product
formation, while for PPy2 a very thin layer of product started to
confine at the interface by 1 hour and 45 minutes of reaction.
As the oxidant concentration was increased, PPy3 showed more
pronounced confinement of products at the water—chloroform
interface, significantly earlier, within 1 hour. Furthermore, both
PPy2 and PPy3 do not extend the products to the bulk phase,
possibly due to the low oxidant concentration, which reduces
SO,*” ion doping and restricts the diffusion of reactive
intermediates towards the bulk aqueous phase.

In contrast, at higher APS concentrations (PPy4 and PPy5),
product formation becomes faster, and in situ generation of the
product occurs within the first 30 minutes. It should be noted
that the products extend beyond the water-chloroform
interface, and are evenly distributed in the aqueous phase.
Apart from this, the influence of APS concentration in tuning

RSC Appl. Interfaces, 2025, 2,1889-1902 | 1897
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(al-el) Optical images of the formation of PPy at the water-chloroform interface after the polymerization completion PPy1-PPy5, and (a2-

e2) the corresponding FE-SEM images. (f) Illustration of the transition of product morphology from scattered thin sheets to agglomerated clusters

with increasing APS concentrations.

the morphology of the PPy nanostructures was investigated with
the help of high-resolution scanning electron microscopy, as
shown in Fig. 8a2-e2. Interestingly, the morphology was
modulated from irregularly shaped small sheets to well-defined
two-dimensional PPy sheets to three-dimensional agglomerated
clusters, as the concentration of APS varied from very low to
medium to high concentrations. Insufficient APS concentration
(PPy1) leads to minimal PPy generation, leading to irregularly
shaped sheets smaller than 5 micrometers (Fig. 8a2). However,
Fig. 8c2 shows well-defined two-dimensional PPy sheets formed
for an intermediate concentration of APS (PPy3), and the
products were stabilized at the water-chloroform interface. This
suggests that the optimal concentration of APS facilitates the
controlled formation of reactive intermediates that may align
and stack parallel to the water-chloroform interface to form
larger two-dimensional sheets. Further increase in APS
concentration (PPy4) leads to the combination of sheet and
globular nanostructures (Fig. 8d2). At the highest concentration
of APS (PPy5), the product morphology completely changed to a

1898 | RSC Appl Interfaces, 2025, 2, 1889-1902

three-dimensional network of globular structures (Fig. 8e2). The
cluster morphology can be attributed to rapid oxidation that
contributes to small agglomerated clusters with highly positive
charge density. The high charge density increases hydrophilicity
which leads to enhanced diffusion into the bulk aqueous phase.
The experimental observations from FE-SEM at various APS
concentrations agree with the theoretical predictions, as shown
in Fig. 2. On comparing Fig. 8a1-c1 with that of the PPy chains
with the same total charges, for example, PPy chains of 2, 3, 4,
5, 10, and 15 RUs with +1 charge (left to right in the first row of
Fig. 2), the sheet nature becomes prominent with the increase
in chain length. Moreover, as a result of the generation of more
reactive oligomeric chains with increasing APS concentrations
(PPy1-PPy3), the increase in repeating units leads to more
robust films. On the other hand, the excess APS concentration
(PPy4 and PPy5) provides more SO,>” ions for doping on the
PPy chains in addition to the rapid oxidation of monomers,
resulting in the generation of agglomerated clusters with high
charge density. Theoretical analogs corresponding to this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 AFM and HR-TEM analysis of PPy3 samples. (a) 2-D AFM image, (b) 3-D AFM image, (c) thickness plot at three different regions denoted as
profile 1, 2, and 3. (d) and (e) HR-TEM image and (f) selected area diffraction pattern of the PPy3 sample.

phenomenon include moderate chains with higher charge
density, such as 4RU (+3 charge) and 3RU (+2 and +3 charge
density), as in Fig. 2. Fig. 8f pictorially illustrates the evolution
of the morphology of PPy nanostructures as a function of APS
concentration.

The high interfacial tension-induced morphologically
tuned 2D nanostructures were further investigated using
AFM and HR-TEM techniques to elucidate the 2D stacking
behavior. For this, the products from PPy3 were selected
owing to their robust 2D sheet structure. The 2D-AFM image
(Fig. 9a) and 3D-AFM image (Fig. 9b) exhibited planar two-
dimensional sheets with a uniform thickness throughout.
Furthermore, the thickness profiling at three different
regions of the film showed an approximate thickness of 6
nm, resulting from the layered packing of roughly 40 PPy
chains in a single sheet (Fig. 9c). Additional AFM imaging
and thickness profiling of the same sample are included in
Fig. S9, further confirming the uniform morphology and
thickness of the PPy3 samples. In addition, the HR-TEM
analysis (Fig. 9d and e) shows two-dimensional nano-sheet
structures consistent with those observed in both AFM and
SEM. The selected area electron diffraction (SAED) pattern
(Fig. 9f) displayed diffuse diffraction rings, affirming the
characteristics of the amorphous nature of PPy sheets.
Further, the molecular weight of PPy and the number of
monomer units were estimated from the MALDI-TOF MS
analysis of the PPy3 sample. The MALDI spectrum shows
distinct peaks corresponding to PPy oligomers with chain

© 2025 The Author(s). Published by the Royal Society of Chemistry

lengths in the range of 7 to 15 repeating units, which is in
agreement with PPy synthesized using chemical oxidative
polymerization in a single solvent.®®

Conclusion

An in-depth comprehension of the interfacial polymerization of
polypyrrole by the integration of molecular dynamics
simulations with experimental validation is explored in this
work. MD simulations revealed that the charge-to-size ratio of
PPy oligomers determined the region of confinement: short
oligomers with higher charge density preferentially migrate to
the aqueous phase, whereas oligomers with low charge density
exhibit strong interfacial confinement and form two-
dimensional stacked sheets. Experimentally, the charge density
was controlled by varying the APS concentrations, and FESEM,
AFM, and HRTEM analysis confirmed that, at intermediate APS
concentrations corresponding to optimum charge to size ratio,
well-defined two-dimensional PPy sheets form at the interface.
Higher APS concentrations yielded agglomerated clusters in the
aqueous phase, consistent with molecular dynamics predictions
for highly charged short-to-medium length oligomers. Further,
the reduction in interfacial tension and electrostatic potential
predicted by the simulations was supported by data from UV-vis
spectroscopy. The UV-vis absorption intensities of SO,> and
PPy oligomers are positively correlated with migration and
confinement of PPy chains at the interface as observed in the

MD simulations. It also revealed that at lower APS
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concentrations (PPy2 & PPy3), SO,>~ consumption and oligomer
growth predominantly occur at the water-chloroform interface,
while higher APS concentrations (PPy4 & PPy5) promote their
migration into the aqueous phase. These trends are consistent
with MD simulations, which predicted that high charge density
favors migration of oligomers into the aqueous phase, whereas
lower charge density promotes interfacial confinement and two-
dimensional nanosheet formation. The number of hydrogen
bonds and radius of gyration analyses further evidenced how
electrostatic interactions govern interfacial confinement, which
agrees with the experimentally observed tuning from thin
nanosheets to agglomerated morphologies at higher oxidant
levels. Overall, the integrated MD-experimental framework
provides a consistent molecular picture: simulations supply
mechanistic ~ insights  into  charge-driven  adsorption,
confinement, and morphology, while experimental observations
validate these predictions. This synergy underscores the critical
role of the charge-to-size ratio of PPy chains in tuning PPy
nanostructures at liquid-liquid interfaces and establishes a
predictive platform for designing interfacial polymerization.
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