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This comparative study investigates the role of side-group chemistry
in mono-sulfonic acid dopants—CSA, DBSA, and TFMSA—within
PANI/PAAMPSA complexes. The structural variations among the
dopants significantly influenced the polymer-dopant interactions,
which in turn altered key material properties. These findings provide
molecular-level insights for developing highly stretchable, conduc-
tive, and autonomously self-healing materials for flexible and wear-
able applications.

The development of conductive polymer systems that integrate
high electrical conductivity with robust mechanical stretchabil-
ity remains a pivotal challenge for the advancement of next-
generation flexible electronics.”” Conducting polymers such as
polyaniline (PANI) are a leading candidate for such applica-
tions, due to their excellent conductivity and environmental
stability.> However, the inherent brittleness limits its use in
scenarios that require mechanical deformation.” To overcome
this limitation, PANI can be combined with intrinsically flexible
polymer matrices, which impart the necessary stretchability to
the system.”

The use of polymer acids, such as poly-2-acrylamido-2-
methyl-1-propanesulfonic acid (PAAMPSA), as template and
dopant, has proven effective in improving the mechanical
integrity of PANL®’ However, to further push the electrical
and mechanical performance, secondary doping of this binary
system is essential.® Although small molecule dopants with
sulfonic acid groups have been explored, the specific influence
of mono-sulfonic acids and their side group chemistry on
interactions with the PANI/PAAMPSA complex remains
unexplored.”*°
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To create better conductive polymer systems, it is imperative
to understand how the choice of side groups affects key proper-
ties like electrical behavior, molecular spacing, mechanical
performance, water retention, etc. These factors collectively
influence doping efficiency and interfacial interactions, which
allow for the intentional design of polymers with improved
performance. In this communication, we report the findings of
the targeted investigation of the role of side-group chemistry
using three structurally distinct mono-sulfonic acids: (1S)-
(+)-10-camphorsulfonic acid (CSA), 4-dodecylbenzene sulfonic
acid (DBSA), and trifluoromethane sulfonic acid (TFMSA).

Fig. 1a illustrates the in situ oxidative polymerization process
used to synthesize PANI/PAAMPSA films doped with mono-
sulfonic acids (MSAs). The synthesis consists of two key steps:
polymerization and film casting. During the in situ polymeriza-
tion step, ammonium persulfate (APS) serves as the initiator
and helps to protonate aniline monomers and convert PANI
from its insulating emeraldine base form to its conductive
emeraldine-salt form, as evidenced by the green color of the
resulting solution.® This process enables templated polymer-
ization, where aniline monomers align with the negatively
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Fig.1 (a) Schematic showing the synthesis process for the PANI/

PAAMPSA/sulfonic acid polymer composite and the corresponding inter-
actions between polyaniline chains with PAAMPSA and mono-sulfonic
acids (b) structure of CSA (c) structure of TFMSA (d) structure of DBSA.
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charged PAAMPSA backbone, facilitating zip-like polymeriza-
tion, resulting in a head-to-tail chain growth within the doped
complex. In this system, doping proceeds via a p-type protonic
mechanism, where the imine nitrogen atoms of PANI are
protonated by sulfonic acid groups (-SOzH) of PAAMPSA and
MSAs, forming positively charged iminium sites (-N"H-) that
electrostatically interact with anionic sulfonate groups (-SO; ).
These ionic and hydrogen bonding interactions stabilize the
doped polymer network, facilitate charge delocalization along
the PANI backbone, and significantly enhance the electrical
conductivity."* The introduction of structurally different MSAs
further influences the morphology, chain organization, and
packing, which leads to overall changes in the electrical and
mechanical behavior of the resulting films.

The three MSAs possess distinct structural features that help
to elucidate the structure-property relationships within the
PANI/PAAMPSA systems. CSA (Fig. 1b) contains a rigid, bulky
bicyclic terpene side group.’® TFMSA (Fig. 1c) contains a highly
electron-withdrawing CF; group,'® whereas DBSA (Fig. 1d), an
effective surfactant, features a long hydrophobic alkyl chain
attached to a benzene ring.'* Additionally, the sulfonic groups
impart some polar characteristics, enabling it to interact with
water. Fig. 2a shows the FTIR spectroscopy for PANI/PAAMPSA/
MSAs. The bands at 1548 cm ™' and 1497 cm™* correspond to
the stretching vibrations of quinoid and benzenoid rings of
PANI, respectively.'> A characteristic polaron (electronic-like)
band, associated with N—Q=—N that confirms the doping
appears at 1152 cm™ .*® The sulfonic acid bands are observed
at 1174 cm™ . The band at 3302 cm™" is indicative of the -OH
stretching. Compared to PANI/PAAMPSA/CSA and PANI/
PAAMPSA/DBSA, the PANI/PAAMPSA/TFMSA peak is flattened,
which can be attributed to the presence of stronger and more
extensive hydrogen bonding present in the polymer matrix."”
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Fig. 2 (a) ATR-FTIR spectra of PANI/PAAMPSA doped with CSA, DBSA,

and TFMSA (b) DLS particle size distributions of the three doped system (c)
UV-Vis absorption spectra showing n—n* polaron-n* and =n-polaron
transitions (d) stress—strain curves of the doped films.
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The particle size analysis (Fig. 2b) revealed distinct distribu-
tions for each system: PANI/PAAMPSA/TFMSA showed the
narrowest distribution (average size: 1209 nm), PANI/
PAAMPSA/CSA was slightly broader (1632 nm), and PANI/
PAAMPSA/DBSA showed a very broad distribution with a long
tail extending to larger sizes. Consistently, the polydispersity
index (PDI) follows PANI/PAAMPSA/CSA < PANI/PAAMPSA/
TFMS < PANI/PAAMPSA/DBSA, with values of 0.084, 0.13,
and 0.29, respectively, indicating the highest dispersion uni-
formity for CSA and the highest polydispersity for DBSA. The
low PDI with CSA results from its rigid backbone, which
enforces a more uniform, template-directed chain growth.
The UV-Vis absorption spectra in Fig. 2c reveal the evolution
of polaron band, the characteristic of the emeraldine-salt state.
The absorption peak at ~350 nm corresponds to the n-m*
transition of the benzenoid rings. A peak at ~420 nm repre-
sents the polaron-n* transition, while the peak at ~765 nm is
attributed to the m-polaron transition, confirming the doped
state of the quinoid rings."® The extent of the doping level can
be estimated from the absorbance ratio of the n-polaron to the
n-n* transition.'® PANI/PAAMPSA/TFMSA showed the highest
ratio (1.71), followed by PANI/PAAMPSA/CSA (1.65) and PANI/
PAAMPSA/DBSA (1.37). The electrical conductivities of the
films, as determined by a four-point probe measurement, were
as follows: PANI/PAAMPSA/DBSA exhibited the highest value at
7.1 x 10°* S em™ ", followed by PANI/PAAMPSA/TFMSA (1.0 x
107" S cm™') and PANI/PAAMPSA/CSA (2.4 x 10~ * S em™ ). The
higher doping level of PANI/PAAMPSA/TFMSA does not neces-
sarily yield the highest conductivity. This ratio indicates a
higher carrier concentration (n), while electrical conductivity
depends on both charge carrier concentration and mobility
(1).2°2* Because of its amphiphilic nature, DBSA promotes
microphase separation within the PANI/PAAMPSA complex.
This results in a plasticized network with smoother, more
continuous conductive pathways, thus enhancing -carrier
mobility.*

The elongation at break of the MSAs doped with PANI/
PAAMPSA is shown in Fig. 2d. The PANI/PAAMPSA/TFMSA film
exhibited the highest stretchability of 3477%. Remarkably, this
film did not break, it exceeded the limit of the tensile testing
machine. It showed a toughness of 16.13 MPa and a maximum
stress of 0.5 MPa. PANI/PAAMPSA/CSA, despite its highly rigid
and chiral structure, showed a stretchability of 2289%. The
maximum stress achieved by this film is 0.96 MPa and the
toughness is 22.03 MPa. The multiple strain-hardening of this
film can be due to the sequential breaking and reformation of
the ionic/hydrogen bond clusters, combined with progressive
chain alignment.>* The PANI/PAAMPSA/DBSA showed the lowest
stretchability of 939%. However, it exhibited the highest elastic
modulus (1.5 MPa) and a toughness of 13.10 MPa. Although
DBSA is known for its surfactant like properties or plasticizing
effect, the microphase separated morphology of DBSA creates
stiff domains that can act as stress concentrators.>® Instead of
uniformly dissipating the energy through the network, the stress
build up leads to earlier crack initiation and failure.>® The small
and non-bulky nature of the TFMSA dopant enables chain
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slippage, helping to increase stretchability. In addition, the
particle size distribution confirms a narrow distribution, so the
stress will be evenly distributed throughout the material without
localized stress concentration.>” Thus, the strength of the PANI/
PAAMPSA/TFMSA lies in its homogeneity, whereas the weakness
of the PANI/PAAMPSA/DBSA film is its heterogeneity.

Thermal analysis of the PANI/PAAMPSA/MSAs is shown in
Fig. 3a, revealing a three-stage degradation process. The initial
stage (30-150 °C) is attributed to the loss of moisture, oligomers,
free acids, and the residual initiator (APS). The second stage (150-
320 °C) involves the loss of dopants, distortion of the main chain,
and decomposition of the PAAMPSA side-chains. Finally, the third
stage (320-780 °C) corresponds to the carbonization of the mate-
rial. The determination of retained water in the film is essential, as
this has significant direct influences on electromechanical proper-
ties. It is determined from the weight differential of ambient and
dried sample at 150 °C, assuming that the majority of weight loss
in this region arises from water evaporation.® PANI/PAAMPSA/
DBSA retains the most water (13.84%, Fig. 3b), a result of its
microphase-separated morphology, which enhances the material’s
capacity for water absorption.”® A comparable water content of
11.22% and 11.62% was observed for PANI/PAAMPSA/CSA (Fig. 3¢)
and PANI/PAAMPSA/TFMSA (Fig. 3d), respectively. The lower water
content of PANI/PAAMPSA/CSA is hypothesized to be due to the
bulky rigid structure, reducing the free volume for the water
molecules to occupy in the matrix. The self-healing efficiencies
for the PANI/PAAMPSA/MSAs were evaluated on the basis of both
electrical conductivity (S.H%,) and stretchability (S.H%sg). This
reveals the distinct self-healing capabilities of dopants in terms
of physical integrity and electrical function. The equation followed
for the self-healing efficiency calculation is given in the SI. All
three dopants enabled autonomous self-healing in three hours.
The separated halves were rejoined under ambient conditions,
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Fig. 3 (a) TGA analysis of PANI/PAAMPSA doped with MSA's from 30—
780 °C under N,. TGA thermogram of the ambient and dried (b) PANI/
PAAMPSA/DBSA (c) d PANI/PAAMPSA/CSA (d) PANI/PAAMPSA/TFMSA.
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without requiring external triggers such as heat, pressure, or
healing agents. The seamless rejoining of interfaces is critical
for effective restoration of the material properties. The S.H%. is
given in the Fig. 4a. The S.H%, of the films varied significantly
with different mono-sulfonic acids. The PANI/PAAMPSA film with
TFMSA dopant demonstrated the best overall performance,
achieving perfect conductivity recovery (100%) and excellent
stretchability recovery (91.14%) in three hours. The CSA-doped
film also achieved 100% conductivity healing but a lower S.H%g of
80.8%. In contrast, the DBSA-doped film showed markedly lower
healing efficiencies, at 74.07% for conductivity and 21.82% for
stretchability. The higher mechanical and conductivity recovery of
PANI/PAAMPSA/TFMSA can be due to the compact CF; groups
that enables tighter and uniform packing, and also the strong acid
TFMSA allows for strong interactions with PANI/PAAMPSA that
can reversibly dissociate and reform during mechanical deforma-
tion. This mechanism is supported by FTIR studies, which con-
firm the presence of strong hydrogen bonding, a key driver of the
material’s self-healing capability.>® The lowest mechanical self-
healing efficiency, demonstrated by PANI/PAAMPSA/DBSA, is
likely due to its long hydrophobic tail not participating in the
ionic bonding network, leading to a low density of effective
healing sites, and causing structural heterogeneity that disrupts
the effective reformation. Furthermore, phase separation likely
weakens the film’s overall mechanical integrity, further compro-
mising its self-healing capability. PANI/PAAMPSA/CSA film exhib-
ited moderate mechanical healing but full recovery of electrical
conductivity. This suggests that conductive pathways can be easily
re-established upon healing simply through physical contact of
the polymer chains. However, lower stretchability healing is
attributed to restricted chain mobility caused by the bulky and
rigid CSA structure.
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Fig. 4 (a) Conductivity self-healing efficiency of PANI/PAAMPSA/MSAs.

Mechanical self-healing efficiency of (b) PANI/PAAMPSA/CSA (c) PANI/
PAAMPSA/DBSA (d) PANI/PAAMPSA/TFMSA. The data plotted represents
the mean and standard deviation (n = 3, n means number of independent
experiments).
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In conclusion, we have successfully developed highly
stretchable, conductive, and autonomously self-healable films
by doping PANI/PAAMPSA with mono-sulfonic acids- DBSA,
CSA, and TFMSA. The side group chemistry of these acids
played a crucial role in structural organization and resulting
electro-mechanical behavior of the films. Among them, TFMSA,
with its compact and strongly acidic nature, resulted in higher
mechanical stretchability and self-healing capabilities within
three hours. CSA, despite its bulky rigid structure, achieved
complete electrical recovery but exhibited moderate mechan-
ical healing, whereas the long hydrophobic chain of DBSA
promoted phase separation, leading to diminished electrical
and mechanical performance. Building on these insights,
future studies will explore multi-sulfonic acid dopants to
further enhance tunability in the PANI/PAAMPSA system with
tunable properties and specific applications in durable wear-
able sensors and self-healing energy storage devices.
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