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Transient Behavior of Self-Healable Ultra-Stretchable
Carboxylic Acid-Doped Polyaniline Films for Sustainable
and Re-processable Polymer Electronics†

Arya Ajeev,a Theodore Warfle,a,b Colton Duprey,b and Evan K. Wujcik∗a,b

Abstract
This work evaluates the degradation capabilities of transient
carboxylic acid-based dopants (CABDs), focusing on 1,2,4-
benzene tricarboxylic acid (BA), citric acid (CA), and diphenic
acid (DA). The stretchable electronic polymer complex is
composed of polyaniline (PANI), poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAAMPSA), and CABDs. The film is syn-
thesized through the oxidative polymerization of aniline while
PAAMPSA acts as a template to guide the PANI polymerization.
Structural variations among the dopants—including acidity, aro-
maticity, and rigidity—significantly influenced conductivity, me-
chanical properties, water retention, and self-healing efficiency.
The PANI/PAAMPSA/BA composite exhibited the highest conduc-
tivity (0.0063 S/m), while PANI/PAAMPSA/CA demonstrated ex-
ceptional stretchability (elongation at break of 3823%), the great-
est water retention (15.1%), and a complete conductivity self-
healing efficiency (100%). The degradation tests were carried out
under soil burial and aqueous conditions. Interestingly, the films
completely dissolved in distilled water, tap water and river water
within 10 minutes. In addition, the dissolved solution could be
recast to develop new functional sensors, indicating the reusabil-
ity of the sensors. Soil degradation tests further demonstrated
the degradation of the film within 24 hours. These findings con-
firm the potential of carboxylic acid-doped polymeric sensors as
sustainable, eco-friendly materials for sensing applications that
combine efficient degradability with re-processibility to minimize
environmental impact.
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Chemical and Biomedical Engineering, The University of Maine, Orono, Maine,
United States of America. Fax: +1 207-581-2323; Tel: +1 207-581-2742; E-mail:
Evan.Wujcik@maine.edu

b Advanced Structures and Composites Center [ASCC], The University of Maine,
Orono, Maine, United States of America. Fax: +1 207-581-2323; Tel: +1 207-581-
2742; E-mail: Colton.Duprey@maine.edu

† Supplementary Information available: [details of any supplementary informa-
tion available should be included here]. See DOI: 00.0000/00000000.

1 Introduction

The growing demand for flexible and stretchable wearable tech-
nologies in diverse fields such as biomedical monitoring1, soft
robotics2,3, environmental sensing4–7, and human–machine in-
terfaces8,9 has increased concerns regarding their end-of-life en-
vironmental impact. Conventional strain sensors, often com-
posed of non-biodegradable materials with single-use capabil-
ity, exacerbate the sustainability and pollution challenges across
the globe. This has spurred the need for sustainable electronic
devices that combine both electrical and mechanical properties
with end-of-life recyclability or re-processibility10. The develop-
ment of transient electronics-a class of devices designed to per-
form their function and then physically disintegrate after their
operational lifetime presents a promising strategy to reduce the
impact of non-biodegradable materials11. The intrinsically con-
ducting polymer polyaniline (PANI) has received great atten-
tion because of its tunable electrical conductivity, facile synthe-
sis, environmental stability, and low cost12–17. However, pris-
tine PANI suffers from drawbacks such as limited stretchability,
low solubility, and non-biodegradability, which restrict its appli-
cation in wearable stretchable electronics18–20. The rigid back-
bone structure of polyaniline makes it difficult to break down
by natural processes and raises significant concerns about long-
term sustainability and environmental safety21. Addressing the
non-biodegradable nature of PANI is crucial for the develop-
ment of eco-friendly sensor technologies. Researchers have incor-
porated biodegradable materials-e.g., cellulose22,23, lignin24,25,
gelatin26, chitosan27,28 – with PANI to reduce the environmental
impact of non-biodegradable PANI-based systems.

Poly(2-acrylamido-2-methyl-1-propane sulfonic acid)
(PAAMPSA) is a hydrophilic polymer electrolyte with a sul-
fonic acid and amide groups, which protonates PANI from the
emeraldine base to its salt form29–31. The ionizable sulfonic
acid groups impart anionic character to PAAMPSA with excellent
conductivity and mechanical properties32. Regardless of these
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advantages, PAAMPSA’s synthetic backbone and sulfonate groups
makes it non-biodegradable. The polymer resists the microbial
attack and environmental breakdown limits its biodegradability
in natural conditions and can pose challenges for sustainable
material development. PANI is often doped with PAAMPSA,
which improves the aqueous processability and mechanical
properties through ionic interactions32. Additionally, PAAMPSA
acts as a template that guides the in-situ oxidative polymerization
of aniline29.
Doping of PANI/PAAMPSA with small molecule dopants often
helps to tune the electrical and mechanical properties33. In
this work, carboxylic acid–based dopants (CABDs) are utilized,
which contain one or more −COOH groups consisting of a
carbonyl and a hydroxyl group bonded to the same carbon
atom34. The CABDs, including 1,2,4-benzenetricarboxylic acid,
citric acid, and diphenic acid are investigated. These dopants
were selected for their varied molecular structures, functional
group arrangements, effect on protonation, intermolecular
interactions, and environmental degradability. The structural
differences among the dopants are expected to significantly
influence the PANI/PAAMPSA-polymer network through varia-
tions in rigidity, aromaticity and hydrogen bonding potential.
BA’s rigid aromatic core promotes π − π stacking and ordered
packing, CA’s flexible and polar structure enhances hydrogen
bonding and chain mobility, and DA’s bulky biphenyl structure
introduces steric hindrance that limits chain rearrangement. The
−COOH groups in the carboxylic acid act as proton donors to
the nitrogen sites along the PANI backbone. After the proton
is accepted, the insulating emeraldine base form of PANI is
converted to the conducting emeraldine salt form. Furthermore,
carboxylate groups (-COO-) can form hydrogen bonds with
both PANI and PAAMPSA, influencing the morphology and
mechanical flexibility. Additionally, carboxylic acid groups
impart degradability to the PANI/PAAMPSA composite films by
increasing the hydrophilicity of the film35. The hydrolytic nature
causes the film to soften or swell by reducing the intermolec-
ular forces between the polymer chains. This results in chain
scission, fragmentation, and molecular weight reduction. The
highly entangled network of polymer chains starts to slowly
break down into smaller oligomers and monomers. Finally,
smaller fragments caused by hydrolysis can be consumed by
bacteria or fungi, leading to complete biodegradation of the
original material36–39. Compared to the stronger acids such
as sulfonic and phosphoric acid, carboxylic acids offers a more
environmentally friendly alternative for doping PANI. Many
microorganisms possess enzymes that can recognize and break
the carboxylated sites in the polymer40–42. The combination
of PANI, PAAMPSA and carboxylic acid yields a re-processable,
conductive, and environmentally responsive composite film. In
this work the in-situ oxidative polymerization of CABDs with
PANI/PAAMPSA resulted in a stretchable, flexible, conductive,
and self-healable films. The structural differences among the
dopants, particularly the differences in aromaticity, acidity, and
rigidity, proved to strongly influence the electrical conductivity,
mechanical properties, and self-healability. The sensors are
found to be self-healable as well as re-processable. Degradation

studies were performed in soil, tap water, distilled water, and
river water. While numerous studies have reported degradable
PANI-based systems, a systematic comparative analysis of how
structurally distinct carboxylic acid dopants can be strategically
tuned to balance conductivity, stretchability, and degradability
remains largely unexplored. PANI/PAAMPSA/carboxylic acid
doped composites hold strong potential for the development of
transient electronics and sustainable sensing platforms, where
controlled degradation and end-of-life recyclability are critical.

2 Results

2.1 Structure of Dopants
The structure of carboxylic acid based dopants–1,2,4 benzenet-
ricarboxylic acid (BA) (Figure 1a), citric acid (CA) (Figure 1b),
and diphenic acid (DA) (Figure 1c)–have a strong influence on
the properties of the PANI/PAAMSA (Figure S2) system. To eluci-
date these effects, the chosen dopants vary in molecular geometry,
number of functional groups, steric hindrance, inter alia. This in
turn will influence the hydrogen bonding potential, protonation
efficiency, and overall morphology of the polymer complex.
BA consists of three carboxylic acid groups on a single aromatic
ring. The presence of multiple functional groups provide multiple
protonation sites that can form electrostatic interactions and hy-
drogen bond with the polymer matrix. Additionally the aromatic
ring allows for π −π stacking with the PANI chains, resulting in
an orderly arrangement43. CA also consists of three carboxylic
acid groups, and is highly polar in nature making it water solu-
ble34. Multiple acid groups and the central hydroxyl groups allow
it to form multiple hydrogen bonds with amine/imine groups of
PANI and the amide and sulfonic acid groups of PAAMPSA. The
small molecular size and flexible aliphatic backbone can result in
an increased flexibility and stretchability of the doped film. DA,
on the other hand, is composed of two benzene rings connected
by a single bond with carboxylic acid groups located at the para
positions. Among the three dopants investigated, DA exhibits the
highest aromaticity and steric hindrance, due to its biphenyl link-
age44. This aromatic biphenyl core can align with the benzenoid
and quinoid segments of PANI, and introduces π −π interactions.
The two carboxylic acid groups can form hydrogen bonds with
PANI and PAAMPSA, further influencing the structural organiza-
tion and properties of the composites.

Fig. 1 Structure of carboxylic acid based dopants a) 1,2,4 benzenetri-
carboxylic acid (BA), b) citric acid (CA), c) diphenic acid (DA)

2.2 Infrared Spectroscopy
The FTIR spectroscopy for the three PANI/PAAMPSA/CABDs
is shown in Figure 2. The bands at 1560 and 1500 cm-1 are
assigned to the ring stretching vibration of the quinoid (Q)

2 | 1–10Journal Name, [year], [vol.],

Page 2 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/7

/2
02

6 
11

:1
2:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TA10370C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta10370c


and benzenoid (B) units, respectively. The bands at 1296 and
1136 cm-1 correspond to the stretching vibration of C−N−C
and B−NH+=Q, respectively45,46. The band at 1208 cm-1

is attributed to the asymmetric vibration of the sulfonic acid
group (S−−O). The absorption peak around 1640 cm-1 was
attributed to the OH deformation mode of water. The peaks at
1032 cm-1 and 623 cm-1 are attributed to the SO3H and N-H
(amide), respectively, originating from PAAMPSA47. The C−−O
stretching of the carboxylic acid appears at 1698 cm-1 48. For
the PANI/PAAMPSA/DA film, this peak is not visible in the full
spectrum; however, the enlarged region in Figure S3 confirms
the presence of the C−−O stretching vibration. The variation in
the intensity, shape, and position of the C−−O stretching peak can
be attributed to differences in hydrogen bonding, electrostatic
interactions, and protonation effects when PANI/PAAMPSA
interacts with the dopants. The control sample (Figure S4) show
a distinct peak at 1638 cm−1, which is assigned to the amide I
C−−O vibrations of the PAAMPSA backbone49,50 shown in Figure
S5. A weak shoulder peak at 1723 cm−1 may be attributed to a
minor fraction of free (non-hydrogen-bonded) carbonyl groups
within the polymer matrix51. The OH stretching band located
at 3100–3600 cm−1 indicates hydrogen bonding between PANI,
PAAMPSA, and the carboxylic-acid-based dopants30.

Fig. 2 FTIR spectra of PANI/PAAMPSA/BA, PANI/PAAMPSA/CA,
and PANI/PAAMPSA/DA

2.3 Particle size and ζ potential

Particle size distribution (Figure 3a) was analyzed because the
size and uniformity of particles within a dispersion have a great
influence on the processing and stability of the resulting polymer
film52. The PANI/PAAMPSA/BA film showed a smaller particle
size of ∼ 1700 nm, with a narrow particle size distribution. How-
ever, both PANI/PAAMSA/CA and PANI/PAAMPSA/DA showed
a notable shift toward higher particle sizes. PANI/PAAMSA/CA
demonstrated a particle size of ∼ 3800 nm and PANI/PAAMSA/DA
around ∼ 4100 nm. The larger particle size of PANI/PAAMSA/DA

can be ascribed because the bulky, non-planar structure of the
DA core increases the rigidity of the polymer network, creating
steric hindrance. This prevents the dense packing, resulting in a
larger hydrodynamic radius. In the case of CA, the higher parti-
cle size in comparison to that of PANI/PAAMSA/BA is likely due
to the extensive hydrogen bonding from the tricarboxylate and
hydroxyl functionalities. Particle size measurements clearly in-
dicate that the dopant structure influences the interactions with
PANI/PAAMPSA, which ultimately affects the colloidal stability.
ζ -potential determination was carried out at three different con-
centrations and is shown in Figure 3b to determine the stability
of the solution. All three dopants exhibited exceptionally high
ζ -potential values above ∼ −75 mV across the tested concentra-
tions of 0.05, 0.3, and 1.5 w/v %, indicating strong colloidal
stability30. Comparable ζ potential values were observed for
PANI/PAAMPSA/BA at all three concentrations. This consistent
stability across these concentrations can be attributed to the nar-
row particle size distribution of PANI/PAAMPSA/BA. On the other
hand, PANI/PAAMPSA/CA showed a linear increase in ζ poten-
tial with decreasing concentration. A very high ζ potential of
∼ −130 mV is observed at 0.05 w/v% indicating high stability at
this concentration. The decreased stability of PANI/PAAMPSA/DA
at 1.5% is attributed to a combination of charge screening effects
and interparticle association. At 1.5% the PANI/PAAMPSA/DA
sample exhibits a ζ potential value of -75.9mV, indicating the par-
ticles are negatively charged. However, at higher DA concentra-
tions the ionized carboxylate groups increase the ionic strength
and this leads to a compression of the electrical double layer
surrounding the negatively charged particles. According to Der-
jaguin–Landau–Verwey–Overbeek (DLVO) theory, when electro-
static repulsion is weakened, van der Waals attractive forces may
dominate, allowing the particles to approach more closely and po-
tentially leading to aggregation53. The presence of multiple acid
functionalities and aromatic moieties may further promote inter-
molecular interactions, which can facilitate aggregation. There-
fore the reduced stability at 1.5% DA likely arises from the com-
bined influence of charge screening effects and interparticle asso-
ciation. Comparable ζ potential values of ∼ −96,−97 mV were
measured at both 0.3 w/v% and 0.05 w/v%, indicating highly
stable dispersions.

2.4 UV-Visible Spectroscopy

The presence of PANI in its emeraldine salt form can be ob-
served using the UV-vis absorption spectroscopy as shown in Fig-
ure 4a. The schematic illustration of electronic transitions is
given in the Figure 4b. Three characteristic absorption peaks
can be observed in the absorption spectrum: ∼350 nm, ∼420
nm and 760-800 nm. The absorption peak at ∼350 nm cor-
responds to the π − π* electron transition of benzenoid rings.
This peak can be present in all PANI forms including emeral-
dine base, emeraldine salt, leucoemeraldine, and pernigraniline.
The polaron-π* state transition was represented by the absorp-
tion peak at ∼420 nm. This peak represents the transition from
polaron band to π* band54. The three dopants showed similar
peak values at the π-π* and polaron-π* transitions. However, the
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Fig. 3 a) Particle size distribution of PANI/PAAMPSA/BA,
PANI/PAAMPSA/CA, and PANI/PAAMPSA/DA. b) ζ–potential
values of PANI/PAAMPSA/BA, PANI/PAAMPSA/CA, and
PANI/PAAMPSA/DA at different concentrations 0.05%, 0.3%
and 1.5%. The data plotted represents the mean and standard deviation
(n=3, n being the number of independent experiments).

dopants showed different peak values at π-polaron transitions.
The PANI/PAAMPSA/CA exhibited the absorption peak at 775
nm, PANI/PAAMPSA/BA at 790 nm, and PANI/PAAMPSA/DA at
765 nm. These peaks indicate the doped state of quinoid cations.
The extent of the doping level can be estimated from the ab-
sorbance ratio of π-polaron to π − π* transition55. The higher
absorbance ratio level indicates more charge carriers, resulting
in higher doping levels. Table 1 shows the UV–vis characteris-
tic peak assignments and absorbance ratio of three dopants with
PANI/PAAMPSA. The absorption ratio values indicate that both
PANI/PAMPSA/CA and PANI/PAAMPSA/BA showed a higher de-
gree of doping, followed by PANI/PAAMPSA/DA. The higher dop-
ing efficiency of PANI/PAAMPSA/BA might come from the multi-
ple protonation sites and strong π −π stacking with PANI chains.
In the case of PANI/PAAMPSA/CA, might be getting sufficient
protonation through its three carboxylic acid groups. The bulky
biphenyl structure of PANI/PAAMPSA/DA introduces steric hin-
drance. This disrupts PANI’s planar backbone and limits both
protonation efficiency and charge delocalization. Despite the
stronger absorbances, the number of polarons formed during dop-
ing is significantly lesser for PANI/PAAMPSA/DA, resulting in a

lower absorbance ratio.

Fig. 4 a) UV-Vis absorption spectra of PANI/PAAMPSA/CABDs b)
Schematic representation of the corresponding electronic transitions

Table 1 UV–Vis absorption peak assignments and absorbance ratios for
PANI/PAAMPSA films with different CABDs

Dopant π–π∗ Transition π–Polaron Transition Absorbance ratio
(nm) Absorbance (nm) Absorbance

PANI/PAAMPSA/BA 350 0.89 795 1.40 1.57
PANI/PAAMPSA/CA 350 0.70 775 1.10 1.57
PANI/PAAMPSA/DA 350 1.04 765 1.80 1.28

2.5 Conductivity Measurements

The conductivity of PANI/PAAMPSA/CABDs depends on several
factors such as dopant type, doping reaction, etc. If the struc-
ture is highly organized, electrons are easily conducted between
the polymeric chains and the conductivity increases45. Electrical
conductivity (σ) of the films was calculated from the measured
resistance values using Equation 1, where L is the distance be-
tween the electrodes (m), A is the cross-sectional area of the sam-
ple (m2), and R is the measured resistance (Ω)56. The dimensions
of each sample were recorded prior to resistance measurements
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to ensure accurate determination of A.

σ =
L

R ·A
(1)

Conductivity values are given in Table 2. Higher conductivity
is observed for PANI/PAAMPSA/BA films mostly due to high
doping effciency, and the small size results in an orderly
packing and π − π stacking with PANI’s benzenoid/quinoid
rings. PANI/PAAMPSA/CA showed conductivities slightly lower
than those of PANI/PAAMPSA/BA. The fully aliphatic and
highly hydrophilic nature contributes to the conductivity by
providing a good protonation ability. The lowest conductivity
of PANI/PAAMPSA/DA might be due to the lower protonation
sites of DA compared to those of BA and CA. In addition, the
bulky rigid hydrophobic structure reduces efficient π −π stacking
with PANI, reducing conductivity. In conclusion, the larger
particle size and aggregation of PANI/PAAMPSA/DA disrupt the
percolation pathways, thereby reducing carrier mobility.

Table 2 Conductivity of PANI/PAAMPSA films with different dopants

Dopants Conductivity (S/m)
PANI/PAAMPSA/BA 0.0063
PANI/PAAMPSA/CA 0.0059
PANI/PAAMPSA/DA 0.0021

2.6 Mechanical Properties
The stress-strain graph shown in Figure 5 compares the mechan-
ical performance of PANI/PAAMPSA/BA, /PANI/PAAMPSA/CA,
and PANI/PAAMPSA/DA. Table S3 gives the young’s modulus, ul-
timate strength, maximum strength, and the toughness of the ma-
terial. Young’s modulus is the measure of stiffness in the material
and is determined by the slope of the elastic region in the stress-
strain curve57. Toughness is the energy absorbed per unit volume
before fracture, calculated from the area under the stress-strain
curve. The maximum stress is the highest stress on the curve and
the ultimate stress is the final peak stress just before fracture.
CA- doped film demonstrated exceptional elongation of 3823%
and the specimen did not fracture, but instead reached the maxi-
mum extension limit of the tensile testing machine. Consequently,
because the film did not break, the true toughness of the film
could not be determined. However, the toughness value calcu-
lated in the measurable strain range (6.11 MJ m−3) still provides
a valid basis for comparison. Although this value does not rep-
resent the ultimate toughness due to instrument limitations, it
confirms that the energy-absorbing capacity of the CA-doped film
is substantially higher than that of the other dopants. The film
exhibited a maximum tensile stress of 0.31 MPa and an ultimate
stress of 0.30 MPa. This film exhibited a less young’s modulus
value (0.432 MPa) compared to the other dopants, concluding
a lower stiffness due to the flexible chains. In the stress-strain
graph, the dopant followed an elastic region from 0-150% of
strain. After that, the material enters a plateau region where
stress stays nearly constant or increases slightly. The hydrogen
bond in the material breaks and reforms through molecular re-

organization in this region. During the strain-hardening stage,
the hydrogen bonds are stretched to their limits and network be-
comes stiffer58. The multiple small peaks in PANI/PAAMPSA/CA
can be attributed to the temporary stifness developed during the
film’s reformation, which caused localized increases in stress, fol-
lowed by softening as the dynamic bonds subsequently broke and
reformed59. The lack of aromaticity and π − π stacking in CA-
doped films imparts enhanced chain mobility, allowing the ma-
terial to undergo breakage more easily while promoting efficient
reformation60.
The PANI/PAAMPSA/BA film exhibited the lowest elongation of
742% and the highest young’s modulus of 3.08 MPa among the
tested dopants. The aromatic ring of BA facilitates π − π stack-
ing interactions, promoting a more locally ordered molecular ar-
rangement. This enhanced stacking increases the energy required
to disrupt intermolecular interactions and results in greater stiff-
ness, which ultimately restricts chain mobility and limits the ex-
tensibility of the film. The PANI/PAAMPSA/DA film, on the other
hand, exhibited moderate elongation, toughness, and young’s
modulus, while achieving a relatively high maximum stress. De-
spite having a highly rigid structure, the DA-doped film still
demonstrated greater elongation than the BA-doped films. The
mechanical properties of PANI/PAAMPSA films doped with differ-
ent carboxylic acid–based dopants are summarized in Table 3

Fig. 5 Stress-strain curves of PANI/PAAMPSA/BA, PANI/PAAMPSA/
CA, and PANI/PAAMPSA/DA

2.7 Thermal Analysis

TGA and DSC analysis was performed to evaluate the thermal sta-
bility and thermal behavior of the prepared films. The TGA graph
is shown in the Figure 6a. Three stages of degradation were ob-
served for all three dopants. During the initial stage between 30-
190 ◦C the weight loss is caused by retained water, oligomers,
free acids, residual initiator APS etc. The weight loss in the
second stage from 190-320 ◦C is due to the loss of cross-linked
dopants, main chain distortion, and decomposition of PAAMPSA
side-chains. Furthermore, the molecular interactions (i.e., hy-
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Table 3 Mechanical properties of PANI/PAAMPSA films doped with different CABDs

Sample
Young’s modulus

(MPa)
Maximum stress

(MPa)
Ultimate stress

(MPa)
Toughness
(MJ m−3)

PANI/PAAMPSA/BA 3.08 0.383 0.383 2.30
PANI/PAAMPSA/CA 0.432 0.315 0.300 6.11
PANI/PAAMPSA/DA 1.026 0.394 0.394 5.32

drogen bonding and dipole-dipole bonding) among the dopants,
PAAMPSA, and PANI are dissipated in this step. The final weight
loss step is from 320 to 780 ◦C, where the carbonization of the
material occurs61. The variation in the retained water is signif-
icant for the PANI/PAAMPSA system, since the water acts as a
plasticizer. The retained water for each dopant is shown in the
Figure S6, S7, S8. The PANI/PAAMPSA/CA sample exhibited the
highest retained water of 15.1%, followed by PANI/PAAMPSA/DA
(14.9%) and PANI/PAAMPSA/BA (10.5%). The higher retained
water of PANI/PAAMPSA/CA is consistent with the hydrophilic
nature of citric acid and the resulted high stretchability from the
tensile studies. The tighter packing of PANI/PAAMPSA/BA cre-
ates a rigid network with a smaller free volume, resulting in the
lowest water uptake and stretchability. PANI/PAAMPSA/DA pos-
sesses a more rigid core compared to BA. However, DA core pre-
vents the efficient packing, leading to more disordered morphol-
ogy with larger voids. This results in high retained water and
greater deformation for PANI/PAAMPSA/DA film, compared to
PANI/PAAMPSA/BA. In DSC thermogram Figure 6b the peak at
120-125 ◦C can be attributed to the evaporation of retained water.
The peak at 160-175 ◦C can be attributed to the small molecular-
weight oligomers, and the peak at 175-180 ◦C can be assigned
to the small molecule dopants. The endothermic peak at 200 ◦C
can be ascribed to the thermal decomposition of the PAAMPSA
side chains, while the peak at 312 ◦C is attributed to the onset
of the polymer (PAAMPSA and PANI) main-chain decomposition
and carbonization30. The irregular peaks observed between 130-
180 ◦C may be due to the loss of bound-water, which induces
local expansion within the matrix and creates a more porous or
hollow-like structure.

2.8 Mechanical and Electrical Conductivity Self-healing
Studies

The self-healing efficiencies of the PANI/PAAMPSA/CABDs films
were calculated based on electrical conductivity and mechanical
stretchability, as defined in Equations 2 & 3. Here, S.H%c and
S.H%s denote the self-healing efficiencies with regard to conduc-
tivity and stretchability, respectively. In these equations, σc◦ , ε◦
represent the initial conductivity and elongation at the break of
the pristine film, while σc, ε correspond to the conductivity and
elongation at break post-self-healing

S.H%c =

(
σc

σc◦

)
×100 (2)

S.H%s =

(
ε

ε◦

)
×100 (3)

For the self-healing studies, each film was sliced in half using a

sharp razor blade and the cut surfaces were carefully aligned to
promote autonomous self-healing62,63. The halves were gently
brought into contact on separate glass slides to obtain maximum
contact, without any misalignments or minor gaps, as these may
negatively impact the healing process. The self-healing process is
completely autonomous, as this process proceeds without the use
of external stimuli or healing agents.

By the strain-based metric (S.H%s) the PANI/PAAMPSA/BA
showed the highest healing efficiency at 46% (Figure 7a),
followed by PANI/PAAMPSA/CA (40%) (Figure 7b) and
PANI/PAAMPSA/DA (7.2%)(Figure 7c). The S.H%c was high-
est for PANI/PAAMPSA/CA at 100% healing efficiency, followed
by PANI/PAAMPSA/DA at 97% and PANI/PAAMPSA/BA at 72%
(Figure 7d). The difference in mechanical and electrical self-
healing efficiencies highlights the different recovery mechanisms
in PANI/PAAMPSA/CABDs films. The CA-doped film exhibited a
full electrical recovery and a moderate mechanical recovery. Be-
cause of the hydrophilic structure of CA, the absorbed water pro-
vides a continuous proton-conduction medium that quickly re-
establishes across the crack. Additionally, enhanced chain mobil-
ity in the film enables the reestablishment of polaron/bipolaron
transport along the PANI backbone. In contrast, the weaker, less
directional hydrogen bonds or ionic cross-links do not reform
post-damage, limiting the mechanical recovery. Unlike BA/DA,
CA lacks an aromatic motiff capable of π −π stacking, thereby re-
ducing orderly contact points. PANI/PAAMPSA/BA film showed
the highest mechanical recovery of 46% and a moderate electri-
cal recovery of 72%. This behavior can be attributed to the or-
derly packing in the film, while its three -COOH anchor groups
form strong, directional interactions that help in the reform pro-
cess. The mechanical reconnecting mechanism of BA-doped film
is more effective than the CA’s or DA’s. In contrast, the rigid-
ity of these domains and their lower retained water limit proton-
mediated transport, resulting in lower electrical recovery. In the
case of DA, the rigid aromatic biphenyl structure carries high
stress, limits effective π −π overlaps, relative to the more orderly
packing of BA. As a result, the mechanical recovery is lower with
moderate electrical recovery. Proton transport pathways within
the network are more readily restored than bulk mechanical con-
tinuity, highlighting the importance of distinguishing between
electrical and mechanical self-healing when evaluating conduc-
tive polymer systems.

2.9 Re-processibility

Beyond their excellent mechanical properties and self-healability,
these films are also fully re-processable. Figure 8 a,b,c shows the
elongation-at-break curves collected before re-processing (B-RP)
and after the first, second, and third re-processing cycles (RP-
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Fig. 6 Thermal analysis of PANI/PAAMPSA films doped with carboxylic
acid–based dopants
a) TGA curves recorded from 30-780 ◦C under N2 atmosphere b)

DSC thermograms recorded from 30-400 ◦C

1, RP-2, RP-3). All three films were fully re-processable with-
out loss of mechanical performance. BA-doped film showed an
increase in elongation post-re-processing. Figure 8 d,e,f illus-
trates self-healing behavior after re-processing. Following re-
processing, the self-healed PANI/PAAMPSA/BA films exhibit a de-
cline in both strength and elongation. This can be due to a de-
crease in π − π domains, making the film more amorphous, al-
lowing for greater elongation with lower mechanical recovery.
The elongation and mechanical recovery of PANI/PAAMPSA/CA
and PANI/PAAMPSA/DA remained nearly the same. From the re-
processibility it is evident that the CABD films can be re-processed
without loss of mechanical properties. In addition, the conductiv-
ities remained the same after re-processibility. The FTIR of the re-
processed samples are shown in Figure S9 and the graph shows
no new bands or significant shift for PANI/PAAMPSA/BA (Figure
S9a), PANI/PAAMPSA/CA (Figure S9b) and PANI/PAAMPSA/DA
(Figure S9c).

Fig. 7 Mechanical self-healing performance of a) PANI/PAAMPSA/BA,
b) PANI/PAAMPSA/CA, and d) PANI/PAAMPSA/DA showing repre-
sentative stress–strain curves before healing and after self-healing. d)
Conductivity-based self-healing efficiencies of PANI/PAAMPSA/CABDs
after 3 hours. The data plotted represents the mean and standard devi-
ation (n=3, n means number of independent experiments).

2.10 Water Degradability

The water degradability test was carried out using 1cm * 1cm
specimen immersed in 10 ml of DI water, tap water and river wa-
ter. To evaluate the sensor under realistic environmental condi-
tions, the river water was sourced from the Penobscot river, which
flows adjacent to the University of Maine campus Figure 9a. Two
experimental protocols were utilized to assess water degradabil-
ity: 1) static immersion and 2) continuous stirring. Under con-
tinuous stirring, the three sensors were dissolved in each type of
water in less than ten minutes. Notably, the dissolved solution
was clear with no visible formation of sediments or insoluble con-
taminants, demonstrating the ability of the sensor to degrade in
aqueous environment. However, under static immersion, a small
portion of the sample remained intact, but upon gentle manual
shaking, the samples dissolved, indicating that only a minimal
energy is required to trigger rapid degradation. Also, the sensor
can be disintegrated upon exposure to the slight physical forces,
such as water flow present in natural water environments. Collec-
tively, these results demonstrate environmentally relevant, water-
transient behavior across different water sources. Figure 9b illus-
trates the dissolution behavior of the three representative samples
in Penobscot river water before and after stirring.

2.11 Soil Degradability

Soil degradability tests were conducted by placing the samples
in the soil at room temperature64. The Pristine samples were
solid prior to burial (Figure 10a). After burial, the samples were
softened, liquefied, and merged with the soil matrix, resulting
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Fig. 8 Mechanical performance of PANI/PAAMPSA composite films
doped with different carboxylic acid-based dopants before and after re-
processibility and their subsequent self-healing ability. (a) Stress–strain
curves of PANI/PAAMPSA/BA, b) PANI/PAAMPSA/CA, and c)
PANI/PAAMPSA/DA films before reprocessing and after reprocessing
(RP1–RP3). (d–f) Stress–strain curves of the same systems after repro-
cessing, showing self-healing behavior and recovery of mechanical prop-
erties

in the complete loss of mechanical integrity after 24 hours. The
Figure 10b shows the samples integrated with the soil, indicat-
ing the degradability. The mass loss could not be calculated be-
cause the samples could not be taken from the soil. FTIR spec-
tra before and after soil degradation are given in the Figure S10a
(PANI/PAAMPSA/BA), Figure S10b (PANI/PAAMPSA/CA), Figure
S10c (PANI/PAAMPSA/DA). The overall FTIR spectral features
before and after soil exposure remained largely similar. How-
ever, a noticeable reduction in peak intensities was observed after
degradation. For all carboxylic acid doped films the S−−O and
B−NH+=Q bands merged into a broader peak after soil degrada-
tion. The quinoid band of PANI/PAAMPSA/BA film shifted from
1560 cm-1 to 1553 cm-1. Moreover, the carboxylic acid C−−O
stretching band became undetectable after degradation, suggest-
ing cleavage of carboxylic functionalities. Quantitative integra-
tion of the broad O–H stretching band (3800–2600 cm-1) showed
a pronounced increase in intensity after soil degradation, with the
integrated area increasing by approximately 124% for BA-doped
films, 116% for CA-doped films, and 60% for DA-doped films. The

Fig. 9 Water degradability of PANI/PAAMPSA/BA,
PANI/PAAMPSA/CA, and PANI/PAAMPSA/DA films in river
water under continuos stirring of 10 minutes a) immediately after
immersion and b) after complete dispersion of the films.

increase in intensity is possibly due to the additional hydration
from the soil. The SO3H peak area decreases by approximately
92.5% (BA), 92.1% (CA), and 83.7% (DA) after soil exposure,
indicating substantial loss of sulfonic acid functionality across all
systems, with BA and CA exhibiting the most pronounced degra-
dation.

Fig. 10 Soil degradation of PANI/PAAMPSA/CABDs a) Ini-
tial placement of PANI/PAAMPSA/BA, PANI/PAAMPSA/CA, and
PANI/PAAMPSA/DA films in soil b) Films after 24 h of soil burial show-
ing visible degradation and fragmentation

3 Conclusion
In conclusion, three carboxylic acid based dopants: 1,2,4-benzene
tricarboxylic acid, citric acid, and diphenic acid and their ef-
fects on doping with PANI/PAAMPSA are evaluated in this study.
These dopants are structurally varied by their nature and num-
ber of acidic groups, presence of benzene or biphenyl rings, and
inherent structural flexibility. The flexible, hydrophilic struc-
ture of CA-doped PANI/PAAMPSA enabled a high elongation of
3823%, retained water of 15.1% and exhibited 100% recovery of
electrical conductivity upon self-healing. In contrast, the more
orderly packing of BA-doped PANI/PAAMPSA films resulted in
the highest conductivity, increased Young’s modulus, and en-
hanced mechanical self-healing efficiency. A comparable dop-
ing efficiency of 1.57 was achieved for both PANI/PAAMPSA/BA
and PANI/PAAMPSA/CA films. PANI/PAAMPSA/DA film, with its
highly rigid biphenyl structure, demonstrated only moderate re-
covery in both electrical conductivity and mechanical self-healing.
All three films exhibited high re-processibility, allowing them to
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be dissolved in water and reformed into new films upon drying.
Water degradation studies demonstrated rapid dissolution of the
films in tap water, deionized water, and river water within 10
minutes, underscoring their transient nature. In addition, soil
burial tests showed complete degradation within 24 hours, fur-
ther confirming their environmental sustainability. Our results
reveal a clear trade-off, in which BA-doped films offer the high-
est electrical conductivity, CA-doped films excel in stretchability
and electrical self-healing, and DA-doped films exhibit moderate
electrical and mechanical performance, while all systems main-
tain comparable degradability. Hence, the dopants can be se-
lected based on application-specific requirements, balancing con-
ductivity, stretchability, and degradability to meet targeted device
needs. Together, these findings demonstrate that carboxylic acid-
doped PANI/PAAMPSA films shows high performance with rapid
environmental degradability and re-processibility, making them
promising candidates for sustainable, transient electronics appli-
cations, particularly in soft robotics, artificial skin, and flexible
bioelectronics.
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