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Abstract

This work focuses on the synthesis and the comprehensive characterization of polydianiline
(PDANI) polymer, obtained via oxidative polymerization of dianiline, a low-toxicity and
more environmentally friendly starting monomer for polyaniline (PANI) formation. Despite
the structural similarity to PANI, PDANI remains underexplored, especially regarding
the effect of different synthesis conditions. Here, we investigate how chloride, sulfate,
and camphor sulfonate dopants, combined with green solvents such as water and DMSO,
modulate the final properties of PDANI in the emeraldine salt configuration. The produced
materials were extensively characterized using a multi-technique approach. FTIR, Raman,
EPR, and UV-Vis spectroscopies provided insights into chemical structure, molecular order,
and polaron population. Electrical conductivity was disclosed via current-voltage (I-V)
measurements, while cyclic voltammetry (CV) and coulovoltammetry (QV) were employed
to evaluate redox activity and charge reversibility. The resulting PDANI displays structural
and functional features comparable to those of PANI synthesized under similar conditions.
Notably, the nature of the dopant and acidic medium was found to crucially govern
the oxidation level, molecular organization, and electrochemical performance, boosting
PDANI as a tunable and sustainable alternative for applications ranging from electronics to
energy storage.

Keywords: polydianiline; polyaniline; N-phenyl-p-phenylenediamine; polaron population;
electrically conductive powders

1. Introduction

Since Hideki Shirakawa’s revolutionary discovery in the late 1970s, conducting poly-
mers (CPs) have emerged as a fascinating class of materials at the intersection of organic
chemistry and electronics [1]. In particular, the CPs’ ability to combine electrical con-
ductivity with the mechanical properties typical of polymeric systems has opened up
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extensive research avenues in chemical sensing, supercapacitors, and flexible electronic
devices [2-13]. Among CPs, polyaniline (PANI) is acknowledged as one of the most promi-
nent and versatile materials thanks to the combination of superb properties, such as intrin-
sic redox activity, environmental stability, and relatively simple synthesis [2,3,14-20]. In
particular, the tunability of PANI's oxidation states (leucoemeraldine, emeraldine, and pern-
igraniline), combined with its protonation-dependent conductivity, enables it to function as
a responsive material in a wide range of applications, including sensing, electrochromics,
supercapacitors, batteries, antimicrobial coatings, and bioelectronics [3,13,20-34]. Among
these, most research focuses on synthesizing PANI in its emeraldine salt form, represent-
ing the polymer’s semi-oxidized state. This form exhibits high electrical conductivity,
primarily due to the presence of polarons, which are localized charge carriers with spin
produced upon protonation of the emeraldine-base form. These polarons are responsi-
ble for charge transport along and between polymer chains, making the emeraldine salt
phase the most technologically relevant configuration for electronic and electrochemical
applications [22-24,26,35,36].

Despite these intriguing performances, the conventional synthesis of PANI from
aniline precursors can face significant drawbacks. As reported in the Material Safety
Data Sheet (MSDS), aniline monomer is toxic, volatile, and potentially carcinogenic.
Such properties make the handling of aniline problematic from an environmental impact
point of view, particularly for applications where biocompatibility and sustainability are
crucial [37-39]. This has prompted growing interest in both academic and industrial con-
texts toward the investigation of greener precursors and alternative synthetic routes to
produce materials analogous to PANI [38,40-43].

In this evolving landscape, our previous research has made substantial contribu-
tions by innovating both the chemistry and the processing strategies of systems based on
PANI and PANI-analogous [30,34,35,39,44,45]. In particular, the most recent ones span
from electropolymerized PANI coatings for flexible electronics to the development of
photo-cross-linkable PANI composites compatible with 3D printing technologies. The
approaches proposed allow for the fabrication of electroactive hydrogels and wearable
or implantable soft devices, pushing the boundaries of conducting polymers into the do-
mains of biosensing, smart prosthetics, and electroceuticals. In this context, a particularly
notable advancement is given by integrating PANI-based systems within 3D-printable
matrices, such as PEGDA-based hydrogels, enabling structural control at the microscale
while maintaining electrical functionality [30,34,39]. These hybrid materials, developed
through both in situ oxidative polymerization and physical blending, exhibit promising
mechanical compliance and electronic activity for soft electronics and stimuli-responsive
systems. Nevertheless, despite the growing interest in functional PANI-based compos-
ites, a significant gap still exists in the understanding of the intrinsic properties of PANI
analogs synthesized from alternative, safer precursors. Therefore, a deep investigation is
crucial for a knowledge of the relationships between structural and functional properties
of these systems, which would allow us to expand the toolbox of green, tunable materials
for use in next-generation electronic and energy devices beyond conventional aniline-
derived polymers.

In the scenario of the precursors alternative to aniline, N-phenyl-p-phenylenediamine,
also known as dianiline (DANI), a dimeric species of aniline, has an edge for solubility
in polar solvents, improved chemical stability, and lower toxicity [38,40-43]. For instance,
Galloni et al. [46] have recently demonstrated a green catalytic method for the synthesis
of highly porous polyaniline, enabling precise morphology control while reducing envi-
ronmental impact. These advancements highlight the broader shift toward eco-compatible
approaches in the design and fabrication of conductive polymers, aligning with the goals of
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sustainability. In particular, the polymerization of DANI allows for producing polydianiline
(PDANI), which shares the conjugated backbone structure of PANI and, under similar
conditions, exhibits analogous charge-transport behavior [39]. Historically, DANI has been
used in copolymerization strategies or as a modifier of aniline-based systems to tailor
structural or electronic properties [38,40-43]. More recently, PDANI-based materials have
been developed as precursors for N-doped carbon frameworks or embedded in composites
for supercapacitor electrodes and metal-ion adsorbents [47]. However, most of these stud-
ies focus on PDANI as part of a composite or post-processed system [48-51], rather than
characterizing the intrinsic properties of the PDANI phase synthesized solely from DANIL

To overcome this gap, the present study isolates and thoroughly investigates the
PDANI polymer obtained by oxidative polymerization of DANI using three distinct
dopants, such as chloride (C17), sulfate (SO427), and camphor sulfonate (CS™). Build-
ing upon our recent work on PEGDA-PDANI composites synthesized via in situ
polymerization [39], these dopants are chosen for their ionic radius, valence, and chemical
reactivity combination. On the same basis [39], the PDANI syntheses were conducted by
adapting standard PANI protocols and using green solvents, such as water and DMSO,
avoiding the hazards associated with liquid aniline. The produced PDANI systems were
characterized through a multi-technique approach. Techniques such as Raman, FTIR,
EPR, and UV-Vis spectroscopies were employed to probe structural, chemical composition,
and polaron population features, respectively. In addition, I-V measurements allowed
for the derivation of the electrical conductivity, while cyclic voltammetry (CV) and coulo-
voltammetry (QV) analyzed redox properties and charge storage behavior. The coupling of
these spectroscopic and electrochemical analyses allowed us to investigate how the dopant
identity governs the polaron formation, redox behavior, and functional stability of PDANI.

In particular, this paper is devoted to studying how the dopant nature directly governs
the molecular structure, oxidation state, degree of protonation, charge carrier population,
and ultimately the electrical and electrochemical performance of the resulting PDANI
polymers. Unlike earlier studies centered on doped composites and films, this research
provides new insight into the intrinsic properties of isolated PDANI systems, offering a
foundation for their future exploitation as a green, tunable alternative to PANI for electronic
applications such as batteries, supercapacitors, and biocompatible devices. Additionally,
this work contributes to filling a significant gap in the literature by offering a comprehensive
study of the pure PDANI phase, enabling more informed design of future functional
materials based on DANI-derived systems.

2. Materials and Methods
2.1. Chemicals

N-phenyl-p-phenylenediamine (NPPD or DANI) was purchased by Alfa Aesar (Ward
Hill, MA, USA). Ammonium persulphate (APS), dimethyl sulfoxide (DMSO), hydrochloric
acid (HC), sulfuric acid (HpSOy), (1S)-(+)-10-camphorsulfonic acid (CSA), and ethanol
were purchased from Merck (Darmstadt, Germany) and used as received.

2.2. Synthesis of Pdani Polymers

Three different PDANI polymers were synthesized via chemical oxidative polymeriza-
tion of the DANI monomer precursor using ammonium persulfate (APS) as the oxidizing
agent. The scheme of synthesis is illustrated in Figure 1.

The synthetic route proposed in Figure 1 is analogous to the aniline oxidative poly-
merization [52]. The process presumably initiates with the oxidation of DANI by APS,
generating a radical cation. This radical cation subsequently reacts with another DANI
monomer to propagate the polymer chain. Polymerization occurs under acidic conditions,
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facilitating both chain growth and protonation, ultimately yielding PDANI in its conductive
emeraldine salt (ES) form.
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Figure 1. Scheme illustrating the synthesis of PDANI from DANI precursor.

Equimolar amounts of DANI and APS were used. DANI was first dispersed in DMSO,
while APS was dissolved in three different acidic aqueous solutions, such as 1 M HCl, 1 M
H)504, and 1 M camphor sulfonic acid (CSA), acting as doping-providing systems. The
acidic oxidant solutions were then slowly added dropwise (0.5 mL/min) to the precursor
dispersion, maintained at 0-5 °C in an ice bath to control the polymerization rate.

The reactions were allowed to proceed under continuous stirring for 24 h. Upon
completion, the resulting dark green PDANI powders were recovered by filtration, followed
by successive washing with deionized water and ethanol to remove unreacted species and
by-products. The samples were then dried at room temperature in air. For some analysis,
the samples were properly pelletized by using a hydraulic press operating at a pressure of
6 x 10% kg cm~2 for 1 min. Table 1 provides the sample identifiers and the concentrations
of the monomer and dopant solutions used for the syntheses.

Table 1. Sample identifiers and the concentrations of the monomer and dopant solutions used for
the syntheses.

Starting Solution Oxidant Solution Total Flm.ll

Volume Dopant Solution

S le N —

ample Name DANI DMSO APS Acidic L Agent [DANI]
(mmol) (mL) (mmol) Solution M)
P-Cl 4 2 4 HCl 1M 80 Cl- 0.05
P-SO4 4 2 4 H,S04 1M 80 S042 0.05
P-CS 4 2 4 CSA 1M 80 Cs™ 0.05

In line with other studies [46], The reaction yield was computed according to
Equation (1):
MAassproduct

TASS dopant 1
Massprecursor + ——> ——

yield (%) =

where mass oyt is the mass of the synthesized PDANI, massprecursor is the mass of diani-
line, and mass 4, pan; is the mass the used dopant.

2.3. Characterization Technigues

FTIR spectra were collected in the range 650-2000 cm~! under attenuated total re-
flectance (ATR) mode by using a ZnSe crystal by means of a Spectrum 100 Perkin-Elmer
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FT-IR spectrometer (PerkinElmer Ltd., Beaconsfield, UK). To perform the analysis of each
spectrum, the background (i.e., air) was subtracted, and a correction of the baseline was
performed. For each sample, three independent spectra were recorded, and the mean
values of the analyzed peaks’ parameters were used.

Raman spectra were collected in the range between 1000 and 1800 cm~! by means of
an Xplora Plus (Horiba Scientific, Kyoto, Japan) instrument, under a laser source at 785 nm,
10% power, 100 x magnification, and 3 cm~! spectral resolution with a grating set at 1200T.
The Raman spectra were normalized and deconvolved by Lorentz function lines to derive
position, amplitude, and integrated intensity for each peak.

Electrical conductivity measurements were performed by recording current-voltage
(I-V) characteristics using the four-probe method. The measurement setup employed
a Keithley 6221 current source and a Keithley 2700 multimeter (Keithley Instruments,
Cleveland, OH, USA), both controlled via a LabVIEW interface. Details are reported in [30].
The IV tests were performed on at least three independent replicas for each typology of
PDANI sample.

Electrochemical measurements were carried out in a standard one-compartment three-
electrode cell by means of a Palm Sense compact electrochemical workstation. The produced
samples were deposited on Pt foils to behave as the working electrode, while a saturated
calomel electrode (SCE) and a Pt foil were used as the reference and counter electrode,
respectively. Cyclic voltammetry (CV) curves were collected in the (—0.2 + +0.8) V po-
tential range and at scan rates of 15, 30, 60, 120, and 200 mV /s in 1 M HCl solution. CV
measurements were performed over multiple consecutive cycles for each PDANI sample.
QV curves were derived by CV using PSTrace software (version 5.9).

EPR spectra were obtained by using an EPR Bruker e-scan spectrometer operating
in the X-band, with a frequency of 9.4 GHz, microwave power of 0.14 mW, and magnetic
field in the range 3390-3580 G. For this analysis, the samples were positioned in a conven-
tional quartz tube. All the spectra and the EPR data were normalized to the sample mass
(approximately 20 mg).

UV-Vis spectra were acquired by a PerkinElmer™ Lambda 950 UV-VIS-IR double-
beam spectrophotometer (PerkinElmer Ltd., Beaconsfield, UK), equipped with an integrat-
ing sphere, in the range 300-950 nm with a 2 nm step.

3. Results

Figure 2 shows the aspect of the PDANI samples synthesized by using chloride (P-Cl),
sulfate (P-SO4), and camphor sulfonate (P-CS) dopant agents and collected in the form
of powders.

P-Cl

Figure 2. Visual appearance of the PDANI samples synthesized with different dopant agents,
i.e., P-CI (left), P-504 (center), and P-CS (right), and collected in the form of powder.
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As shown in Figure 2, after solvent evaporation, all the powders have a granular,
compact appearance and look dry and well-consolidated. Each sample exhibits the dark
emerald-green color, characteristic of the emeraldine salt (ES) form of polyaniline sys-
tems [23,53]. The yield% values were around 95, 90, and 70% for P-Cl, P-504, and P-CS
samples, respectively. These values are plausibly linked to both the size of the dopant
anion and the strength of the acid used during polymerization. In particular, the higher
yield obtained with HCI arises from its strong acidity and the small size of C1~ ions, which
favor efficient protonation and doping of PDANI chains. In contrast, bulkier dopants
like CS~ and the more complex SO42~ anions reduce doping efficiency, leading to lower
apparent yields.

To evaluate and compare the chemical composition of the PDANI phases, FTIR-ATR
spectroscopy analysis was accomplished on the three samples. The FTIR-ATR spectra are
reported in Figure 3, along with the main signals’ attribution.

| ' ' I ' I CNCI C'H 'Ar(')ma'ltic' -
[ Q C-N=CNppl :

[IP-Cl1 |

Absorbance (a.u.)

B

2000 1800 1600 1400 1200 1000 800
Wavenumbers (cm™)

Figure 3. Representative FTIR-ATR spectra of the P-Cl, P-SO4, and P-CSA PDANI samples, along
with the main signals” attribution.

The spectra exhibit the characteristic vibrational features of polyaniline in the ES
form [44,54-57]. In particular, the bands located at approximately 1565 cm ! and 1490 cm ™!
are assigned to the quinoid (Q) and benzenoid (B) ring stretching modes, respectively. The
intensity ratio between the peaks of the benzenoid and quinoid form (Ig/Ig) is around
1 for all samples, indicating a balanced coexistence of the two units within the polymer
backbone. This points out the production of the emeraldine semi-oxidized form of PANI,
suggesting the formation of delocalized polaronic structures and an efficient protonation
level during synthesis. The latter are key factors for ensuring efficient charge transport and
high electrical conductivity in doped PANI systems [55,56].

In agreement with these considerations, the presence of a band at ~1375 cm™! is
attributed to C-N= stretching between the B and Q units, while bands around 1300 cm ™!
reflect C-N-C vibrations and 7-electron delocalization [55,56]. A strong absorption band at
~1246 cm ™! corresponds to the C-N stretching associated with polaron formation. Addi-
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tionally, signals in the 1145-1160 cm ™! range can be related to in-plane C-H bending modes
(C-H pl), indicative of protonation-induced delocalization, and bands below 1000 cm ™!
can be assigned to out-of-plane C-H deformations and ring vibrations of the substituted
aromatic system. Finally, it is interesting to note that the spectra of P-SO4 and P-CSA
samples show a peak at ~1090 cm !, likely due to the S=O and S-O stretching vibrations of
the sulfur-based dopant species [55,58].

Further details on the molecular structure are provided by Raman spectroscopy analy-
sis. Figure 4 shows the Raman spectra recorded for P-Cl, P-504, and P-CS PDANI samples

along with the main signals’ attribution.

veSoR 59 v(C=C)B

- v(C-N) v(C-N*) V(C=C)IQ: -
F O(CH)SQ : polymer . . .
' backbone | : 1

;

Normalized Intensity (a. u.)

| — T L_(.'II

1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm )

Figure 4. Representative deconvolved Raman spectra of the P-Cl, P-SOy4, and P-CS PDANI samples
along with the main signals’ attribution.

In line with the FTIR-ATR analysis, the Raman spectra show the typical features of the
ES form [22,59,60]. While the spectra are generally similar across the three differently doped
polymers, a closer inspection reveals distinctive features in the P-SO4 sample. In particular,
the intensity of the band at ~1380 cm ™!, assigned to C-N* stretching, is significantly higher
in P-SO4 than in the other samples, suggesting a higher number of oxidized sites [61].
Moreover, the spectral region around 1500 cm ™!, typically associated with polymeric
backbone vibrations, displays three discernible peaks in P-SOy, in contrast to the two main
contributions observed in P-Cl and P-CS.

Although the ES form is the predominant phase obtained in all synthesized sam-
ples, the spectral features of P-SO,4 suggest distinct differences in chain entanglement
and molecular ordering compared to the other PDANI samples. This behavior is plau-
sibly linked to the use of sulfuric acid, a well-known strong oxidizing and dehydrating
agent. Its dual chemical action likely promotes both the generation of positively charged
nitrogen centers (polarons) and the removal or confinement of water molecules within
the polymer matrix, thereby influencing interchain interactions [62-64]. These combined
effects may result in a tighter, more ordered polymer conformation, structurally differenti-
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ating P-504 from samples doped with less aggressive acids and contributing to its unique
molecular organization.

In this context, further insights from Raman spectroscopy analysis can be focused on
the protonation degree of PDANI backbone. As shown in Figure 4, the signals ascribable
to semiquinonoid radical entities in all the three samples’ spectra indicate the formation
of partially protonated chains, suggesting that the adopted synthetic route effectively
promotes polaron formation in the emeraldine phase. In particular, the protonation percentage
of PDANI systems is evaluated by using Equation (2) [44]:

, A1320
rotonation percentage = —————-100 2)
P P g A5 + A1320

where A13p0 and Aqpps are the integrated area of the peaks located at 1320 and 1225 cm Y,
respectively, attributable to the stretching vibration of the polaronic and benzenoid C-
N bond. The calculated values are 82% for P-Cl, 75% for P-SOy4, and 80% for P-CS, all
indicating a high degree of protonation and a consequent remarkable doping level for all
the produced PDANI systems.

To expand the structural investigation, EPR spectroscopy was employed to evaluate
the concentration of polarons, being polymeric chains associated with unpaired electron
spins. These species are the main charge carriers in the doped emeraldine form of polyani-
line. Therefore, EPR spectroscopy, which directly detects unpaired electrons, provides
quantitative insight into the density of charge carriers within the polymer matrix. Figure 5
shows the EPR spectra and the corresponding signal area normalized to sample mass for
the three PDANI samples. The EPR signal area values, proportional to the number of
radicals present in the samples, were derived by integrating twice the spectra.

EPR Signal Int./mass (a.u.)

345.0 3455 346.0 3465 3470 347
Magnetic Field (mT)

EPR Signal Area/mass (a.u.)

P-Cl P-so, [p-Cs

Figure 5. (a) EPR spectra and (b) corresponding signal area normalized to sample mass for P-Cl,
P-SO4, and P-CS.
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Figure 5a reveals differences in both shape and intensity across the samples’ spectra.
This divergence is consistent with the molecular-level structural differences already high-
lighted by FTIR and Raman data. In particular, P-Cl and P-CS exhibit broader EPR signals
that can be attributed to greater heterogeneity in the local environments of the polarons,
possibly due to increased inter-chain interactions, chain entanglement, and charge carriers’
mobility within the doped polymer matrix [65-67]. In contrast, P-SO4 shows a sharper and
more defined resonance line, suggesting that the polarons in this sample reside in more
uniform, structurally similar molecular environments [67,68]. This could reflect higher
chain alignment or molecular order, plausibly induced by the use of sulfuric acid during
synthesis, as previously suggested by the Raman spectroscopy analysis.

To better visualize the data, Figure 5b displays the EPR signal areas obtained by double
integration of the spectra, reflecting the relative polaron population in each sample. As
shown in Figure 5b, P-Cl and P-SO,4 samples respectively show the highest and the lowest
polaron concentration, while the P-CS sample, despite its bulkier dopant, exhibits a moder-
ate polaron population level. These results are not unexpected. The use of HCl in the aniline
oxidative polymerization is well known to promote high levels of protonation, doping
efficiency, and charge carrier density in PANI-based materials [8,62,69,70]. Analogously,
the concentration of polarons for P-CS is consistent with the adopted synthesis conditions.
Despite the presence of a bulky dopant such as camphor sulfonate, the acidic oxidative
polymerization proceeds effectively for P-CS systems, allowing for the incorporation of
CS™ ions into the polymer matrix and enabling charge carrier formation.

Conversely, the effect of H,SO4 is more complex and has been the subject of extensive
discussion in the literature [65-68,71-73]. Several studies report that the doping of polyani-
line with sulfate ions produces changes in the polymer electronic structure, tailoring both
protonation states and the resonance of the delocalized polaron lattice [71-73]. Additionally,
the dehydrating power of sulfuric acid has been shown to influence molecular packing
by confining interchain water molecules [72]. This effect promotes hydrogen bonding
and lattice strain, contributing to the formation of well-ordered, extended polymer chains.
Based on these considerations, the EPR results can be explained by the fact that the P-50O4
chains are more ordered and entangled with well-positioned water molecules, exhibiting
remarkable doping levels. Consequently, polaronic sites are more regularly distributed
along the polymeric backbone. However, polaron density in the case of P-5O; is lower
compared to the other investigated PDANI samples.

In view of these outcomes, the EPR analysis confirms and complements the FTIR and
Raman spectroscopies results, reinforcing the idea that dopant identity crucially drives
both the quantity and the structural organization of charge carriers in PDANI phase.

Finally, UV-Vis spectra were studied to understand the transition state of the result-
ing polymers. Figure 6 shows the UV-Vis absorption spectra of pristine PDANI in the
300-950 nm range.

As shown in Figure 6, the PDANI samples UV-Vis spectra exhibit three characteristic
absorption bands around 350, 430, and 770 nm, respectively associated with the m—m*
transition of benzenoid rings, polaron-to-7* transitions, and localized polarons on proto-
nated imine groups (C=N) and delocalized polarons diagnostic of the emeraldine salt (ES)
conductive state of polyaniline derivatives [74-76]. Together with the FTIR, Raman, and
EPR spectroscopies results, these spectra confirm that all samples are in the ES form and
that the doping process was successfully achieved with each of the tested acids.

A comparison among the samples highlights notable differences in the intensity of
the polaronic band at around 770 nm. The UV-Vis spectrum of the P-Cl sample exhibits
the most intense polaron absorption, which indicates the highest spin density for this
system. On the other hand, the UV-Vis spectra of P-SO4 and P-CS display weaker polaronic
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features relative to the 7—m transition. On the basis of Raman and EPR results, this trend
can be plausibly related to the dopant nature. In particular, the small chloride ion is
easily incorporated into the polymer backbone, ensuring efficient doping, while the bulky
camphor sulfonate hinders effective charge delocalization. Sulfate ions introduce a more
complex doping environment, leading to the formation of a lower number of delocalized
polarons residing in more uniform, structurally similar molecular environments [67,68].

T M T T T T T T T T T

Lr-m* Polarons

Absorbance (a.u.)

300 450 600 750 900
Wavelenght (nm)

Figure 6. UV-vis spectra for P-Cl, P-SOy, and P-CS samples along with main signals” attribution.

Given all these considerations, the results collected by coupling Raman, FTIR, EPR,
and UV-Vis spectroscopic techniques provide a coherent picture of how dopant identity
crucially governs the polaron population, chain conformation, and degree of electronic
delocalization in the produced PDANI phases.

In order to evaluate how the structural and compositional features of the polymer
chains influence the functional properties of the material, electrical conductivity mea-
surements were carried out on PDANI pellets using the four-probe technique. Electrical
conductivity (o) values of 400 & 50, 160 £ 20, and 100 £ 10 S/m were derived for P-Cl,
P-504, and P-CS samples, respectively. Taking into account the results obtained by the spec-
troscopic analyses, the significantly higher o values of P-Cl can be attributed to the small
ionic radius of the chloride dopant anion, which allows for more efficient packing and closer
interchain interactions in the polymer matrix. In agreement with other works [8,62,69,70],
smaller dopant agents facilitate tighter 7— stacking and improve charge delocalization
along the conjugated backbone, thus enhancing conductivity. Moreover, the remarkable
protonation degree (82%) observed from Raman analysis for P-Cl supports this outcome,
as protonation is directly related to the formation of polarons.

In the case of P-SOy, the measured electrical conductivity is about half that of P-
Cl. Based on the spectroscopic analyses, this result can be explained by the combined
effect of multiple factors. On one hand, the lower concentration of polarons in P-SO,
limits the efficiency of charge transport [65-68]. On the other hand, the polymer chains
in this sample appear to be more ordered at the molecular level, as supported by Raman
spectroscopy [30,34,44]. This structural ordering may enhance interchain charge mobility,
partially offsetting the reduced doping level and resulting in an intermediate conductivity,
which is higher than P-CSA but lower than P-Cl. Ultimately, these observations emphasize
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the critical role of the dopant. In agreement with other works [62-64], sulfuric acid not
only acts as a dopant but can also behave as a templating agent, promoting enhanced
chain alignment and crystallinity. This structural effect can partially compensate for a
lower density of charge carriers, maintaining a respectable conductivity despite a limited
polaron population.

Finally, the P-CS sample exhibits the lowest conductivity (100 S/m), despite a high
protonation level (80%) and spectral features broadly similar to P-Cl in both FTIR and
Raman analyses. On the basis of UV-Vis and EPR spectroscopies analyses, this discrepancy
can be tentatively explained by the bulky nature of camphor sulfonate, which limits the
doping efficiency and introduces steric hindrance that may disrupt chain packing [39]. As a
result, the effective carrier mobility and interchain hopping probability are reduced, which
is reflected in a conductivity roughly one-quarter of that of P-CL

Putting together all these findings, we can argue that not only the protonation level
but also the size, structure, and chemical nature of the dopants critically influence the
conductivity of PDANI. Small, compact dopants like C1~ are more effective in promoting
both doping efficiency and interchain interactions, while larger, more sterically hindered
dopants like CS™ can limit charge transport even in well-protonated structures.

To investigate the electrochemical properties, the CV response of the produced P-Cl,
P-504, and P-CSA samples was tested in a 1 M HCI aqueous solution at 15, 30, 60, 120, and
200 mV /s (Figure 7). For each PDANI sample, CV measurements were always performed
over multiple consecutive cycles, disclosing reproducible electrochemical stability of the
synthesized PDANI powders.
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Figure 7. (a) CV curves at 15, 30, 60, 120, and 200 mV /s for P-Cl, P-504, and P-CS samplesina 1M
HCI solution; (b) anodic and cathodic peak currents as a function of the scan rates” square root for
P-Cl, P-SO4, and P-CS samples.

As a direct consequence of the different electrical conductivities among the samples,
the current densities in the CV curves of P-Cl are nearly twice as high as those measured
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for P-504 and P-CSA (Figure 7a). Despite these variations in absolute current densities,
all three samples exhibit similar current-potential profiles, characterized by three pairs of
quasi-reversible redox peaks (AA’, BB’, and CC’). These features are commonly attributed
to stepwise redox transitions: AA’ corresponds to the leucoemeraldine-to-emeraldine (L-E)
transformation, CC’ corresponds to the emeraldine-to-pernigraniline (E-P) transition, and
BB’ is typically assigned to intermediate species, such as p-benzoquinone/hydroquinone,
which arise during partial oxidation of the polymer backbone [2,25,44,77,78]. Additionally,
the AA’ pair may also reflect hydrogen adsorption/desorption processes involving the
polymer units [79,80].

A shift of both anodic and cathodic peaks with increasing scan rate is evident for the
P-Cl, P-SO4, and P-CS samples (black dashed arrows in Figure 7a), indicating a diffusion-
controlled redox mechanism. This is further confirmed by the linear dependence of both
anodic and cathodic peak currents on the square root of the scan rate (Figure 7b). The fit
parameters are shown in Table 2.

Table 2. Linear regression equations and corresponding R? values for the anodic and cathodic peak
currents as a function of the square root of the scan rate for P-Cl, P-SO4, and P-CS samples.

Sample Equation R?
Ifiy=—-115x+1.1 0.993
P-Cl ;
IJ:y=138x — 1.2 0.989
I7:y=—5x+04 0.995
P-SO4 ;
I;:y=67x—05 0.994
Ifiy=-76x+08 0.986
P-CS
IJ:y=103x — 1.1 0.991

As shown in Table 2, the linear correlation confirms that the redox processes proceed
under diffusion-controlled conditions. Moreover, the ratio of anodic to cathodic peak
currents slightly exceeds the unity across all scan rates, reinforcing the interpretation of
quasi-reversible electron transfer processes involving the PDANI chains.

Further insights into the redox mechanisms can be drawn from ion exchange behavior.
During electrochemical cycling, structural rearrangements associated with electron transfer
are typically accompanied by ion insertion and expulsion to maintain charge neutrality.
These processes may proceed via either anion or cation exchange, depending on the dopant
size and nature. The corresponding reactions are represented by the following equilibrium
reactions [30,35,39]:

e Anion exchange (typical for small dopants like CI~ and SO427):

PDANI +nA~ +nH,O = (PDANI(“H (A7), nHzO) +ne” (3)

e  Cation exchange (expected for bulky dopants like camphor sulfonate, CS™):

PDANI: (A7) :(C*) =PDANI"": (A7) +ne +nC" (4)

When small anionic dopants such as CI~ and SO~ are used, the redox process is
primarily governed by anion exchange (Equation (3)). This mechanism involves anion
insertion upon oxidation, leading to swelling of the polymer, and anion expulsion upon
reduction, resulting in shrinkage. In contrast, with bulky dopants like CS™, the system is
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more likely to undergo cation exchange (Equation (4)), with the reverse conformational
changes occurring.

For each sample, the areal capacitance Ca (mF-cm~2) at 15 mV /s was calculated as
reported in [35]. The Ca values 0of 40 +2,12 £ 1,and 15 + 1 mF-cm 2 were respectively
derived for P-Cl, P-5O,, and P-CS samples, corroborating how the dopant agent can drive
the charge transport properties of the PDANI phases.

Among the samples studied, P-Cl exhibits the best electrochemical performance, as
evidenced by both its high conductivity and the most intense areal capacitance and CV
responses. This behavior reflects the efficient doping associated with the minimal steric
hindrance of CI~ ions, which promotes interchain interactions and a more effective charge
transport mechanism.

Additional information on the charge transport properties can be achieved by QV
analysis. Figure 8 illustrates the coulovoltammetric profiles for the three samples.
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Figure 8. (a) Charge density (Q) vs. potential curves at scan rates of 15, 30, 60, 120, and 200 mV/s;
(b) reversible charge (AQ), calculated as the difference between the maximum oxidation and reduction
charges, as a function of the scan rate for P-Cl, P-50,, and P-CS samples.

As shown in Figure 8a, which displays the charge density (Q) as a function of potential
at various scan rates (15-200 mV/s), all samples exhibit scan rate-dependent behavior. To
better visualize such a dependence, Figure 8b reports the reversible charge (AQ), calculated
as the difference between the maximum oxidation and reduction charges at each scan rate.
As shown in Figure 8b, the general trend of AQ values is to decrease as a function of the
scan rate for all the samples, corroborating the quasi-reversible redox behavior disclosed
by CV analysis. However, the nature of the dopant agent induces rather different behaviors
among the three samples. In particular, P-Cl exhibits the highest and most consistent
AQ values across the scan rate range, which can be attributed to the small ionic radius
and monovalent nature of CI™ ions. These properties enable rapid and efficient anion
insertion and expulsion during redox cycling, minimizing steric hindrance and promoting
uniform charge distribution and compensation along the polymer chains. This leads
to enhanced ionic mobility and improved coupling between electron and ion transport,
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resulting in superior electrochemical performance under both low and high scan rate
conditions [8,62,69,70]. Conversely, although showing a relatively high AQ at low scan
rates, P-SOy suffers from a steep decline as the scan rate increases. This behavior can be
tentatively ascribed to the bivalency of SO42~ and to the larger size with respect to Cl~ ions.
The synergic contribution of such properties probably hinders rapid diffusion and reduces
electrochemical efficiency under dynamic conditions. On the other hand, P-CS shows a
more stable profile across increasing scan rates compared to P-SO4. This suggests that
the redox processes in P-CS are less diffusion-limited. A plausible explanation lies in the
different ion exchange mechanism: unlike CI~ and SO42~, which undergo anion exchange,
CS™ is bulky and likely promotes a cation-exchange mechanism, reasonably involving
H* insertion/expulsion. The high concentration of available protons may enhance ionic
mobility and reduce kinetic barriers, resulting in better retention of charge at high scan
rates. These findings emphasize the importance of dopant identity not only in determining
redox capacity but also in governing the charge transport mechanisms, especially under
non-equilibrium regimes.

Based on the QV analysis, we can draw important conclusions regarding the pos-
sible use of PDANI-based systems in electrochemical applications. P-Cl emerges as the
most promising candidate for high-performance supercapacitors, thanks to its high and
stable reversible charge even at fast scan rates [39,57,63,64]. This indicates excellent redox
reversibility, efficient charge transport, and low ion diffusion limitations, which are key fea-
tures for devices requiring fast charge/discharge cycles and high-power density. A different
use can be designed for P-CS systems. Despite having a AQ lower than the P-Cl sample,
P-CS shows greater stability across scan rates, likely due to a cation exchange mechanism
facilitated by proton mobility. This makes P-CS suitable for battery-type systems, where
slower but more controlled charge processes and longer cycling life are beneficial [29,81].
Finally, the behavior of P-50O4 polymer, characterized by higher AQ at low scan rates but
pronounced decay at higher rates, may be less ideal for high-rate applications [82,83].
However, it could be useful in hybrid energy storage systems, where energy density is
favored over power density, provided operating conditions are optimized.

Taken together, the results of the structural, electrochemical, and electrical characteri-
zations clearly demonstrate that the nature of the dopant plays a central role in governing
the chemical, physical, and functional properties of the final PDANI polymer. From molec-
ular organization and oxidation/protonation levels to charge transport efficiency and
redox performance, each dopant distinctly influences the behavior of the final material.
These findings underscore the importance of dopant selection as a key parameter in tai-
loring PDANI for specific applications, particularly in the field of energy storage and
electrochemical devices.

4. Conclusions

In this work, polydianiline (PDANI) polymer systems were successfully synthesized
starting from dianiline, a sustainable and low-toxicity monomer precursor. The synthesis
was carried out under mild, green conditions using aqueous and DMSO-based media, with
the resulting materials obtained in the emeraldine salt form.

A comprehensive multi-technique characterization approach was employed to evalu-
ate the relationships occurring between the structural and electrochemical features of the
PDANI samples. Specifically, spectroscopic techniques (FTIR, Raman, EPR, UV-Vis) pro-
vided insights into the molecular structure, chemical composition, and polaron population,
while electrochemical methods (I-V, CV, QV) enabled us to assess the conductivity, redox
activity, and charge storage capacity.
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In view of the results obtained, the study clearly demonstrates that the nature of
the dopant and the acidic medium used during synthesis plays a crucial role in tailoring
the final properties of PDANI. The chloride-doped PDANI sample showed the highest
polaron population and conductivity, making it suitable for high-power applications. The
sulfate-doped PDANI sample exhibited higher molecular ordering but a lower charge
carrier density. Finally, despite its steric hindrance, camphor sulfonate-doped PDANI led
to a material with moderate conductivity and stable electrochemical performance.

This work provides valuable insight into how synthetic parameters influence PDANI
properties and opens up new possibilities for its use in printed electronics, energy storage
systems, and green polymer-based devices.
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