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Aromatic amines represent one of the most extensively studied classes of organic
compounds due to the valuable polymeric products they form and their exceptional
properties. This review provides an overview of their synthesis, principal properties,
a broad range of applications and some limitations.

Aniline and its derivatives are regarded as promising candidates for intrinsically
conductive polymers (CPs), which can be employed as electroactive materials in
electronics, energy storage, sensors, smart textiles, and biomedical technologies.
Owing to their conjugated structures, tunable redox chemistry, and excellent
environmental stability, aromatic-amine-based polymers-particularly polyaniline
and its derivatives-remain among the most versatile materials in the field of
synthetic metals. Their lightweight nature, chemical robustness, processability, and
mechanical flexibility, combined with the ability to modulate electrical conductivity
through protonic or oxidative doping, enable these materials to serve as potential
alternatives to conventional metals, and semiconductors.

This review highlights recent advances in the synthesis, doping mechanisms, and
structure—property relationships of aromatic-amine-based conductive aromatic
polymers. Special attention is given to established synthetic routes, including
chemical and electrochemical oxidative polymerization, interfacial and template-
assisted methods, plasma and photochemical techniques, and emerging green
synthesis strategies. This article aims to support the continued development of next-
generation functional materials for advanced technological applications.

* Corresponding author:
E-mail: ramilrzayev81@gmail.com

1. Introduction

Aromatic amines are a structurally important class of organic molecules in which an amine
group is conjugated with an aromatic ring, imparting distinctive electronic and reactivity
profiles. Since their discovery, conducting polymers (CPs) have attracted considerable attention

due to their unique combination of electronic conductivity and polymeric properties, prompting

numerous comprehensive reviews of their synthesis, structure, and applications. The pioneering
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work in this field was recognized with the 2000 Nobel Prize in Chemistry, awarded to
MacDiarmid, Shirakawa, and Heeger for demonstrating that organic polymers can exhibit
metallic conductivity under suitable conditions [1-6] This breakthrough sparked widespread
interest in a variety of conducting polymers, including polythiophene, poly-pyrrole, and
polyaniline. These materials are characterized by an extended m-conjugated system, in which a
large number of mt-electrons are delocalized across the polymer backbone [7, 8]. The delocalized
nt-electron system in conducting polymers underpins their intrinsic electrical conductivity, while
the presence of a finite energy gap between the valence and conduction bands imparts
semiconducting behavior, allowing charge transport under appropriate conditions [9, 10].

Among conducting polymers aniline and its derivatives have been particularly notable, as their
oxidative polymerization produces materials with tunable redox states, good environmental
stability, and versatile processability. Furthermore, aromatic diamines such as o-, m-, and p-
phenylenediamines provide extra functionality, enabling the formation of ladder-type or
phenazine-like structures with enhanced electronic and physicochemical properties, broadening
their potential applications in sensing, energy storage, optoelectronics, and biomedical
technologies [11].

This review provides a comprehensive overview of the development of aromatic conducting
polymers derived from key monomers, including aniline, o-toluidine, and o-, m-, and
p-phenylenediamines. It examines their classification (Figure 1), synthetic methodologies,
structural and physicochemical characterization, and diverse potential applications. In addition,
the review critically addresses the current limitations and challenges associated with these
polymers, highlighting areas where further research is required to enhance their performance
and broaden their practical applicability.

2. Classification of aromatic amines

Aromatic amines are a fundamental class of organic compounds characterized by the presence of
one or more amino groups (-NHy, -NHR, or -NR;) directly attached to an aromatic ring. The
simplest example is aniline (CéHsNH,)[12-14]. Their unique structural features combine the
nucleophilicity of the amino group with the stability and electronic properties of the aromatic
system, making them highly versatile in chemical synthesis and industrial applications. These
compounds serve as key intermediates in the production of dyes, pharmaceuticals,
agrochemicals, and high-performance polymers. The classification of aromatic amines-based on
the number of amino groups, substitution patterns, and type of aromatic ring-not only provides
a systematic understanding of their structural diversity but also plays a critical role in predicting
their chemical reactivity and suitability for specific applications. Given their broad utility,
aromatic amines continue to be a focus of research in material science, medicinal chemistry, and
polymer chemistry, particularly in the development of conductive polymers, functional
materials, and biologically active molecules.
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Figure 1. Classification of aromatic amines

2.1. Methods of polymer synthesis

Conductive polymers obtained from aromatic amines - such as aniline, toluidine isomers, and o-
/m-/p-phenylenediamine - have attracted significant attention due to their unique redox activity,
tunable conductivity, environmental stability, and broad applicability in electronics, sensors,
catalysis, and energy storage systems. The method of synthesis plays a central role in defining
the polymer’s molecular structure, oxidation state, doping level, morphology, and resulting
electronic properties. Accordingly, numerous synthetic approaches have been developed to
manipulate polymer growth, control nanostructure formation, and tailor physicochemical
characteristics to meet specific functional requirements. This section provides a comprehensive
review of the principal synthesis routes employed for conductive polymers derived from
aromatic amines, emphasizing mechanistic features, processing variables, structural outcomes,
and application-relevant characteristics.

2.1.1. Chemical Oxidative Polymerization

Chemical oxidative polymerization (COP) remains the most extensively used method for
synthesizing conductive polymers from aromatic amines. In this approach, polymerization is
initiated by the oxidation of the monomer in the presence of strong oxidants such as ammonium
or potassium persulfate, ferric chloride, or ceric ammonium nitrate. When dissolved in acidic
media, aromatic amines become protonated, facilitating the generation of radical cations upon
oxidation. These reactive intermediates undergo head-tail or para—para coupling to form dimers,
oligomers, and ultimately high-molecular-weight polymer chains. For aniline and phenylenedia-
mine derivatives, COP typically yields polymers in mixed oxidation states, including leucoeme-
raldine, emeraldine, and pernigraniline forms. The final oxidation state strongly influences
conductivity and is largely dictated by oxidant concentration, reaction temperature, and acidity
of the medium. The method is versatile, allowing production of powders, colloidal dispersions,
nanofibers, nanotubes, and composite structures depending on the choice of surfactants,
templates, co-monomers, and dopants. Its simplicity, scalability, and compatibility with various
functional additives make COP the dominant route for industrial-scale production [15-17].
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2.1.2 Electrochemical Polymerization

Electrochemical polymerization provides a highly controlled method to deposit conductive
polymer films directly onto electrode surfaces. In this technique, the aromatic amine undergoes
anodic oxidation under a precisely controlled potential or current. The resulting radical cations
couple at the electrode interface, leading to the sequential formation of oligomers and polymer
chains tightly adhering to the substrate. This method offers several key advantages: it eliminates
the need for chemical oxidants, produces highly pure materials, and enables precise tuning of
film thickness, morphology, redox state, and doping level. Electrochemical polymerization of
aniline and various phenylenediamines often results in smooth, uniform, and strongly adherent
films with excellent electroactivity. Cyclic voltammetry, chronoamperometry, and chronopoten-
tiometry are typically employed to control polymer growth. This approach is widely used in the
fabrication of electrochemical sensors, anticorrosive coatings, redox-active thin films, and
energy-storage electrodes [18-22].

2.1.3. Enzymatic Polymerization

Enzymatic polymerization has emerged as an environmentally benign alternative to traditional
oxidative methods. Enzymes such as laccase and horseradish peroxidase catalyze the oxidation
of aromatic amines under mild aqueous conditions, generating radical species with high
selectivity. This form of biocatalytic oxidation typically produces oligomers and polymers with
fewer structural defects and narrower molecular-weight distributions compared to chemical
oxidative routes.

In the case of aniline and phenylenediamines, enzymatic approaches often yield materials with
enhanced biocompatibility and improved environmental sustainability. Because the reaction
occurs without harsh oxidants or extreme acidity, the resulting polymers are suitable for
biomedical applications, biosensing, and environmentally friendly coatings. Control over pH,
hydrogen peroxide concentration, enzyme loading, and reaction temperature is essential for
determining polymer architecture and oxidation state [23-28].

2.1.4 Photochemical Polymerization

Photochemical polymerization relies on the use of ultraviolet irradiation or photo-initiators to
drive oxidative coupling of aromatic amines. Upon exposure to light, photosensitizers and
electron-transfer agents generate radical species from the monomer, initiating polymer growth.
This method enables spatial control over polymerization and is particularly valuable for
producing micro-patterned or lithographically structured films.

For aniline and substituted amines, photopolymerization can be conducted in solution or
directly on surfaces, yielding thin, uniform films with tunable properties. The ability to restrict
polymerization to illuminated regions facilitates fabrication of microelectrodes, photonic
structures, and patterned conductive coatings. The structural features and conductivity of the
resulting polymers depend on light intensity, exposure time, wavelength, and the presence of
photosensitizing additives.

2.1.5. Plasma Polymerization

Plasma polymerization involves subjecting volatile monomers to a plasma discharge within a
low-pressure environment. The energetic species present in the plasma partially fragment and
activate the aromatic amine molecules, allowing them to recombine on a surface to form highly
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crosslinked polymeric films. The resulting materials are typically ultra-thin, pinhole-free, and
highly adherent. Although plasma polymerization often leads to partially disordered structures
with limited conjugation, optimizing plasma power, pressure, and monomer flow can preserve
aromatic functionality and allow useful levels of conductivity. Plasma-deposited films of aniline
and phenylenediamines offer exceptional conformality and chemical robustness, making them
attractive for protective coatings, biomedical interfaces, and electronic insulation layers [29].

2.1.6. Vapor-Phase Polymerization

Vapor-phase polymerization (VPP) has become an important method for fabricating high-
quality conductive polymer films. The technique involves depositing an oxidant layer-
commonly ferric chloride, iron (III) tosylate, or ammonium persulfate - onto a substrate, followed
by exposure to monomer vapor. The monomer diffuses into the oxidant-rich layer, initiating
polymerization at a controlled rate. VPP is especially effective for deriving thin, uniform films of
polyaniline and its derivatives with high crystallinity and excellent electrical conductivity. The
absence of bulk solution enables more ordered chain growth and minimizes aggregation and
impurity incorporation. Process parameters such as oxidant loading, humidity, temperature, and
additives profoundly influence polymer morphology, nanostructure, and film conductivity. VPP
has become a key technique in flexible electronics, antistatic coatings, and transparent conductive
layers.

2.1.7 Solid-State Polymerization

Solid-state polymerization represents a solvent-free approach in which aromatic amine crystals
undergo polymerization under elevated temperature, pressure, or irradiation. The constrained
mobility of monomers in the solid state can promote highly ordered polymer structures and
unique packing arrangements. Although this method is less commonly applied to aniline and
phenylenediamines, several studies have demonstrated its utility for producing crystalline
oligomers, nanostructured materials, and hybrid frameworks. Solid-state methods are attractive
from a sustainability standpoint, offering minimal solvent use and low environmental impact.
They also enable the formation of materials that may be difficult to access through traditional
solution-phase polymerization [30-33].

2.1.8. Template-Assisted Polymerization

Template-assisted synthesis is a powerful means of directing the growth of conductive polymers
into well-defined nanostructures. Hard templates such as anodic alumina, silica, or
polycarbonate membranes are widely used to produce nanowires, nanotubes, and nanorods.
Soft templates-such as surfactant micelles, microemulsions, or liquid-crystalline phases-guide the
formation of nanospheres, nanofibers, and other self-assembled morphologies. When aromatic
amines undergo oxidative or electrochemical polymerization within these templates, the
resulting nanostructures exhibit enhanced surface area, improved ion transport, and increased
electrochemical performance. Template-assisted polymerization is particularly advantageous for
fabricating nanostructured polyaniline and phenylenediamine derivatives for sensing, catalysis,
and energy-storage applications [34-37].

2.1.9. Interfacial Polymerization

Interfacial polymerization exploits the boundary between two immiscible phases - typically an
aqueous solution containing the aromatic amine and an organic phase containing an oxidant or
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co-reactant. Polymerization occurs exclusively at the interface, yielding thin films, membranes,
shells, or hollow nanostructures. For aromatic amines, this approach provides exceptional
control over film thickness and enables the fabrication of ultrathin polyaniline membranes with
uniform morphology. The confined nature of the interfacial region produces materials with
reduced structural disorder and improved electronic properties. These films find applications in
separation technologies, coating materials, and controlled-release systems [38—42].

2.1.10 Hydrothermal and Solvothermal Polymerization

Hydrothermal and solvothermal methods involve conducting polymerization reactions in sealed
autoclaves at elevated temperatures and pressures. Under these conditions, aromatic amines
exhibit enhanced solubility, reactivity, and diffusivity, promoting the formation of crystalline or
hierarchically organized polymer structures.

Hydrothermal polymerization of aniline and phenylenediamines often results in nanorods,
nanosheets, hollow spheres, or flower-like architectures with high structural coherence. These
materials are promising for applications in catalysis, electrochemical devices, and advanced
functional composites. The solvent type, reaction temperature, pressure, and duration critically
determine the resulting morphology and polymer chain structure [43].

2.1.11. Emulsion and Miniemulsion Polymerization

Emulsion and miniemulsion techniques utilize surfactant-stabilized droplets to disperse
aromatic amines in an aqueous medium. Oxidative polymerization proceeds within individual
micelles or droplets, yielding polymer nanoparticles with well-controlled sizes and narrow
distributions. Miniemulsion systems, with smaller and more stable droplets, provide superior
control over particle uniformity. Polyaniline and substituted amine nanoparticles produced
through these techniques possess high dispersibility, making them suitable for inks, coatings,
and composite formulations. The method is compatible with large-scale industrial processing
and allows incorporation of dopants, stabilizers, or functional particles into the polymer matrix
[44, 45].

2.1.12. Sol-Gel Assisted Polymerization

Sol-gel assisted polymerization integrates conductive polymers with inorganic networks such as
silica or metal oxides. During the solgel process, polymerization of the aromatic amine occurs
simultaneously with the formation of a growing inorganic matrix, resulting in hybrid materials
that combine the conductivity of organic polymers with the structural stability of inorganic hosts.
These organic-inorganic hybrids exhibit enhanced thermal stability, mechanical strength, and
environmental resistance. Incorporation of aniline or phenylenediamine derivatives within sol-
gel networks enables precise control over morphology, porosity, and interfacial interactions.
Such materials are widely used in sensors, catalysis, corrosion protection, and multifunctional
coatings [46, 47].

Conclusion

The synthesis method profoundly influences the structural, electronic, and functional properties
of conductive polymers derived from aromatic amines. Chemical oxidative polymerization and
electrochemical deposition remain the most widely used techniques due to their simplicity and
versatility, while emerging methods such as enzymatic, photochemical, and vapor-phase
polymerization offer new opportunities for achieving highly controlled architectures and
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environmentally sustainable processing. Template-based, hydrothermal, and sol-gel-assisted
approaches further expand the morphological diversity of these materials, enabling precise
manipulation of nanoscale features critical for advanced applications. Collectively, these
methods form a robust toolbox for tailoring the properties of aromatic-amine-based conductive
polymers for next-generation electronic, electrochemical, sensing, and catalytic systems.
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Figure 2. The synthesis methods of aromatic polymers

2.2 Characterization of Polymers

Polymer characterization is the process of determining the physical, chemical, thermal,
mechanical, and structural properties of polymers. This is essential to understand their behavior,
performance, and suitability for various applications, including conductive polymers, coatings,
biomedical devices, and composites. Proper characterization ensures reproducibility, quality
control, and guides further chemical modifications. In Figure 3, some essential characterization
techniques of polymers are given [15, 48-51].
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3. Members of aromatic amines

Polymers and oligomers with extended m-conjugated systems are commonly called “conjugated
polymers” or “conjugated oligomers.” These materials are made of regularly repeating units
with alternating single and double bonds. Often, heteroatoms such as nitrogen, oxygen, and
sulfur, which have lone electron pairs, participate in conjugation by interacting with neighboring
rt-orbitals, helping form an extended poly-conjugated system [7, 8]. The high level of electron
delocalization along the polymer backbone results in a variety of unique physicochemical
properties. As a consequence, conjugated polymers show electronic and optical activity,
resistance to radiation, semiconducting behavior, paramagnetism, and catalytic functions,
making them essential for developing sensors and detectors [52-54], polymer batteries [55-57],
semiconductor diodes [10, 58], solar cells [59], and various biomedical devices [60-62].

Polyaromatic amines, specifically, are high-molecular-weight compounds with a conjugated
bond system and a nitrogen atom with a lone electron pair incorporated into the aromatic ring.
The synthesis of these polymers and oligomers-widely used across various technological fields
due to their distinctive properties-along with understanding their composition, structure, and
functional features, is a complex yet fascinating area of research.
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3.1 Historical background of Aniline

The history of the oxidative polycondensation of aniline - the first and most fundamental
aromatic amine - begins in the early 19th century. Aniline is an organic compound originally
derived from coal tar. The German chemist Otto Unverdorben first isolated it from indigo dye in
1826 and named it “crystallin” [63], although its chemical structure was unknown at the time. In
1835, Friedlieb Ferdinand Runge isolated another coal-tar substance called “kyanol” (or
“cyanol”), which turned a vivid blue when treated with calcium hypochlorite. The word
“kyanol,” rooted in the Greek kuanos (blue) and Latin oleum (oil), actually referred to aniline [4].
The first person to officially name the substance “aniline” (from anil, the Spanish name for
indigo) was Karl Julius Fritzsche, who obtained it by treating indigo with caustic potash in 1840
[5]. During his studies of coal-tar distillation, Runge also discovered pyrrole and quinoline.
Notably, he observed that aniline formed insoluble, variably colored solids when exposed to
different oxidizing agents. In one experiment, he added hydrochloric acid to a porcelain cup
containing gold oxide and a few drops of aniline, then heated the mixture to 100 °C. This
produced a violet material that turned blue-gray upon drying. Two years later, in 1842, Nikolai
Nikolaevich Zinin synthesized the same substance by reducing nitrobenzene and called it
“benzydam” [64]. In 1843, August Wilhelm von Hofmann (1818-1892) demonstrated that
Unverdorben’s “crystallin,” Runge’s “kyanol,” Fritzsche’s “aniline,” and Zinin’s “benzydam”
were actually identical compounds, confirming the true identity of aniline, later known as
phenylamine or simply aniline [13, 64, 65]. Fritzsche also reported that aniline first turns yellow,
then brown, upon exposure to air. Under certain conditions, reacting with nitrous acid (HNO,)
produces blue or green products. Treating aniline salts with chromic acid (H.CrO,) results in a
dark green precipitate that later turns blue-black. In 1853, Beissenhirz showed that aniline
produces a blue color when exposed to concentrated sulfuric acid and potassium dichromate.
However, none of these early scientists managed to turn their discoveries into commercial
applications.

In the mid-19th century, chemists began exploring the potential of aniline as a dye for textiles.
Their investigations demonstrated that aniline and its derivatives could generate a wide
spectrum of colors. In 1860, Crace-Calvert, Samuel Clift, and their assistant Charles Lowe
obtained green and blue cotton dyes by oxidizing aniline, for which they received a joint patent
the same year [66, 67]. A prolonged, 12-hour reaction of aniline salts with potassium chlorate
yielded a green product known as “emeraldine,” a name that later became widely associated
with aniline derivatives. When this material was boiled in an alkaline or soapy medium, it
converted into a blue substance referred to as “azurine”[68].

Lightfoot [67] demonstrated that only a small amount of potassium chlorate was required to
oxidize aniline salts; however, achieving an intense coloration required an additional oxidizing
agent, such as copper [66]. The use of copper salts caused corrosion, leaving marks on printed
fabrics. This problem was resolved by Charles Louth in 1864, who introduced copper sulfide as
an alternative. Because copper sulfide is insoluble, it remained inactive during the printing
process, and only after aniline black was formed did the chlorate convert it into copper sulfate,
significantly reducing damage to printing cylinders [68, 69].

Around the same period, in 1860, Heinrich Caro synthesized the second black aniline dye. Caro
later supervised the production of numerous new dyes, including artificial alizarin, eosin,
methylene blue, and several azo dyes. He also contributed to early studies on indigo synthesis
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and helped elucidate the structures of triphenylmethane dyes [69, 70]. In 1863, Charles Louth
and August Wilhelm von Hofmann oxidized aniline hydrochloride with potassium dichromate,
producing a deep black pigment known as aniline black - one of the first synthetic black dyes. Its
intense coloration, washfastness, and ease of application led to its rapid adoption in the textile
industry.

The discovery of aniline black marked a major milestone in the transition from natural to
synthetic dyes and stimulated extensive research into aniline-based pigments. This work laid the
foundation for synthetic dye chemistry and enabled the development of a broad palette of
artificial colors still used today. Following this breakthrough, a significant contribution was
made by the physician and chemist Henry Letheby [15], who, while investigating nitrobenzene
poisoning, discovered that nitrobenzene is metabolically reduced to aniline. This finding
prompted the development of early chemical tests for detecting aniline [71].

Subsequent studies established that the highest-quality aniline black is obtained by oxidizing
aniline salts-typically using HCI or H,SO, as the reaction medium, in the presence of strong
inorganic oxidants such as dichromates or chlorates and catalysts including CuSO; or
Fe(CH3COO), at temperatures of 333-373 K [72].

In the 1870s and 1880s, Adolf Baeyer and several other chemists made significant scientific
advances in collaboration with Caro and leading industrial researchers. Baeyer contributed to the
understanding of tautomerism and proposed the modern structural formula for indigo.
Although technical challenges-particularly those related to synthesizing indigo from inexpensive
starting materials-remained unresolved for many years, major progress toward artificial indigo
production resulted from Baeyer’s research, initiated in 1865 at the Berlin Institute of Chemistry
and supported by Caro during the mid-1870s [12].

Following these discoveries, a distinct group of electroactive materials known as intrinsically
conductive polymers (ICPs) emerged. Achieving high conductivity in these polymers typically
requires doping, which increases the density of mobile charge carriers. Among the various ICPs,
polyaniline (PANI) is one of the most intensively studied. PANI stands out due to its
straightforward synthesis, low cost, versatile redox behavior, and the ability to undergo
reversible doping and dedoping through simple acid-base reactions. It also offers greater
chemical and environmental stability than many other conductive polymers. Nevertheless, PANI
still encounters persistent challenges related to poor solubility and limited processability, largely
resulting from the rigidity of its conjugated backbone. These issues have constrained its
widespread technological deployment, prompting continued research aimed at improving its
solubility and processability.

A major advancement in this field was the introduction of copolymerization strategies involving
aniline and structurally compatible monomers. Self-doped polyaniline derivatives produced
through these approaches exhibit substantial improvements, including enhanced solubility,
greater flexibility, and more stable redox and conductivity behavior across a wide pH range.
Numerous comonomers containing functional groups such as -OH, -NH,, -SO:;H, and -COOH
etc., have been incorporated to achieve intrinsic doping, increase processability, and tailor the
electronic properties of the resulting materials. In recent years, considerable research attention
has been devoted to the synthesis and physicochemical characterization of aniline-based
copolymers and their derivatives using a variety of polymerization techniques.
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As a result, a series of soluble, thermally stable, flexible, and multifunctional copolymers/co-
oligomers have been successfully synthesized from aniline and a range of versatile monomers.
These materials exhibit improved processability, enhanced mechanical integrity, and tunable
physicochemical properties owing to the incorporation of functional groups introduced through
copolymerization. Owing to their conjugated structures and adjustable electronic behavior, such
polymers find broad application in Optoelectronic Devices, including use in coating
technologies, chemical and electrochemical sensors, rechargeable battery components,
supercapacitors, flexible electronics, and other advanced functional devices.

3.2 Methyl aniline (o-Toluidine)

O-Toluidine (2-aminotoluene or o-methylaniline), a methyl-substituted derivative of aniline, has
been an important compound in the evolution of synthetic organic chemistry and the early dye
industry. Its history extends over nearly two centuries and reflects the rapid industrial and
scientific developments of the 19th century. The compound was first conclusively identified in
1845, when James Sheridan Muspratt and August Wilhelm von Hofmann characterized o-
toluidine alongside its m- and p-isomeric forms. Their work built upon earlier studies of coal-tar—
derived aniline derivatives, which were becoming significant industrial raw materials at the
time.

The commercial relevance of o-toluidine became apparent with the emergence of the first
synthetic organic dyes. Landmark colorants such as mauveine and fuchsine marked the
beginning of the synthetic dye industry, and o-toluidine soon became a key precursor in the
manufacture of these early “aniline dyes.” Its chemical reactivity and propensity to form
intensely colored oxidation products made it a valuable intermediate for large-scale dye
production.

By 1880, the increasing demand for toluidine-based dyes led to the establishment of commercial
o-toluidine production in the United Kingdom. This development positioned o-toluidine as an
important industrial building block in the synthesis of dyes, pigments, pharmaceuticals, and
various polymeric materials, while also facilitating the broader adoption of coal-tar chemistry in
industrial practice.

Following the discovery of intrinsically conductive polymers (ICPs), interest in aniline and its
derivatives grew significantly. These compounds have been extensively studied because of their
ability to polymerize in various media and copolymerize with a wide range of monomers. O-
Toluidine, in particular, has frequently been used in copolymerization reactions to create
materials with customized structural and electronic properties. The resulting homopolymers,
copolymers, and their oligomeric counterparts have applications in sensors, energy storage
devices, electronic components, and protective coatings.

3.3 Ortho-phenylenediamine

The story of phenylenediamine polymers has to be started with polyaniline. Phenylenediamine
is the common name for diaminobenzene, which exists as three isomers: 1,2-, 1,3-, and 1,4-
diaminobenzene. The 1,2-isomer is commonly called o-phenylenediamine; the 1,3-isomer is m-
phenylenediamine; and the 1,4-isomer is p-phenylenediamine. O-phenylenediamine (o-PDA or
1,2-benzenediol), containing two amino groups in the 1st and 2nd positions, has been used as a
precursor for heterocycles, dyes, and pharmacologically active molecules since the late 19th
century. Initially, these compounds were obtained by reducing substances such as o-
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dinitrobenzene and o-nitroaniline [73]. Its importance increased in the 20th century with the
development of benzimidazole chemistry and the subsequent development of POPD by
oxidation-polycondensation, which allowed the production of redox-active films for electronic
and electroanalytical applications [74, 75]. Poly-ortho-phenylenediamine (p-OPD) has been
synthesized mostly chemical and electrochemical methods [76, 77].

In chemical synthesis, OPD is typically polymerized by exposing its solution to an appropriate
oxidant, reductant, or initiator, leading to the formation of polymeric materials in either powder
or thin-film form. Common oxidizing agents employed in OPD polymerization include K;Cr,Oy,
FeCl;, K;5,0s, (NH4),S:0Os, and H,O,. Extensive studies have utilized this chemical oxidative
polymerization approach to produce and characterize poly(o-phenylenediamine) and its
derivatives [78].

In electrochemical polymerization, redox-active units may be incorporated directly into the
growing polymer backbone, added as pendant substituents through pre-functionalized
monomers, or introduced in a separate post-functionalization step after film deposition. Poly(o-
phenylenediamine) (POPD) was first obtained as a robust and adherent coating on electrode
surfaces by electropolymerizing OPD in acidic media [19]. Since the mid-1980s, extensive studies
have explored the electro-polymerization behavior of aromatic diamines. Importantly, POPD
films generated via cyclic voltammetry display IR absorption patterns distinct from those produ-
ced under potentiostatic conditions [79, 80]. Moreover, polymers synthesized electrochemically
exhibit NMR characteristics that differ noticeably from POPD obtained through conventional
chemical oxidative methods. Copolymerization offers an effective route to functionalize OPD
and tailor its photo-physical, optical, and structural characteristics [75, 76, 81]. Numerous studies
have demonstrated that combining OPD with other conducting or semiconducting monomers-
acting as donor or acceptor units-can significantly modify and improve the resulting material’s
properties. The wide range of possible co-monomers and the freedom to adjust their ratios
provide a versatile platform for designing OPD-based nanomaterials with enhanced physical,
optical, and performance attributes. The composition of the monomer feed, along with reaction
parameters such as temperature, catalyst, and medium pH, plays a decisive role in determining
the structural and functional characteristics of the resulting co-polymer [75, 77].

POPD and its copolymers have been applied in a broad range of fields, including electrode
materials[82], optoelectronic and solar cells [83], anode materials for lithium-ion batteries [84],
sensors [85], supercapacitors [86, 87], anticorrosion coatings [88], and the removal of Cd(II) from
aqueous solutions [89], etc.

Despite its broad range of applications, OPD and its polymers exhibit several limitations. The
monomer is intrinsically toxic and therefore requires careful handling. Poly(o-phenylenedia-
mine) also suffers from low solubility and only moderate conductivity relative to polyaniline.
Furthermore, oxidative polymerization often produces heterogeneous structures and variations
in color, and some formulations show limited mechanical flexibility. Ongoing research aims to
address and overcome these drawbacks.

3.4 Metha-phenylenediamine

Metha-Phenylenediamine (m-PDA or 1,3-diaminobenzene), one of the three phenylenediamine
isomers, has been recognized as an important intermediate in dye chemistry and early polymer
science since the late 19th century. Historically, it served as a key precursor for azo dyes,
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photographic developers, and rubber antioxidants. Industrially, m-PDA is produced by catalytic
hydrogenation of 1,3-dinitrobenzene - the principal product obtained from the dinitration of
benzene using sulfuric-nitric acid mixtures. This hydrogenation step is typically carried out in
water or methanol over supported palladium catalysts or Raney nickel [90]. Over time, m-PDA is
used in several industrially significant sectors:

a. High-performance polymers: — m-PDA is a critical monomer in the synthesis of aramids, such
as poly(m-phenyleneterephthalamide), and in high-temperature polyimides, poly(amide-imide)
s, and heteroaromatic frameworks [91, 92]. Examples are protective clothing and aircraft interiors.
The polymer is made in the United States by Du Pont (Nomex), in Japan by Teijin, and in the for-
mer Soviet Union. The m-PDA is also used for curing epoxy resins to impart high-temperature
strength and good resistance to chemical solvents. Such cured resins are used in filamentwound
casings and adhesives. m-PDA is still used as the starting material for many dyes. Examples
include Basic Brown 1 (Bismarck Brown), Basic Orange 2, Direct Black 38, and Developed Black
BH [93, 94].

b. Conducting and electroactive materials : - m-PDA plays a significant role in the development
of conducting and electroactive materials due to its bifunctional amine groups and rigid aromatic
backbone, which facilitate electron delocalization and redox activity [95]. It is widely employed
in the synthesis of aromatic poly(amine) frameworks, redox-active oligomers, and electrochemi-
cally responsive thin films. These materials often exhibit tunable conductivity, reversible redox
behavior, and strong adhesion to various substrates, contributing to their utility in sensors,
anticorrosion coatings, and electronic devices [96].

In addition, m-PDA readily participates in oxidative polymerization and metal-coordination
reactions, enabling the formation of electrocatalytic films and metal - organic hybrid materials
with enhanced electron-transfer properties[52]. Recent studies have emphasized its potential as a
monomer for heat-resistant conductive polymers, organometallic complexes exhibiting high
catalytic activity, and advanced composite materials that combine mechanical stability with
improved electrical or electrochemical performance [95]. The structural versatility and redox
behavior of m-PDA continue to support innovations in energy-storage materials, electrocatalysis,
and functional protective coatings.

c. Dyes and pigments : - It serves as an intermediate for azo dyes, developer agents, and hair-
color formulations [73].

d. Corrosion inhibitors : - m-PDA acts as a corrosion inhibitor through adsorption on metal
surfaces and formation of protective films.

e. Pharmaceuticals and fine chemicals : - It is a precursor to numerous heterocycles and
medicinal intermediates.

f. Nanomaterials and adsorbents : - m-PDA is used for synthesizing functional nanoparticles,
carbon dots, and polymer-based adsorbents for water purification [97].

Limitations - Despite its wide utility, m-PDA presents several limitations. It is classified as
harmful and a skin sensitizer, requiring regulated handling. The compound oxidizes readily in
air, forming quinonoid species that change color and alter reactivity. Solubility limitations and
undesirable color formation complicate its use in optical or transparent systems. Additionally,
the highly reactive amine groups may lead to rapid crosslinking or uncontrolled branching in
polymer synthesis.
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Conclusion

m-Phenylenediamine is a versatile aromatic diamine with broad impact across polymer science,
dye chemistry, and materials engineering. Its rigid aromatic core and reactive amine groups
enable the formation of high-performance polymers, functional coatings, and advanced
nanomaterials. Although challenges remain - including toxicity, oxidative instability, and
processing difficulties - ongoing advances in green chemistry, controlled polymerization, and
functional material design continue to expand the relevance of m-PDA in modern research and
applications.

3.5 Para-phenylenediamine

Para-phenylenediamine (p-PDA), one of the three phenylenediamine isomers (in 1,4- postions),
has been known since the late 19th century. The p-PDA is a crystalline solid that can appear in
various colors, including pink, gray, yellow, or even colorless. Upon exposure to air, it
undergoes oxidation, first turning red, then brown, and finally black. Many sources state that
p-PDA was first synthesized by August Wilhelm von Hofmann in 1863, who was notably the
chemistry professor of William Henry Perkin, the discoverer of the world’s first synthetic dye,
mauve (MOTM, January 1996) [98]. It was initially used as an intermediate for azo dyes and as a
photographic developer, reducing silver halides to metallic silver under alkaline conditions, with
its oxidation products exploited in dye formation. The industrial synthesis of p-PDA takes place
in two steps: dinitration of benzene and catalytic hydrogenation of dinitrobenzene. Early
applications also included rubber antioxidants and vulcanization accelerators. Its bifunctional
amine groups and rigid para-substituted aromatic structure later made p-PDA a key monomer
for wide range of polymers [99-101]. Over time, it has remained an important building block in
organic synthesis, high-performance polymers such as aramids and poly-ureas, dyes and
pigments, photographic and electronic applications, rubber, coatings, and other related fields [43,
73,102-104].

Despite its broad range of applications, p-PDA also presents several limitations. It is a well-
known skin sensitizer and allergen, and exposure through inhalation or ingestion poses health
risks, leading to strict regulatory restrictions. Similar to other aromatic diamines, p-PDA readily
oxidizes in air to form quinonoid species, which can affect its color, reactivity, and overall
storage stability. Furthermore, its moderate solubility in organic solvents and highly reactive
amine groups require careful handling to avoid unintended crosslinking during polymer
processing.

4. Potential application of polymers

Aromatic amine-based polymers are an important class of conjugated and functional polymers
with diverse technological applications (Figure 4). Their rich redox chemistry, environmental
stability, tunable electronic structure, and ability to incorporate diverse substituents make them
useful in a number of modern materials systems.
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Applications of Aromatic Amine Polymers
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Figure 4. Applications of polymers based on aromatic amines monomers.

Conclusion

Although aromatic amines have been investigated for more than a century, compounds such as
aniline and the diaminobenzenes continue to attract significant scientific attention. Polyaniline,
for instance, was originally used as a dye but later emerged as one of the most extensively
studied conducting polymers, finding applications in electronics, sensors, energy storage,
anticorrosion coatings, and other advanced technologies. To enhance its physicochemical
properties - including stability, solubility, and processability - researchers have widely explored
the copolymerization of aniline with various monomers.

Compared with aniline, aromatic diamines (0-PDA, m-PDA, p-PDA) received scientific interest
somewhat later, yet their importance has grown substantially over the past several decades.
While their early use was largely limited to dye and pigment manufacture, the homo- and
copolymers derived from these diamines are now employed across a broad range of modern
technological fields, including optics, optoelectronics, sensing devices, smart and responsive
materials, anticorrosion coating, semiconductor applications and etc. Their bifunctional amine
groups, ability to form highly conjugated structures, and capacity for metal coordination further
expand their utility in advanced materials.
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Nevertheless, despite their valuable mechanical, electronic, and chemical characteristics, several
intrinsic properties of aromatic amines - such as oxidative instability, toxicity, limited solubility,
and high reactivity - continue to restrict their wider application and require careful management
in both research and industrial setting.

Currently, researchers are pursuing various strategies to overcome these limitations and
improve the performance of aromatic amine-based materials.
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