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Three-component reactions are often characterized by complex mechanistic 

pathways, and the identification of intermediate species is essential for 

understanding their progression. In this study, a pyrazole-based ligand was 

synthesized, and its reaction with malononitrile and o-tolualdehyde was 

examined with the aim of obtaining triazine-containing heterocycles. Two 

products were detected by TLC and their structures were confirmed by single-

crystal X-ray diffraction. The desired triazine derivative was successfully 

obtained; however, the formation of (2-methylbenzylidene) propanedinitrile—

arising from a Knoevenagel condensation between malononitrile and o-

tolualdehyde—was also observed. Although initially detected as an unexpected 

by-product of the three-component reaction, its appearance is fully consistent 

with the well-known propensity of malononitrile to readily condense with 

aromatic aldehydes. The reduced reactivity of the imine functionality, attributed 

to the ligand being present in its salt form, was identified as the key factor 

limiting full conversion toward the triazine scaffold. Considering the 

coordination ability of triazapentadiene-type ligands, an Fe(III) complex of the 

pyrazole-derived ligand was also synthesized within the scope of this work. 
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1. Introduction 

Determining the course of three-component reactions is one of the major challenges in modern 

organic synthesis. These types of reactions are generally studied using DFT methods. However, 

in some cases, elucidating the structures of intermediates formed at early stages can greatly 

facilitate understanding the direction in which the reaction proceeds. The reaction between 

dicyandiamide and pyrazole has been shown to afford (E) 1-(amino(1H-pyrazol-1-yl) methylene) 

guanidine [1], demonstrating that this transformation can occur under typical condensation 

conditions. Recent studies have emphasized that pyrazole-based aza-heterocycles are highly 

https://ica.az/en/page/38/?filter_by=featured
https://ica.az/en/page/38/?filter_by=featured
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versatile pharmacophores with broad therapeutic relevance, extensive reactivity, and 

widespread applications in synthetic and medicinal chemistry. Biguanides are a versatile class of 

compounds with broad applications in catalysis, metal complexation, organic synthesis, and 

medicinal chemistry, including well-known examples such as metformin and chlorhexidine, 

highlighting both their historical importance and renewed interest in developing new synthetic 

methodologies to expand their chemical diversity [2]. Efficient and environmentally friendly 

methods have been established for synthesizing monosubstituted biguanides from amines, 

utilizing high-yielding, chromatography-free, and water-compatible protocols, which are 

particularly effective for challenging aliphatic amines [3]. Incorporation of guanidine and 

biguanidine groups into chlorin derivatives enables the design of targeted photosensitizers with 

high photodynamic efficiency, offering a versatile platform for multifunctional drug 

development and improved selectivity in cancer therapy [4]. Comprehensive reviews further 

demonstrate that modern methodologies enable the efficient preparation of functionalized 

pyrazole derivatives from numerous precursors while revealing their notable anti-cancer, anti-

inflammatory, anti-bacterial, and anti-viral activities [5]. Metal complexes of pyrazoles and other 

nitrogen-based heterocycles have attracted growing attention due to their diverse bioactivities, 

and understanding the relationship between their structural features and biological effects is 

essential for designing more effective and less toxic therapeutic agents [6]. Recent findings on azo 

dye–based pyrazole ligands and their transition-metal complexes demonstrate that such systems 

can be synthesized and structurally validated through comprehensive spectroscopic, thermal, 

and computational analyses, typically forming paramagnetic octahedral geometries. Moreover, 

these studies show that both the free ligands and their metal complexes exhibit notable 

antimicrobial and cytotoxic activities, with certain Fe(II) and Co(II) complexes displaying 

particularly enhanced biological efficacy [7]. Computational analyses, including NBO, QTAIM, 

and molecular docking, have additionally shown that pyrazole-based systems often possess 

favorable electronic distributions and strong biomolecular interactions, supporting their 

therapeutic potential [8]. In parallel, biguanide derivatives have demonstrated promising 

applications as organic linkers in coordination polymers and metal–organic frameworks, 

facilitating structural tunability and selective gas adsorption [9]. Recent mechanistic 

investigations revealed that substituent effects, solvent polarity, and acid–base properties 

strongly influence the reactivity of dicyandiamide-based condensation systems, enabling 

controlled access to structurally diverse heterocycles [10]. Advances in catalyst-assisted synthetic 

strategies, including transition-metal catalysis and organocatalysis, have further expanded the 

chemical space of pyrazole-containing frameworks under milder and more sustainable reaction 

conditions [11]. The pharmaceutical relevance of pyrazole derivatives continues to grow, with 

several compounds progressing into clinical evaluation for metabolic, neurological, and 

inflammatory disorders [12]. Additionally, multi-component reactions involving amidines, 

malononitrile, and aromatic aldehydes have emerged as powerful tools for rapidly constructing 

nitrogen-rich scaffolds with high atom economy and structural diversity [13]. Structure–activity 

relationship (SAR) studies have shown that introducing electron-withdrawing substituents or 

heteroaromatic fragments into pyrazole or biguanide cores can significantly enhance 

antimicrobial, antioxidant, and enzyme-inhibitory properties [14]. Recent studies demonstrated 

that pyrazole-based thiocarbohydrazide Schiff bases exhibit strong COX-2 binding affinity, 

supported by spectroscopic characterization and molecular docking analyses, suggesting their 

potential as promising anti-inflammatory agents. [15]. 
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2. Experimental part 

Materials and methods 

All reagents — including the pyrazole derivatives, malononitrile, o-tolualdehyde, and iron (III) 

chloride hydrate — were purchased from commercial suppliers and used without further 

purification unless otherwise stated. The solvents were of analytical grade and employed as 

received. Infrared spectra were recorded using a standard FT-IR spectrometer, and elemental 

analyses were carried out at an accredited analytical laboratory. Single-crystal X-ray diffraction 

data were collected on a modern diffractometer equipped with a CCD detector. 

2.1 Synthesis of pyrazole-based ligand ((E)-1-[amino(1H-pyrazol-1-yl)methylene]guanidinium 

chloride) 

The ligand derived from pyrazole was synthesized by heating a mixture of pyrazole (12 mmol), 

cyanoguanidine (12 mmol), hydrochloric acid (12 mmol), and 3 ml of deionized water at 80 °C 

for 30 minutes. After the reaction mixture was cooled to room temperature, white crystalline 

products formed, which were subsequently filtered and collected. The obtained ligand was 

characterized using various analytical techniques, including FT-IR spectroscopy and single-

crystal X-ray diffraction. 

2.2 Three-component reaction 

A mixture of (E)-1-[amino(1H-pyrazol-1-yl)methylene]guanidinium chloride (188 mg, 1 mmol), 

o-tolualdehyde (120 mg, 1 mmol) and malononitrile (66 mg, 1 mmol) was refluxed in methanol 

for 5 h. The solvent was subsequently removed in vacuo, and the residue was recrystallized from 

methanol using charcoal.Although the main goal was to obtain a triazine-based product, the 

reaction did not proceed through a single, clean pathway. 

Alongside the expected heterocyclic compound, we also detected a second product-(2-

methylbenzylidene) propanedinitrile. This by-product formed independently through a typical 

Knoevenagel condensation between malononitrile and o-tolualdehyde. Its appearance can be 

explained by the high reactivity of malononitrile toward aldehydes and by the fact that the 

ligand, present in its salt form, shows reduced nucleophilicity, limiting its involvement in the 

cyclization process. 

As a result, the three-component reaction produced both the desired triazine-containing 

compound and the Knoevenagel condensation product, providing additional insight into the 

competitive pathways operating within the reaction mixture. 

2.3 Synthesis of (2-methylbenzylidene)propanedinitrile via Knoevenagel Condensation 

The compound (2-methylbenzylidene) propanedinitrile was formed through a classical 

Knoevenagel condensation between malononitrile and o-tolualdehyde. Although it first 

emerged as an unexpected side product during the three-component reaction, its appearance is 

fully in line with the well-known tendency of malononitrile to readily condense with aromatic 

aldehydes. During purification, the compound was isolated in a stable, crystalline form, and 

high-quality single crystals suitable for X-ray diffraction were successfully obtained, enabling 

precise structural verification. The identification of this product not only confirmed the presence 

of competing reaction pathways under the applied conditions but also provided a clearer picture 

of how these parallel processes influence the overall product distribution. 
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2.4  Synthesis of Fe (III) Complex of a Pyrazole-Based Ligand 

The ligand and metal salt were separately dissolved in 3–4 ml of methanol and then combined at 

room temperature. Afterward, an additional small portion of the metal salt was dissolved in 

methanol (3–4 ml) and added to the mixture. Once the reaction had finished, 2–3 drops of 

sodium hydroxide were introduced, and the solution was allowed to recrystallize from 

methanol. The resulting metal complex was thoroughly characterized using infrared 

spectroscopy and elemental analysis.  

3. Result and discussion 

3.1 Reaction and X-ray images of  (E)-N`-(diaminomethyl)-1H-pyrazole-carboximidamide 

  Considering the biological importance of pyrazole and its derivatives, we prepared pyrazole-

based ligands derived from cyanoguanidine and pyrazole, as outlined in Scheme 1. 

 

 

Scheme 1. Synthesis of pyrazole-based ((E)-N’-(diaminomethyl) 1H-pyrazole-1-carboximidamide). 

The ligand (E)-1-(amino(1H-pyrazol-1-yl)methylene) guanidinium chloride was synthesized 

through a nucleophilic addition reaction, in which the amine nitrogen of pyrazole attacks the 

cyano group of dicyandiamide under acidic conditions. When the same transformation is 

attempted under basic conditions—using sodium hydroxide instead of hydrochloric acid—the 

reaction yields complex product mixtures that are difficult to isolate and characterize. Owing to 

continuous protonation, all five nitrogen atoms within the (E)-1-(amino(1H-pyrazol-1-

yl)methylene) guanidinium chloride framework are capable of coordinating to metal centers. 

The cationic structure of the (E)-1-(amino(1H-pyrazol-1-yl)methylene) guanidine unit is 

illustrated in Figure 1. 

 

 

Figure 1. X-ray images of (E)-1-(amino(1H-pyrazol-1-yl)methylene)guanidine. 
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3.2 X-ray images of (2-methylbenzylidene)propanedinitrile 

As shown in Figure 2, single-crystal X-ray analysis confirms that the (2-methylbenzylidene) 

propanedinitrile molecule adopts the expected E-configuration around the C=C double bond. 

The dinitrile fragment (C1–C10–N1 and C1–C11–N2) is almost linear relative to the benzylidene 

moiety, which is typical for C≡N groups. The aromatic ring (C3–C9) is planar, with the o-methyl 

substituent (C8–C7–C6 direction) causing a slight, noticeable deviation from the ring plane. The 

geometry around C2 supports effective π-conjugation across the molecule, consistent with the 

electron-withdrawing nature of the cyano groups. Overall, Figure 2 illustrates the structural 

integrity and electronic characteristics of the synthesized compound. 

 

Figure 2. X-ray images of (2-methylbenzylidene) propanedinitrile. 

3.3 Synthesis reaction of Fe(III) complex of a Pyrazole-Based Ligand 

As illustrated in Scheme 2, the complex with the formula (C36H81Cl9Fe8N36O21) was prepared by 

reacting the H5L•HCl ligand with FeCl3·6H2O in methanol. 

 

Scheme 2. Synthesis of Fe (III) metal complex of pyrazole-based ligand. 

Yield of the reaction 85,7 per cent, conversion 90 percent and analytic values given below. 

The average atomic masses employed in the calculations were: C 12.011, H 1.008, N 14.007, O 

15.999, Cl 35.453, and Fe 55.845. Based on these values, the molecular weight of the complex was 

calculated as Mᵣ = 2120.112 g·mol⁻¹ (36×12.011 + 81×1.008 + 9×35.453 + 8×55.845 + 36×14.007 + 

21×15.999 = 2120.112). 

The calculated elemental composition of the complex is as follows: 

C 20.39 %, H 3.85 %, N 23.78 %, Cl 15.05 %, Fe 21.07 %, and O 15.85 %. 
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FT-IR analysis reveals that the characteristic ligand-based vibrational modes—ν(O–H), ν(N–H), 

ν(C=O), and ν(C=N)—are retained upon coordination, appearing in their typical regions 

(approximately 3270–3380, 2950, 1620, and 1585 cm⁻¹, respectively). In contrast, metal-centered 

vibrations attributable to Fe–Cl and Fe–N bonding emerge in the lower-frequency domain (ca. 

250–600 cm⁻¹), consistent with the formation of the corresponding coordination environment. 

4. Conclusion 

Pyrazole-based ligands were successfully synthesized from pyrazole and cyanoguanidine and 

fully characterized using single-crystal X-ray diffraction. The three-component reaction with o-

tolualdehyde and malononitrile produced both the target triazine compound and the 

Knoevenagel condensation by-product, (2-methylbenzylidene) propanedinitrile, revealing 

competing reaction pathways. The Fe(III) complex of the pyrazole-based ligand was prepared in 

methanol and confirmed by elemental analysis. Overall, these results demonstrate that the ligand 

efficiently forms stable metal complexes with precise molecular architectures. This study 

provides a clear foundation for exploring the biological activity of these complexes, including 

their potential as enzyme inhibitors.  

It is easy to transfer electron bridge between Fe-S in the natural proteins and electron and 

magnetic interaction via bridges between Fe-Fe. The value of metal Fe is increase because of its 

amount, price and eco- friendly last and catalytic and electrochemistry usage. Same complex has 

various properties like magnetic, catalytic and electrochemical and it is possible use multiple 

areas.  Pyrazole based ligand carry out easy electron and steric change properties and it makes 

easy to control magnet changes around it. 

Potential application Fe based pyrazole ligand is also possible to make oxidation reduction 

processes, various magnet materials, for enzyme change reaction and also specific bridge 

interaction. 
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This study explores the use of Aspen Plus and NAMD as powerful tools for the 

simulation and design of processes using chitosan as a component and its 

functionalized derivatives. By employing these digital platforms, researchers can 

effectively analyze and predict the performance potential of chitosan-derived 

systems, especially in applications related to bioengineering and environmental 

science. Their implementation significantly reduces the risk of errors during 

synthesis and structuring, improves product yield, and facilitates further 

functionalization of materials. Particular attention is given to the utilization of 

(GO) graphene oxide in water treatment technologies. The paper outlines a 

method for synthesizing GO and investigates the structural and functional 

characteristics of its surface layers. It also discusses the integration of GO into 

chitosan-based matrices for the development of advanced membrane systems 

showing enhanced ability to filter impurities. Empirical evidence proves that the 

application of digital modeling tools contributes to the optimization of research 

and development processes involving chitosan and (GO) graphene oxide, 

supporting the creation of innovative materials for environmental engineering 

purposes. 

Keywords: 

chitosan, Aspen Plus, NAMD, graphene 

oxide, nanomaterials, water purification, 

membranes, chemical engineering, 

environmental applications. 
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INTRODUCTION 

Aspen Plus is widely used in engineering and industry for optimization and design of chemical 

processes. Its capabilities include: process design, equipment modeling and simulation, 

environmental analysis, big data integration [1]. Aspen Plus is ideal for solving large-scale 

problems that require the consideration of aggregated properties of materials and systems [2]. 

NAMD (“Nanoscale Molecular Dynamics”) is used in molecular dynamics to simulate the 

behavior of atoms and molecules. Key capabilities of NAMD include: biomolecular research, 

materials science, high performance computing, integration with visualizers [3]. NAMD is in 

demand in academic research, pharmaceuticals and materials science, where atomic level detail 
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is important [4]. Despite the differences in modeling scale, Aspen Plus and NAMD can 

complement each other. The use of Aspen Plus and NAMD continues to expand due to the 

following trends in biotechnology and organic synthesis to produce composite materials for 

medical and food engineering applications. Both approaches are crucial in fostering innovation 

within the field of sustainable materials and environmentally sound technologies. Chitosan, 

obtained by deacetylation of chitin, is a an altered form of a natural polysaccharide possessing 

remarkable physical, chemical, and biological characteristics, notably biocompatibility, 

biodegradability, and fat-binding ability, heavy metals, and other substances [5]. Structurally, 

chitosan consists of repeating units of 2-amino-2-deoxy-D-glucose linked by β-(1→4)-glycosidic 

bonds, which forms its polymer framework [6]. The polymer structure of chitosan is due to the 

presence of amino groups in the C2 position, which, depending on the degree of deacetylation 

and pH of the medium, can be in a protonated or neutral form. This feature determines such key 

properties of chitosan as the ability to ion exchange and interact with charged molecules, 

including proteins, lipids, and organic acids. Additionally, the existence of both amino and 

hydroxyl groups in the chitosan backbone contributes to its elevated reactivity, positioning it as a 

versatile platform for functionalization and composite formation. For example, modification of 

the polymer chain allows obtaining derivatives with specified properties, such as improved 

solubility, sorption capacity or specific bioactivity. 

 

Fig.1. Molecular structure of chitosan visualized using the NAMD program. 

The conformational features of chitosan, including the spatial arrangement of acetyl groups in N-

acetylglucosamine units, plays an important role in predicting its behavior in various chemical 

and biological systems [7]. Chitosan possesses distinctive properties that make it increasingly 

sought after across various industries. Its market potential is expected to expand, driven by 

global trends such as environmental awareness, the pursuit of healthier lifestyles, and 

advancements in innovative technologies. In healthcare and medicine, chitosan is gaining 

traction due to its natural origins and beneficial characteristics.These aspects are the subject of 

active research in the field of synthesis of new materials, biomedicine and environmental 

cleaning technologies [ 8]. As an ingredient in dietary supplements, chitosan is valued for its 

ability to lower cholesterol, enhance metabolism, and support gut health. Marketing efforts will 

focus on highlighting its natural composition, safety, and positive effects on overall well-being. 

Thanks to its antimicrobial, anti-inflammatory, and wound-healing properties, chitosan is also 

widely applied in medical products, such as dressings, surgical sutures, and antibacterial 

coatings. The promotion of these materials will underscore their eco-friendly nature, efficiency, 

and compatibility with biological systems, supported by technologies like ASPEN PLUS and 
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NAMD. In agriculture, chitosan is utilized as a biopesticide and plant growth enhancer. Its 

capacity to strengthen plant immunity and increase resilience to stress positions it as a promising 

tool in promoting organic and sustainable farming practices [9]. Chitosan is very popular in the 

food industry because it is practically not absorbed in the gastrointestinal tract [10], which makes 

it a valuable component for the production of low-calorie products, serves as a source of essential 

substances and improves the technological properties of food products. Its ability to bind and 

remove fats and toxins from the body, as well as its minimal caloric content, make chitosan 

indispensable for the creation of healthy food products and health maintenance products [11,12]. 

The versatility of GO also extends beyond environmental applications. Its layered structure and 

the potential for functional group modification make it an invaluable material in biomedicine, 

engineering, and technology. These applications leverage the ability of GO to form a range of 

covalent and non-covalent bonds through its functional groups, further broadening its utility 

[13,14]. The oxygen content in graphene oxide, which typically ranges from 3% to 40% by 

weight, significantly influences its properties. A precise understanding of the oxygen-functional 

group content is essential for optimizing GO's performance in various applications [15,16].  

Furthermore, the composition of GO can vary with changes in its surface area, which directly 

impacts its adsorption efficiency and reactivity. Research has demonstrated that GO membranes 

exhibit exceptional water permeability combined with selective ion and molecule transport, 

making them highly effective in water filtration systems. 

In the field of nanotechnology, GO is increasingly recognized as a cost-effective and 

environmentally friendly material for purifying water from toxic pollutants [17,18]. Its 

applications range from sewage treatment and CO2 capture to the removal of residual pesticides 

and pharmaceuticals from water, showcasing its adaptability and effectiveness [19,20]. The 

continuous exploration of GO's properties and its integration into innovative technologies 

highlight its potential to transform environmental protection strategies while contributing to 

sustainable development goals [16,18,20]. 

EXPERIMENTAL PART 

 Preparation of Chitosan-Based Hydrogels Using Different Concentrated Solutions 

Chitosan was dissolved in acetic acid solution (0.1%) and stirred for several hours to ensure 

complete dissolution of chitosan. The prepared gel was then placed in Petri dishes with a 

thickness of approximately 3-6 mm. NaOH solution (1-5 M) was slowly added to the chitosan 

solution, forming gels with different textures according to the different concentrations of the 

solutions. 

 Method for Synthesis of Graphene Oxide 

For the synthesis of graphene oxide, three plastic containers were prepared, each containing 3 g 

of graphite and 1 g of sodium nitrate (NaNO₃) and 6 g of potassium permanganate (KMnO₄), 

respectively. Separately, 46 ml of concentrated sulfuric acid (95–98% H₂SO₄) was measured out 

using a graduated cylinder. To monitor the exothermic reaction, the process was carried out in 

an ice bath using multi-necked flasks equipped with thermometers to maintain precise 

temperature control. KMnO₄ was added slowly over two hours, ensuring that the reaction 

temperature remained within 20–25 °C. After continuous stirring for four hours, the resulting 

mixture was filtered, and the resulting solid product was thoroughly washed with distilled 

water to remove residual sulfuric acid and normalize the medium. 
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Fig. 2. Obtaining a hydrogel structure of chitosan 

 

Fig. 3. Chitosan-based hydrogel for use in water purification 

RESULTS AND DISCUSSION 

This study uses an integrated approach combining numerical modeling and laboratory 

experiment to obtain and analyze a composite hydrogel based on functionalized chitosan and 

graphene oxide (Ch@GO). Modeling was performed using the Aspen Plus V12 and NAMD 2.14 

software packages, which allowed us to cover both the macroscopic and molecular levels of 

interaction between the components. 

 Modeling in Aspen Plus 

The following parameters were varied during the modeling process: temperature (20–80 °C), 

pressure (atmospheric and elevated), mass ratio of components (chitosan, graphene oxide, acid 

solution), and the duration of ultrasonic treatment. 

 Molecular modeling in NAMD 

At the molecular level, the interaction between chitosan and graphene oxide was modeled using 

the NAMD package to describe the polysaccharide chains of chitosan and the functional groups 

of graphene oxide. The structures were considered at different pH values. The analysis showed 

stable formation of hydrogen bonds between the amino groups of chitosan and oxygen-
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containing groups of graphene oxide, with an average length of ~2.1 Å. With increasing pH, an 

increase in the distance between the chitosan chains was observed due to deionization, which 

potentially affects the degree of swelling and permeability of the hydrogel. 

Experimental confirmation 

To confirm the model data, laboratory experiments were carried out to synthesize a composite 

hydrogel. Mixtures of functionalized chitosan and graphene oxide (Ch@GO) were prepared in 

weight ratios of 1:1, 2:1 and 3:1. Chitosan was dissolved in 0.1% acetic acid solution with stirring, 

after which graphene oxide was added. The resulting solutions were treated with an ultrasonic 

device until a homogeneous mass was obtained. The mixtures were poured into Petri dishes and 

kept at 50 ° C for 3 hours. The obtained samples demonstrated good form-forming properties, a 

homogeneous structure and high stability. The morphology and distribution of components in 

the composite corresponded to the structures predicted based on molecular modeling. Thus, the 

correspondence between the calculations and the actual properties of the synthesized material 

was experimentally confirmed. The use of numerical modeling made it possible to significantly 

narrow the range of experimental search and ensure the production of a hydrogel with predicted 

characteristics, underscoring the role of simulation-based approaches in optimizing all steps of 

composite biomaterial creation. 

 
Fig.4. Chitosan-based graphene oxide (Ch@GO) hydrogel. 

CONCLUSION  

Aspen Plus and NAMD are powerful tools for exploring chitosan and its practical applications. 

The composite material and chitosan-based hydrogels can be used to effectively remove 

pollutants, which is important for environmental and industrial applications. The successful 

integration of molecular modeling and experimental methods confirms the promise of the 

approach for the development of new materials. The results can be scaled up for industrial 

production of filter systems and purification plants. In this study, we successfully synthesized a 

composite hydrogel comprising graphene oxide (GO) and chitosan, demonstrating its high 

potential for addressing water pollution issues. Structural refinement and performance 

enhancement of the chitosan-GO system were achieved through a combined computational 

approach using NAMD for molecular-level understanding and Aspen Plus for process-level 

modeling. This integrative methodology not only provided an optimized material design but 

also facilitated the evaluation of its scalability for environmental remediation applications. The 

comparison between these two modeling platforms highlights a promising path for the 

development and industrialization of advanced filtration materials based on biopolymer 

composites. 
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The reaction of adipic acid with thionyl chloride (SOCl₂) yields the dichloride 

anhydride of the corresponding acid. It has been established that, regardless of 

whether 1,4-cyclohexanedicarboxylic acid is in the cis- or trans-form, its reaction 

with PCl₃ produces only the dichloride anhydride of trans-1,4-

cyclohexanedicarboxylic acid. In the electrophilic addition of  adipic and trans-

1,4-cyclohexandicarboxylic acid dichlorides to 3-chloro- and 2-methyl-3-

chloropropenes in the presence of AlCl3, 1,2,11,12-tetrachloro-2,11-

H(CH3)dodecane-4,9-diones and trans-1,4-di-[3-H(CH3)-3,4-dichlorobutanoyl-

1]cyclohexanes were obtained, which upon vacuum distillation form 1,4-difuryl 

derivatives of butane and cyclohexane. Structures of difurans are confirmed by 

IR and NMR 1H spectroscopy and chemical transformations. Furan compounds 

with maleic anhydride form Diels-Alder adducts. 

Keywords: 

3-chloro- and 2-methyl-3-chloropropenes; 

adipic and trans-1,4-cyclohexandicarboxylic 

acid dichlorides; 1,4-di-(2-furyl)- and 1,4-di-

[2-(4-methylfuryl)]butanes; trans-1,4-di-(2-

furyl)- and trans-1,4-di-[2-(4-methylfuryl) 

]cyclohexanes; Diels-Alder adducts 

 

INTRODUCTION 

Furan and its derivatives are frequently encountered in the composition of natural compounds, 

they exhibit physiological activity and are widely used in the development of effective 

pharmaceuticals as well as chemical agents employed in plant protection [1–5]. 

The broad range of application fields of furan compounds has provided a strong impetus for 

research directed toward their synthesis by new methods. 

Saturated and unsaturated chloroketones are promising starting materials for the synthesis of 

heterocyclic compounds containing one or two heteroatoms [6–14]. The electrophilic addition 

reactions of acid chlorides to unsaturated hydrocarbons, their chloro-substituted derivatives, and 

allylic-type chlorides represent one of the favorable approaches for the synthesis of saturated and 

unsaturated chloroketones [6, 9–11, 13–16]. 

It is known that the electrophilic addition reactions of acid chlorides to 3-chloropropene (allyl 

chloride) and 2-methyl-3-chloropropene (methallyl chloride) in the presence of AlCl₃ proceed 

according to Markovnikov’s rule, and that the nature of the products formed depends on the 

structure of the corresponding carboxylic acids. Thus, when the acid chlorides of acetic, 

propionic, and butyric acids are used, a mixture of saturated and unsaturated chloroketones is 

mainly obtained, whereas higher aliphatic carboxylic acid chlorides (≥C₄) as well as cycloalkane 
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carboxylic acid chlorides yield 2- and 2,4-substituted furan derivatives [6, 10, 12, 17–19]. 

In the presented article, valuable heterocyclic compounds containing two furan fragments were 

obtained by the method described. 

EXPERIMENTAL SECTION 

IR spectra were recorded on a Thermo Scientific Nicolet IS10 FT-IR spectrophotometer, and ¹H 

NMR spectra were measured on a “Bruker AM-360” instrument using internal standards TMS or 

HMDC. 

The purity of the synthesized furans (4a–d) was determined by thin-layer chromatography 

(TLC) on “Sulufol UV-254” plates. 

Commercial reagents, including 3-chloropropene (2a), 2-methyl-3-chloropropene (2b), adipic 

acid, and cis- and trans-1,4-cyclohexanedicarboxylic acids, were used as starting materials. 

1. Synthesis of difuran compounds 4a–d.  

1.1. 1,4-di-(2-furyl)butane (4a). A mixture of 14.7 g (0.11 mol) AlCl₃ and 80 ml of dry 

dichloroethane was cooled to −20 °C, and then, under stirring, 8.35 g (0.05 mol) of 

dichloranhydride 1a and 9.2 g (0.12 mol) of 3-chloropropene (2a) were added sequentially. The 

reaction mixture was stirred until it reached room temperature, quenched with 5% HCl solution, 

and the organic layer was separated, while the aqueous layer was extracted with ether (2 × 100 

ml). The combined organic layer and ether extracts were successively washed with water, 10% 

NaHCO₃ solution, and again with water, and dried over anhydrous CaCl₂. The solvents were 

removed, and the residue was distilled under vacuum in a nitrogen atmosphere. This afforded 

4g (42% yield) of 1,4-di-(2-furyl)butane (4a) with the following characteristics: tboil. 108-

109 ℃/3mm; 𝑛𝐷
20 1.4955. IR spectrum (cm-1): 3125, 3155(СH); 1517, 1598 (𝜈C=С,C=C); 880 (CH). ¹H 

NMR spectrum(δ, ppm):  1.65 (4H, m, furyl-CH2-); 2.58 (4H, m, -CH2-CH2-); 5.9 (H3-cyclo, 2H, m); 

6.13 (H4-cyclo, 2H, m); 7.2 (H5-cyclo, 2H, m). TLC: Rf  0.53, eluent – hexane: benzene 3:1. 

1.2. 1,4-di-[2-(4-metylfuryl)]butane (4b). Using the above method 1.1, adipic acid 

dichloranhydride (1a) and 2-methyl-3-chloropropene (2b) afforded 1,4-di-[2-(4-

methylfuryl)]butane (4b): yield 51%; tboil. 117 – 119 ℃/3mm; 𝑛𝐷
20 1.4930. IR spectrum (cm-1): 3130 

(СH); 1534, 1610 (𝜈C=С,C=C); 889 (CH). ¹H NMR spectrum (δ, ppm): 1.4-1.9  (4H, m, furyl-CH2-); 1.85 

(6H, d, J=8 Hs, 2C4-CH3); 2.4-2.9 (4H, m, -CH2-CH2-); 5.72 (H3-cyclo, 2H, m); 6.94 (H5-cyclo, 2H, 

m). TLC: Rf  0.61, eluent – hexane: benzene - 3:1. 

Using the above method (1.1), difurans 4c and 4d were synthesized from the reaction of trans-1,4-

cyclohexanedicarboxylic acid dichloranhydride (1b) with 3-chloropropene (2a) or 2-methyl-3-

chloropropene (2b). 

1.3. Trans-1,4-di-(2-furyl)cyclohexane (4c). Yield 53%; tmelting 84-85 ℃ (CH3OH). IR spectrum (cm-

1): 3130, 3135(СH); 1510, 1606 (𝜈C=С,C=C); 889 (CH). ¹H NMR spectrum (δ,ppm): 1.1-2.4  (10H-cyclo, 

m); 5.82 (H3-cyclo, 2H, m); 6.1 (H4-cyclo, 2H, m); 7.14 (H5-cyclo, 2H, m). TLC:  Rf  0.56, eluent - 

CHCl3: hexane - 1:1. 

1.4. Trans-1,4-di-[2-(4-metyfuril)]cyclolohexane (4d). Yield 57%; tmelting 100-101℃ (CH3OH). IR 

spectrum (cm-1): 2950(СH); 1532, 1606 (𝜈C=С,C=C); 895 (CH). ¹H NMR spectrum (δ, ppm): 1.2-2.1  

(10H-cyclo, m); 1.8 (6H, d, J=8 Hs, 2C4-CH3); 5.6 (H3-cyclo, s, 2H); 6.8 (H5-cyclo, 2H, m).  TLC: Rf  

0.49, eluent - CHCl3:hexane - 1:1. 
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RESULTS AND DISCUSSION 

The dichlorides of adipic and trans-1,4-cyclohexanedicarboxylic acids (1a,b) were taken to 

synthesize heterocyclic compounds containing two furan rings. 

The dichloride of adipic acid (1a) was obtained from the reaction of the acid with thionyl 

chloride (scheme 1). 

Scheme 1. 

 

The dichloride (1a) was used without purification, as it readily decomposes upon distillation. 

It was determined that, regardless of whether 1,4-cyclohexanedicarboxylic acid is taken in the 

cis- or trans-form, the reaction with PCl₃ yields only the dichloride of trans-1,4-cyclohexane 

dicarboxylic acid. Hydrolysis of the dichloride (1b) with water affords exclusively trans-1,4-

cyclohexanedicarboxylic acid (scheme 2). 

Scheme 2. 

 

Reaction of the dichlorides 1a,b with 3-chloropropene (2a) and 2-methyl-3-chloropropene (2b) in 

the presence of AlCl₃ afforded 1,2,11,12-tetrachloro-2,11-H(CH₃)-dodecane-4,9-dione (3a,b) and 

trans-1,4-di-[3-H(CH₃)-3,4-dichlorobutanoyl-1]cyclohexane (3c,d) (scheme 3). 

Scheme 3. 

 

R= −(CH2)4− (1a; 3a,b; 4a,b); trans-1,4-cyclo-C6H10 (1b; 3c,d; 4c,d); R1 = H (2a; 3a,c; 4a,c); CH3 (2b; 

3b,d; 4b,d).  
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During vacuum distillation of the tetrachloroketones (3a–d), heterocyclization occurs, leading to 

the formation of 1,4-difuryl derivatives of butane (4a,b) and cyclohexane (4c,d) (scheme 3). 

The structures of the difurans (4a–d) were confirmed based on IR and ¹H NMR spectral data as 

well as chemical transformations. 

In the furan compounds 4a–d, the furan rings participate in a Diels–Alder reaction with maleic 

anhydride, forming the corresponding Diels–Alder adducts (scheme 4) [20]. 

 

Scheme 4. 

 

Here, R and R1 - are the ones shown in the 3rd scheme. 

The IR spectra of the difuran compounds (4a–d) exhibit absorption bands characteristic of the 

furan ring (cm⁻¹): 2950-3150 (СH); 1598-1610 (𝜈C=С); 1510-1534 (𝜈C=С); 880-895 (𝜹СН) (experimental 

section). 

In the ¹H NMR spectra of compounds 4a–d, the protons of the 1,4-substituted butane 

(cyclohexane) fragments appear at δ 1.4–2.9 (1.1–2.4) ppm, while the protons of the furan ring are 

observed as characteristic multiplets at δ 5.6–7.2 ppm (experimental section). 

Thus, a two-step, efficient method has been developed for the synthesis of butane and 

cyclohexane difuryl derivatives based on the reaction of the dichlorides of adipic and trans-1,4-

cyclohexanedicarboxylic acids with 3-chloropropene and 2-methyl-3-chloropropene. 
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This research focuses on the cycloalkylation reactions of phenol with 1-methyl-

cyclopentene (MCP) and 1(3)-methylcyclohexenes (MCH) were investigated 

using a zeolite-based heterogeneous catalyst of both ecological and industrial 

significance. The reactions were carried out in a continuous-flow pilot plant, 

and optimal reaction conditions were determined as follows: temperature – 

120°C, phenol-to-MCH molar ratio – 1:1, and volumetric flow rate – 0.6 h⁻¹. 

Under these conditions, the yield of para-(1-methylcyclohexyl)phenol was found 

to be 73.8% with a selectivity of 92.1%; the yield of para-(3-methylcyclo-

hexyl)phenol was 69.4% with a selectivity of 89.7%; and the yield of para-(1-

methylcyclopentyl)phenol reached 68.5% with the same selectivity of 89.2%. 

The structure and composition of the synthesized products were confirmed by 

IR spectroscopy (BRUKER ALPHA) and by ¹H and ¹³C NMR spectroscopy 

(300 MHz). In addition, differential thermal analysis (DTA) and thermogravi-

metric analysis (TGA) were carried out using a Jupiter STA 449F3 synchro-

nous thermal analyzer (NETZSCH, Germany) under dynamic conditions in an 

inert nitrogen atmosphere, within the temperature range of 25–650°C and at a 

heating rate of 10 K/min. Furthermore, the acylation reactions of the synthesized 

para-methylcycloalkylphenols with acetyl chloride in the presence of a ZnCl₂/γ-

Al₂O₃ catalyst were studied.  

Keywords: 

phenol, 1(3)-methylcyclohexenes, 

cycloalkylation, para-[1(3)-

methylcycloalkyl]phenols, acylation 

 

 

1. Introduction 

The rapid development of industry leads to an increased demand for chemical compounds and 

the expansion of their application areas. Simultaneously, pressing global issues such as 

environmental protection and energy efficiency are gaining increased attention. In this context, 

the synthesis of chemically efficient and environmentally safe compounds has become a priority 

in modern research. Among various classes of organic compounds, alkylphenols occupy a 

prominent position due to their broad applicability and valuable properties [1–5]. 

Alkylphenols not only serve as corrosion inhibitors, antioxidants, and stabilizers but also act as 

key components in the production of synthetic lubricants, surfactants, polymer additives, 

cosmetic products, and pharmaceuticals. The structural diversity and chemical reactivity of these 

compounds enable their widespread application in petrochemistry, polymer science, and 

materials engineering [6–10]. In addition to enhancing the thermal and mechanical stability of 
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end products, alkylphenols contribute to resistance against oxidative degradation, thereby 

improving the overall efficiency of industrial processes[11–15]. 

Growing environmental concerns have intensified research into developing more flexible and 

efficient synthesis methods for alkylphenols, as well as improving their functional characteristics. 

Consequently, the relevance of these compounds in chemical research and industrial 

applications has grown significantly. In light of these factors, the present study investigates the 

synthesis and application potential of industrially significant alkylphenols—namely, 1-

methylcyclopentyl- and 1(3)-methylcyclohexylphenols—using an environmentally benign, 

zeolite-based catalyst KN-30 (containing 96.22% SiO₂), TS 2177-011-07622236-2008, under 

continuous-flow conditions in a pilot plant. The use of zeolites as catalysts in petrochemical 

processes is considered one of the major achievements of twentieth-century chemical science. 

Their large surface area, microporous structure, and intrinsic acidity make zeolites highly 

efficient heterogeneous catalysts. These properties not only facilitate faster reaction rates but also 

enhance product yield. Consequently, zeolite-based heterogeneous catalysts are widely 

employed in oil refining and petrochemical industries [16–20]. 

2. Experimental Section 

Phenol, 1-methylcyclopentene, and 1(3)-methylcyclohexenes were used as starting materials for 

the alkylation process. Phenol was distilled to ensure purity before the reaction. 1-Methylcyclo-

pentene was obtained via the dehydration of cyclohexanol. 1-Methylcyclohexene (with a purity 

of 99.8%) was synthesized through the condensation of isoprene with ethylene, while 3-

methylcyclohexene (98.6% purity) was produced by the condensation of piperylene with 

ethylene. The physical properties of the initial compounds are presented in the table below. 
 

Table 1. Physical properties of the raw materials 

Properties Phenol 1-MCP 1-MCH 3-MCH 

Chemical formula C6H5OH C6H10 C7H12 C7H12 

Molecular weight (g/mol) 94 82 96 96 

Melting point (°C) 40-42 - - - 

Boiling point (°C) 182 75 110-111 103-104 

Density (g/cm³, 25°C) 1.071  0.7782 0.8200 0.8142 

Refractive index (𝒏𝑫
𝟐𝟎, 20°C) 1.4503  1.4347 1.4502 1.4435 

The mechanism of the cycloalkylation reaction of phenol with 1-methylcyclopentene and 1(3)-

methylcyclohexenes is based on the principles of electrophilic aromatic substitution (EAS). The 

chemical equation of the reaction is presented below. 

 

The schematic illustration of the continuous-flow pilot plant used for the cycloalkylation process 

is presented below. 
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Fig. 1 Schematic representation of the technological process for the catalytic cycloalkylation                                                             

of phenol with 1(3)-methylcycloalkenes 

1 – Tank for phenol, 2 – Tank for cyclene, 3, 5 – Pumps, 4 – Mixer, 6 – Reactor, 7 -Condenser,                                                                  

8 –Collection tank for alkylate 

 

The phenol from tank (1) and the cyclene from tank (2) are fed into the mixer (4) at a 

predetermined ratio. The temperature in the phenol tank (1) is maintained at 40-45°C. The 

resulting mixture of phenol and cyclene is then directed from the mixer to the lower section of 

the reactor (6). The mixture of components passes over the catalyst and, after cooling in the 

condenser (7), is collected in the alkylate tank (8), from which it is directed to the rectification 

unit. During the rectification process, unreacted methylcyclohexene is first separated, followed 

by phenol and the target products under vacuum conditions (10 mm Hg). Once the experiment 

is completed, the raw material feed is halted, and the remaining product in the reactor is 

transferred to the receiving tank. After 500 hours of operation, the reactor is then switched to the 

regeneration mode. 

The continuous operation of the phenol alkylation process in a pilot-scale plant provides a 

significant foundation for its potential industrial application. Conducting the process in such 

systems not only helps reduce production costs but also facilitates the development of a simpler 

and more practical technological scheme. 

As an example, Figure 2 presents the results of the cycloalkylation reaction of phenol with 1-

methylcyclohexene. 
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Fig. 2 Dependence curves of the yield (1) and selectivity (2) of para-(1-methylcyclohexyl)phenol on temperature                          

(a), molar ratios of phenol to 1-MCH (b), and volumetric flow rate (c) 

 

The study on the synthesis of para-(1-methylcyclohexyl)phenols examined the effects of 

temperature, the molar ratio of phenol to 1-MCH, and volumetric flow rate on the yield and 

selectivity of the target product. The reaction temperature for para-(1-methylcycloalkyl)phenols 

was investigated within the range of 60–140°C, the phenol-to-MCH molar ratio varied from 1:2 

to 2:1 (mol/mol), and the volumetric flow rate was studied between 0.2 and 1.0 h⁻¹. 

As shown in Figure 2, increasing the temperature from 60 to 120°C results in an increase in the 

yield of the target product from 44.2 to 73.8% (calculated based on phenol conversion). Within 

this temperature range, selectivity remains nearly constant, varying between 93.4 and 96.2%. 

However, when the temperature reaches 140°C, the yield decreases to 67.6%, and selectivity 

drops to 80.7%. This decline is attributed to the formation of undesirable isomers at elevated 

temperatures. 

The amount of MCH in the reaction mixture also plays a crucial role. Under conditions of excess 

MCH, the yield of the target product decreases to 45.5%. This is attributed to the formation of di- 

and tri-substituted methylcyclohexylphenols. 
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When the molar ratio of phenol to methylcyclohexene (MCH) is 1:1, the yield of para-(1-

methylcyclohexyl)phenol reaches 73.8 with a selectivity of 92.1%. Increasing the amount of 

phenol in the reaction mixture results in a slight improvement in yield and selectivity, reaching 

76.2 and 93.6%, respectively. However, this marginal increase is not considered economically 

significant, as the additional consumption of phenol does not lead to a substantial advantage in 

productivity or selectivity. 

When the volumetric flow rate was investigated within the range of 0.6–1.0 h⁻¹, it was found that 

at a flow rate of 0.6 h⁻¹, the yield of the target product and the selectivity of the process were 

satisfactory (Fig. 2). 

Thus, the optimal conditions for the continuous cycloalkylation of phenol with 1-

methylcyclohexene over the KN-30 catalyst in a pilot-scale setup were established as follows: 

temperature of 120°C, phenol-to-1-MCH molar ratio of 1:1, and a volumetric flow rate of 0.6 h⁻¹. 

Under these optimal conditions, the yield of para-(1-methylcyclohexyl)phenol (based on phenol 

conversion) reached 73.8%, with a selectivity (based on the target product) of 92.1%. 

Similarly, the continuous cycloalkylation reactions of phenol with 1-methylcyclopentene and 3-

methylcyclohexene were investigated over the KN-30 catalyst. The cycloalkylation process was 

carried out under the optimal conditions previously established for the reactions of phenol with 

1-MTP and 1-MCH. Under these conditions, the yield of para-(1-methylcyclopentyl)phenol based 

on phenol conversion reached 68.5%, with a selectivity of 89.2% relative to the target product. 

The yield and selectivity of para-(3-methylcyclohexyl)phenol were 69.4 and 89.7%, respectively. 

3. Results and discussion 

The figures below present the analysis results of para-(1-methylcyclopentyl)- and para-(1-

methylcyclohexyl)phenols obtained by IR, ¹H and ¹³C NMR, differential thermal analysis (DTA), 

and thermogravimetric (TG) methods. 

 

Fig. 3 IR Spectrum of para-(1-methylcyclopentyl)phenol 
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The IR spectrum of para-(1-methylcyclopentyl)phenol exhibited the following absorption bands: 

 824 cm⁻¹ – para-substituted benzene ring; 

 926, 961 cm⁻¹ – C–H bonds of the cyclic ring; 

 1014, 1075, 1107, 1182, 1238 cm⁻¹ – stretching vibrations of the phenol C–O bond in the C–

OH group; 

 1365, 1442, 1466 cm⁻¹ – deformation vibrations of C–H bonds in CH₃ and CH₂ groups; 

 1510, 1596, 1610 cm⁻¹ – stretching vibrations of the C=C bonds in the HC=C group; 

 2854, 2927 cm⁻¹ – C–H stretching vibrations in CH₃ and CH₂ groups; 

 3022, 3067 cm⁻¹ – stretching vibrations of the O–H bond in the CH=C group; 

 3229 cm⁻¹ – stretching vibration of the O–H bond in the COH group. 

 

 

Fig 4. IR Spectrum of para-(1-methylcyclohexyl)phenol 

 

In the IR spectrum of para-(1-methylcyclohexyl)phenol, the following characteristic absorption 

bands were observed: 824 cm⁻¹ – indicative of a para-substituted benzene ring; 647, 722, 789 cm⁻¹ 

– out-of-plane and in-plane deformation vibrations of C–H bonds; 929, 961 cm⁻¹ – deformation 

vibrations of the cyclohexyl ring; 1014, 1075, 1182, 1196, 1238 cm⁻¹ – stretching vibrations of the 

C–O bond; 1365, 1442, 1466 cm⁻¹ – deformation vibrations of C–H bonds in CH₃ and CH₂ groups; 

2854, 2927 cm⁻¹ – stretching vibrations of C–H bonds in CH₃ and CH₂ groups; 1510, 1596, 1610 

cm⁻¹ – stretching vibrations of C=C bonds in the aromatic ring (–HC=CH– group); 3022, 3067 

cm⁻¹ – stretching vibrations of aromatic C–H bonds; 3229 cm⁻¹ – stretching vibration of the O–H 

bond in the phenolic group. 
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Fig 5. ¹H NMR spectra of para-(1-methylcyclopentyl)phenol 

The results of the ¹H NMR spectroscopic analysis of para-(1-methylcyclopentyl)phenol (CDCl₃, δ, 

ppm) are as follows: 

 1.09–1.85 (multiplet, 8H, 4 CH₂ groups of the cyclopentyl ring); 

 1.37 (singlet, 3H, CH₃ methyl group on the cyclopentyl ring); 

 4.70 (singlet, 1H, OH group); 

 6.64 (doublet, 1H, aromatic proton); 

 7.08 (doublet, 1H, aromatic proton); 

 7.13 (singlet, 1H, aromatic proton). 

 

Fig 6. ¹³C NMR spectra of para-(1-methylcyclopentyl)phenol 
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The results of the ¹³C NMR spectroscopic analysis of para-(1-methylcyclopentyl)phenol (CDCl₃, δ, 

ppm) are as follows: 

 22.6 (CH₃, methyl group on the cyclopentyl ring); 

 26.8, 28.3, 34.5 (CH₂ groups, cyclopentyl ring); 

 43.1 (CH, quaternary carbon connected to the methyl group on the cyclopentyl ring); 

 115.2, 124.4, 129.6 (aromatic carbons); 

 138.9 (C–C, substituted carbon in the aromatic ring); 

 152.2 (C–OH, carbon bonded to the hydroxyl group in the phenol ring). 

 

 

Fig. 7 ¹H NMR spectra of para-(1-methylcyclohexyl)phenol 

 

The results of the ¹H NMR spectroscopic analysis for para-(1-methylcyclohexyl)phenol (in CDCl₃, 

δ, ppm) are as follows: 1.09–1.87 ppm (multiplet, 10H): corresponding to five CH₂ groups in the 

cyclohexyl ring; 1.39 ppm (singlet, 3H): methyl group attached to the cyclohexyl ring; 4.70 ppm 

(singlet, 1H): phenolic OH group; 6.63–6.67 ppm (doublet, 1H): aromatic proton; 7.07–7.10 ppm 

(doublet, 1H): aromatic proton; 7.10 ppm (singlet, 1H): aromatic proton 
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Fig 8. ¹³C NMR spectra of para-(1-methylcyclohexyl)phenol 

The results of the ¹³C NMR spectroscopic analysis for para-(1-methylcyclohexyl)phenol: Aromatic 

carbons:153.5, 141.4, 139.5, 131.4, 129.3, 115.0 ppm; cyclohexyl ring carbons: 37.9, 37.1 ppm – 

quaternary carbons of the cyclohexyl ring; 26.4 ppm – CH₂ groups in the cyclohexyl ring; 22.6 

ppm – CH group in the cyclohexyl ring; 31.0 ppm – methyl group attached to the cyclohexyl ring 

 

Fig. 9 TG/DTA thermogram of para-(1-methylcyclopentyl)phenol 

Thermal analysis results of para-(1-methylcyclopentyl)phenol indicate that the compound 

undergoes a glass transition phase between 83.6°C and 137.5°C, characterized by increased 

molecular mobility within its amorphous structure without any observed mass loss. The main 

degradation occurs within the temperature range of 259.0°C to 318.3°C, during which a mass loss 

of 12.50% is recorded. The maximum decomposition rate is observed at 293.7°C, reaching -

51.45%/min. Subsequently, a second major degradation takes place between 318.3°C and 
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550.7°C, with a mass loss of 77.39%. An exothermic process is observed in the final stage, leaving 

a residual mass of 4.31% at the end of the analysis. Overall, the compound can be considered 

thermally stable up to 250°C. 

 

Fig. 10 TG/DTA thermogram of para-(1-methylcyclohexyl)phenol 

According to the thermogravimetric analysis results, para-(1-methylcyclohexyl)phenol 

experiences an initial mass loss of approximately 0.54% within the temperature range of 31.5°C 

to 62.3°C. This loss is primarily attributed to the evaporation of adsorbed water and other 

volatile components on the compound’s surface. The main thermal degradation occurs between 

257.7°C and 317.7°C, with a recorded mass loss of 78.41%, which corresponds to the breakdown 

of the compound’s primary carbon skeleton. The maximum decomposition rate is observed at 

291.4°C, reaching -51.64%/min, indicating rapid degradation at this temperature. Based on these 

findings, para-(1-methylcyclohexyl)phenol can be considered thermally stable up to approxi-

mately 250°C, making it suitable for applications under conditions below this temperature. 

 

Fig. 11 Combined TG curve of para-(1-methylcyclopentyl)phenol and para-(1-methylcyclohexyl)phenol 
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Table 2. The table presents the physicochemical characteristics and elemental composition                                                                

of para-(1-methylcycloalkyl)-phenols 

Structural formula Temp., °С/10 mm Hg Temp., °С Mol. Mass 

Elemental composition, % 
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

𝑓𝑜𝑢𝑛𝑑 
 

C Н 

 

145-148 90 176 
81.8

81.3
 

9.1

8.3
 

 

161-164 96 190 
82.1

81.5
 

9.5

8.6
 

 

158-169 91 190 
82.1

81.2
 

9.5

8.4
 

 

In the next stage, the obtained para-(1-methylcyclopentyl)- and para-[1(3)-methylcyclohexyl]phe-

nols were subjected to acylation reactions in the presence of a dispersed ZnCl₂-supported γ-

Al₂O₃ catalyst. The acylation was carried out at temperatures ranging from 120 to 160°C for 

durations of 20 to 60 minutes, with molar ratios of cycloalkylphenol to acetyl chloride varying 

from 1:0.5 to 1:3. The reactions were conducted using 20 wt% ZnCl₂/γ-Al₂O₃ catalyst. 

 

The acylation reaction of para-methylcycloalkylphenols with acetyl chloride was performed in a 

three-necked laboratory flask equipped with a thermometer, stirrer, and dropping funnel, using 

a ZnCl₂/γ-Al₂O₃ catalyst. The study investigated the effects of various factors such as 

temperature, reaction time, and molar ratio of reagents on the yield and selectivity of the target 

products. Optimal reaction conditions were determined as follows: at 140°C, for 30 minutes, with 

a molar ratio of cycloalkylphenol to acetyl chloride of 1:2 (mol/mol), the yields of the desired 

products ranged from 63.5% to 67.4%. The obtained 2-hydroxy-5-(1-methylcyclopentyl)- and 2-

hydroxy-5-[1(3)-methylcyclohexyl]acetophenones were evaluated as photostabilizers for 

polystyrene, antioxidants in M-8 motor oil, and antirad additives in polypropylene. The results 

were positive. 

para-[1(3)-Methylcycloalkyl]phenols obtained from the alkylation of phenol are widely used as 

intermediates in the petrochemical industry. Methylcyclohexylphenols undergo aminomethyla-

tion reactions with amines to form Mannich bases, which are utilized in various applications 

including as photo- and thermostabilizers in polymer materials, surfactants in lubricants, 

additives in rubber products, and pesticides widely used in agriculture — for example, as 

fungicides against powdery mildew in viticulture, insecticides against the Colorado potato beetle 
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in potato farming, as well as bactericides and disinfectants for diseases affecting both large and 

small livestock. These compounds have extensive applications in various other fields as well. 

4. Conclusion 

1. Cycloalkylation reactions of phenol with 1-methylcyclopentene and 1(3)-methylcyclohe-

xenes were investigated in a continuous-flow laboratory setup using the industrial zeolite-

based KN-30 catalyst. The optimal reaction conditions were established as follows: 

temperature of 120°C, molar ratio of phenol to 1(3)-methylcyclohexene of 1:1, and a 

volumetric flow rate of 0.6 h⁻¹. Under these conditions, the yields of para-[1(3)-methyl-

cyclohexyl]phenols ranged from 69.4 to 73.8% with selectivities between 89.7 and 92.1%. The 

yield and selectivity of para-(1-methylcyclopentyl)phenol were 68.5 and 89.2%, respectively. 

2. For the acylation of para-[1(3)-methylcycloalkyl]phenols using dispersed ZnCl₂-supported γ-

Al₂O₃ catalyst, optimal reaction conditions were determined as follows: temperature of 

140°C, reaction time of 30 minutes, and a cycloalkylphenol to acetyl chloride molar ratio of 

1:2. The yields of the synthesized target products ranged from 63.5 to 67.4%. 
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This article presents a study on the oxidative desulfurization of vacuum gas oil 

and its subsequent thermal conversions. One of the most critical challenges in 

modern petroleum refining is the improvement of fuel quality and ensuring 

their environmental safety. In particular, the reduction of sulfur content in fuels 

is a decisive factor in producing products that meet “Euro-5” and higher 

ecological standards.  

Conventional hydrotreating processes require high temperatures, pressures, and 

significant hydrogen consumption, which makes them economically and 

technologically disadvantageous. Therefore, oxidative desulfurization (ODS) 

has attracted special interest as an alternative or complementary process. 

The research focused on the preliminary oxidation of vacuum gas oil using 

peroxide systems, followed by thermal cracking. As a result, the kinetics of the 

decomposition of dibenzothiophene, benzonaphthothiophene, and their alkylated 

derivatives were investigated, and the rates of transformation of their stable and 

unstable forms were determined.  

Various analytical methods (XRF, IR spectroscopy, GC–MS, etc.) were applied 

to monitor the structural changes of sulfur-containing compounds. The findings 

demonstrate that oxidative modification facilitates the decomposition of high-

molecular-weight sulfur compounds during subsequent cracking and increases 

the yield of more valuable distillate fractions. 

The scientific novelty lies in the fact that, for the first time, the kinetic parame-

ters of sulfur-aromatic components of vacuum gas oil under combined oxidative 

desulfurization and thermal conversion were determined. The practical 

significance of the study is that such combined processes enable the more 

rational utilization of heavy petroleum feedstock and the production of fuels 

meeting modern environmental requirements. 
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1. Introduction  

In the 21st century, the development directions of the oil refining industry are determined by 

two main factors: resource limitations and environmental safety requirements. In recent years, 

the rate of depletion of oil reserves in major oil-producing countries has increased, and the 
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quality of the extracted raw materials has deteriorated. In these conditions, the main task facing 

oil refineries is to produce the maximum amount of valuable products from raw materials with a 

deeper degree of processing. 

The presence of sulfur-containing compounds in fuel has a negative impact on both human 

health and the durability of equipment. Sulfur-containing gases such as SO₂ and H₂S, generated 

during fuel combustion, pose serious risks to human health, particularly to the respiratory 

system. In addition, these sulfur compounds contribute significantly to acid rain formation and 

play a key role in accelerating the corrosion of metallic equipment. In addition, sulfur 

compounds lead to the deactivation of catalysts [1]. 

Although the application of traditional hydrotreating - hydrotreating and hydrocracking - 

reduces sulfur to a certain extent, it does not achieve complete removal of highly stable 

molecules such as dibenzothiophene and benzonaphthothiophene. Also, the fact that these 

processes require high capital investment is a limiting factor in their economic aspect. Therefore, 

in scientific research, oxidative desulfurization has been the focus of attention as an alternative 

method. The advantages of this process are related to its mild conditions, simple apparatus 

design, and the absence of additional hydrogen consumption [3-5,8,10]. 

The main idea investigated in the research work is to combine oxidative modification with 

thermal conversion. As a result of oxidation, the sulfur atom is converted into a sulfone or sulfide 

form, which weakens the C–S bond. Thus, the decomposition of these compounds during 

subsequent thermal cracking occurs more readily, resulting in a reduction in sulfur content and 

an increase in the yield of distillate products. This approach opens up new opportunities for the 

rational processing of heavy high-sulfur feedstocks and the production of fuels that meet 

modern environmental standards. 

2. Objective 

The main objective of this research work is to study the behavioral patterns of sulfur aromatic 

compounds during oxidative modification and subsequent thermal conversion processes of 

vacuum gas oil. More precisely, the goal is to determine the decomposition kinetics of 

dibenzothiophene, benzonaphthothiophene and their alkylated derivatives under the influence 

of various oxidative conditions, to monitor changes in their thermal stability and, as a result, to 

increase the efficiency of desulfurization. 

Within the framework of this goal, the following tasks were set: 

­ selection of optimal conditions (type of oxidizing system, temperature, time and reagent 

ratios) for oxidative processing of vacuum gas oil; 

­ separation of oxidized vacuum gas oil into polar and non-polar components and study of 

their individual behavior; 

­ study of the effect of oxidation on the structure and reactivity of sulfur-containing 

aromatic components; 

­ comparative analysis of the product composition of both the initial and oxidized gas oil 

in the cracking process; 

­ calculation of kinetic parameters (rate constants and activation energies) of decompo-

sition and formation of sulfur aromatic compounds. 
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3. Materials and Components 

The object of the research was a typical vacuum gas oil obtained from oil refineries. This raw 

material is characterized by its high average molecular weight and high sulfur content. The main 

characteristics of vacuum gas oil are as follows: its density varies in the range of 873–953 kg/m³, 

kinematic viscosity is approximately 7.1 cSt at 40°C, initial boiling point is about 360 °C, and final 

boiling point is 500 °C. Gas oil mainly consists of a mixture of paraffin, naphthene and aromatic 

hydrocarbons. Its most problematic component is sulfur-containing aromatics, particularly, 

dibenzothiophene, benzonaphthothiophene and their derivatives. Since these compounds show 

high thermal stability and low reactivity, they are not completely decomposed in traditional 

hydrogenation processes. 

A mixture of hydrogen peroxide (H₂O₂) and formic acid (HCOOH) was used as an oxidizing 

system. This system is distinguished by its efficiency, commercial availability and relative 

environmental safety. Hydrogen peroxide is an oxidizing agent with a high active oxygen 

content, while formic acid is a component that facilitates interphase mass transfer and plays a 

catalytic role [2]. 

In addition, adsorption methods were applied to select polar and non-polar fractions in the 

products obtained after oxidation. For this, sorbents with a high surface area were used, which 

allowed for the effective separation of oxidized derivatives of sulfur (sulfones and sulfoxides). 

The reagents used in the study were of high purity, and the studies were conducted in certified 

laboratory conditions. The main chemical components and materials used are: 

­ hydrogen peroxide (30% aqueous solution); 

­ formic acid (analytical grade); 

­ methanol and other organic solvents (for extraction and chromatographic analysis); 

­ standard samples (dibenzothiophene, benzonaphthothiophene, etc.) for comparative 

analysis. 

4. Apparatus and analyzing methods 

The following analysis tools were used to monitor changes in the chemical composition of 

vacuum gas oil and its oxidized products: 

­ X-ray fluorescence spectroscopy (XRF): It was used to quantitatively determine the total 

sulfur content of vacuum gas oil and the products obtained after the experiment. This 

method provides high accuracy and repeatability. 

­ Infrared (IR) spectroscopy: It was applied to monitor changes in the functional groups of 

sulfur-containing compounds during the oxidation process. A comparative analysis was 

carried out with the intensity of characteristic vibration bands during the conversion of 

sulfides to sulfones and sulfoxides. 

­ Gas chromatography (GC): This technique was employed to analyze both liquid and 

gaseous products obtained from the oxidation and cracking processes. GC enabled the 

qualitative and quantitative identification of aromatic and sulfur-containing compounds 

in the oxidized and cracked samples, as well as the determination of the composition and 

relative proportions of low-molecular-weight gas products, including methane, ethane, 

propane, and related hydrocarbons. 
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­ High-performance liquid chromatography: Used for the separation of polar and non-

polar fractions, as well as for the assessment of the amount of main aromatic compounds 

in their composition. 

­ Thermal analysis methods like Thermogravimetric (TG) and Derivative Thermogravi-

metric (DTG): Used for the comparative analysis of the thermal stability of vacuum gas 

oil and its oxidized forms. 

All devices used in the studies are calibrated, certified equipment that meets international 

standards. This ensured the reliability of the results and compliance with modern scientific 

requirements. 

5. Methods 

The research process consisted of several stages, and a specific methodology was applied at each 

stage: 

1.  Oxidative treatment. Vacuum gas oil was first treated with a mixture of hydrogen peroxide 

and formic acid. The main purpose of this process was to functionally modify sulfur-

containing aromatics and facilitate their separation. The reaction was carried out at 

atmospheric pressure, in the temperature range of 50–70 °C, and in different time regimes. 

2.  Separation by adsorption method. Activated adsorbents were used to separate the oxidized 

gas oil into polar and non-polar fractions. This stage was based on the molecular properties 

of sulfur compounds: sulfones and sulfoxides, being polar in nature, bind more strongly to 

the adsorbent surface, while non-polar hydrocarbons are separated. 

3.  Thermal cracking. Samples taken before and after oxidation were subjected to thermal 

cracking at a certain temperature regime. As a result of this process, the decomposition of 

high-molecular compounds and the formation of distillate fractions were studied. Cracking 

was carried out at different temperatures and the kinetic parameters of the process were 

calculated. 

4.  Kinetic analysis. The conversion rates of dibenzothiophene, benzonaphthothiophene and 

their derivatives in the cracking process were compared. Based on the results obtained, the 

rate constants and activation energies of the reactions were determined. 

5.  Comparative analysis. The research results were compared between the initial (unoxidized) 

and oxidized gas oil. This approach made it possible to reveal the effect of oxidative 

processing on the degree of desulfurization and the yield of distillate products. 

This sequence of the methodology was considered optimal both from a theoretical and practical 

point of view and increased the reliability of the results obtained. 

6. Conducting research and its discussion  

The first stage of the experiment was oxidative treatment of vacuum gas oil as specified above. 

As a result of the oxidation process, the functional groups of sulfur-containing aromatic 

compounds - mainly dibenzothiophene and benzonaphthothiophene derivatives - changed, and 

they were converted into sulfone and sulfoxide forms. The weakening of the C–S bond within 

the molecule during oxidation is of particular importance [6,7]. Because as the energy of this 

bond decreases, the decomposition process during subsequent thermal processing (cracking) 

becomes easier. Analytical results show that the total amount of sulfur in the oxidized samples 
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has significantly decreased, and vibration bands corresponding to the S=O bond were observed 

in IR spectroscopy. This confirms that sulfur compounds are converted into the oxide form. 

At the next stage, the oxidized gas oil was separated into polar and non-polar components. For 

this purpose, adsorption methods were used. As a result, sulfones and sulfoxides entered the 

polar fraction, and aliphatic and aromatic hydrocarbons entered the non-polar fraction. The 

separation process was necessary both for the subsequent analytical study of the products and 

for the study of differences in behavior by fractions. An interesting point is that after oxidation, 

the share of sulfur in the polar fraction was significantly higher. This confirms that oxidative 

treatment leads to functional modification of sulfur-containing molecules and facilitates their 

separation. 

The main studies were conducted on the thermal cracking of unoxidized and oxidized gas oil. It 

was found that during the cracking of unoxidized samples, high-molecular aromatic sulfur 

compounds retain their stability and remain largely undecomposed. This results in fewer 

distillate fractions in the output and more residue. On the contrary, during the cracking of 

oxidized samples, the decomposition of sulfur aromatics occurs more easily. At this time, the 

amount of distillate fractions increases, and the residual part decreases. The gas products contain 

more low-molecular compounds such as methane, ethane and propane. This proves that 

oxidation has an activating effect on thermal conversion [9]. 

The reaction kinetics of conversion of sulfur aromatic compounds were studied based on the 

experimental findings of this work. The reaction rate constants and activation energies were 

calculated for dibenzothiophene, benzonaphthothiophene and their derivatives. The results 

showed that: 

­ in non-oxidized samples, the conversion rate of these compounds is low, and the 

activation energy is high; 

­ in oxidized samples, the conversion rate increases significantly, and the activation energy 

decreases. 

This fact once again confirms that oxidative modification weakens the chemical stability of sulfur 

compounds and creates conditions for their easier decomposition. 

Based on the analysis, it was determined that during the cracking of oxidized gas oil, molecular 

structures of polyaromatic sulfur compounds gradually simplify. In particular, dibenzothio-

phene derivatives are converted to the sulfone form and then subjected to decomposition. As a 

result, the sulfur content in the distillate fractions is significantly reduced [11]. It was also found 

that the content of tar and asphaltenes in the products obtained as a result of cracking of oxidized 

samples decreased. This is an important result from a technological point of view, since such 

substances cause contamination of equipment and deactivation of catalysts during the 

processing process. 

Table 1 shows the results of thermal cracking of unoxidized and oxidized samples of vacuum gas 

oil. 
Table 1. Thermal cracking results of unoxidized and oxidized vacuum gas oil samples 

Sample type 
Yield of distillate 

fractions, % 

Residual yield, 

% 

Total sulfur 

content, ppm 

Activation energy, 

kC/mol 

Unoxidized VGO 42–45 55–58 7800–8200 185–190 

Oxidized VGO 58–62 38–42 900–1200 120–130 
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As can be seen from the table, the yield of distillate fractions in the cracking of unoxidized 

vacuum gas oil was relatively low (42–45%), while the residual product was high (55–58%). The 

total sulfur content remained very high, and the activation energy was at the level of 185–190 

kC/mol, which indicates that the decomposition process was difficult. In oxidized samples, the 

yield of distillate fractions increased to 58–62%, and the share of the residual product decreased. 

The total sulfur content decreased by 7–8 times, and the activation energy also decreased, which 

confirms that the decomposition was easier. 

The results of the conducted studies show that combining oxidative modification with thermal 

conversion is a promising approach for the oil refining industry. This approach provides the 

following advantages: 

­ significantly reducing the sulfur content in fuels; 

­ increasing the yield of distillate products and improving their quality; 

­ not requiring additional hydrogen consumption, thus increasing economic efficiency; 

­ reducing the risk of equipment contamination and corrosion. 

These findings are consistent with earlier studies on ozone-assisted oxidative desulfurization of 

vacuum gas oil [12–15]. The industrial application of such combined processes can allow for a 

more rational and environmentally safe use of heavy high-sulfur feedstock. 

7. Results 

The main findings of this work can be summarized as follows: 

1.  As a result of the oxidative processing of vacuum gas oil, the functional groups of sulfur 

aromatic compounds change, they pass into the sulfone and sulfoxide forms, which 

facilitates decomposition in the subsequent thermal cracking process. 

2.  As a result of the application of oxidative processing, the sulfur content in fuels is 

significantly reduced, which ensures the production of products that meet environmental 

standards (in particular, “Euro-5”). 

3.  The yield of distillate fractions increases with oxidative modification and the quality of the 

product improves, while the share of heavy residue decreases. 

4.  The decomposition kinetics of dibenzothiophene, benzonaphthothiophene and their 

derivatives have shown that after oxidative processing, the conversion rate increases, and 

the activation energy decreases. 

5.  As a result of the cracking process, the amount of tar and asphaltenes decreases, which 

significantly reduces the risk of equipment contamination and catalyst deactivation. 

6.  The applied method does not require additional hydrogen consumption, which improves 

the economic performance of the technological process. 

7.  The combination of oxidative desulfurization and thermal conversion can be considered a 

promising technological solution for a more rational and environmentally safe use of high-

sulfur heavy fractions in oil refineries. 
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The article provides a detailed review of methods for the qualitative analysis of 

cations of the 5th analytical group, including iron (II) (Fe2+), iron (III) (Fe3⁺), 

magnesium (Mg+) and manganese (Mn2+). Their individual chemical properties, 

behaviour in various reaction environments and the importance of specific 

analytical techniques for their accurate identification are analysed. The authors 

paid considerable attention to fractional analysis, including the step-by-step 

separation and identification of cations in complex mixtures. Approaches to 

sequential analysis with minimisation of cross-reactions are described, which 

ensures the reliability of the results. Recommendations are given for the 

practical implementation of analytical procedures in laboratory conditions, and 

the main errors and their prevention are indicated. The aim of the study is to 

ensure high accuracy and reproducibility of the analysis of group 5 cations. 
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1. Introduction 

Group reagents for cations of the fifth analytical group are alkalis (e.g., NaOH or KOH) and 

ammonium hydroxide (NH₄OH). When interacting with these reagents, cations form metal 

hydroxides that do not dissolve in excess alkali. These hydroxides precipitate as solids, allowing 

the corresponding metals to be isolated. The cations of the fifth group include magnesium 

(Mg²⁺), iron (II) (Fe2+), iron (III) (Fe3⁺) and other elements, whose precipitation from solution 

serves as the basis for their further separation and identification.  

According to N. Ya. Loginov's description [1, pp. 16–17], two types of analysis are used in 

analytical chemistry: systematic and fractional. The systematic course of analysis is largely 

associated with the precipitation of cations by a group reagent and the subsequent step-by-step 

detection of cations. It involves dividing the mixture into groups and subgroups using group 

reagents, and then detecting individual ions within these groups using specific reactions. This 

process allows for a complete analysis of the sample, detecting each ion after all interfering ions 

have been removed, but this type of work requires a huge amount of time and effort, which is 

not always possible. Therefore, we will consider the option of fractional analysis of the mixture 

of the fifth analytical group of cations. 

https://acce.beu.edu.az/server/api/articles/download/study-of-changes-in-the-structure-of-steels-during-thermomechanical-treatment_gOkhH_03_07_2025.pdf
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As already mentioned, fractional analysis differs from systematic analysis in the speed of 

reactions and the detection of ions regardless of the presence of others. 

2. Practical part 

Fractional analysis of the mixture of the fifth analytical group of cations 

Fractional analysis of ions is carried out with separate portions of the solution or dry sample in 

the presence of all sample components. For fractional analysis, characteristic or specific reactions 

are used that are unique to a given ion or substance. 

Reagents: potassium hexacyanoferrate (III) (K3[Fe(CN)6], potassium hexacyanoferrate (II) 

(K4[Fe(CN)6], distilled water (dH2 O), hydrochloric acid (HCl), sodium hydrophosphate 

(NaHPO4), ammonium hydroxide (NH4OH), ammonium chloride (NH4Cl), nitric acid (HNO3), 

lead minium (Pb3O4) . 

Chemical glassware and equipment: test tube rack, conical flat-bottom flask, spirit burner, light 

microscope, pipette, microscope slide, test tube holder, porcelain dish, water bath. 

Procedure: 

Discovery of the Fe2+cation.  

Experiment conditions: 

1) The reaction must be carried out at pH = 12-13. 

2) The presence of ammonium salts prevents the formation of a precipitate. 

3) Oxygen in the air causes colour changes due to partial oxidation of Fe2+ions. 

When opening the cation, several steps are performed. First, we took 3 drops of the control task 

and 3 drops of distilled water, 2 drops of potassium hexacyanoferrate (III) - K3[Fe (CN)6] into a 

test tube. The presence of Fe2+cations in the solution of group 5 cations we were studying was 

indicated by the formation of a blue precipitate, shown in Figure 1. 

 

Figure 1 - Turnbull's blue 
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3FeSO4 + 2K3[Fe(CN)6] → Fe3[Fe(CN)6 ]2 + 3K2SO4 . 

3Fe2+ + 3SO42- + 6K+ + 2[Fe(CN)6 ]3- → Fe3 [Fe(CN)6]2 + 6K+ + 3SO42- 

3Fe2+ + 2[Fe(CN)6]3- → Fe3[Fe(CN)6]2 

Discovery of the Fe3+cation. 

Experiment conditions: 

1) The reaction is carried out at pH < 3. 

2) Free alkalis decompose Prussian blue. 

3) Iron (II) and other cations do not interfere with the discovery of Fe3+cations. 

4) An excess of K4[Fe(CN)6] is undesirable, as it can cause the formation of a soluble form of 

Prussian blue. 

In one test tube, we took 3 drops of k/z, 3 drops of distilled water, 2 drops of 2n hydrochloric 

acid solution - HCI, and added 2 drops of potassium hexacyanoferrate (II) solution - K4[Fe(CN)6]. 

The presence of Fe3+cations in the test solution was indicated by the appearance of a blue colour - 

Prussian blue, shown in Figure 2. To distinguish Turnbull's blue from Prussian blue, simply hold 

the test tubes up to the light. Then the colour in the test tube with the Fe2+cation will be dark blue, 

and in the test tube with the Fe3+cation the colour will be a lighter shade of blue, and sometimes 

even greener. It is also possible to distinguish between them by the physical properties of the 

solution. In our opinion, the solution of Turnbull's blue is denser than that of Prussian blue, 

which is confirmed by the research of Glushchenko V.A. [2, p. 8]. 

 

 

Figure 2 - Prussian blue 

2Fe2(SO4)3 + 3K4[Fe(CN)6] → Fe4[Fe(CN)6]3 + 6K2SO4 . 

4Fe2+ + 6SO42- + 12K+ + 3[Fe(CN)6]3- → Fe4[Fe(CN)6]3 + 12K+ + 6SO42- 

4Fe2+ + 3[Fe(CN)6]3- → Fe4[Fe(CN)6 ]3 
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Discovery of the Mg2+cation. 

Experimental conditions: 

1) The reaction is carried out in an ammoniacal environment at pH=8. 

2) An excess of NH4Cl prevents the precipitation of MgNH4PO4, so an excess of hydrochloric acid 

should not be used. 

3) Cations of all analytical groups, except for the first one, may interfere with the reaction. 

We took a microscope slide and placed one drop of k/z on it. Next, we placed two NH4Cl crystals 

and one drop of Na2HPO4solution on this drop. Then, we held the microscope slide over 

ammonia vapours, which had been poured into a porcelain cup beforehand, for about one 

minute. After that, the microscope slide was held over the burner flame until it was completely 

dry. We examined the resulting crystals under a microscope and observed the characteristic 

shape shown in Figure 3. 

MgSO4 + Na2HPO4 + NH4OH → MgNH4PO4 + Na2SO4 + H2 O  

Mg2+ + SO42- + 2Na+ + HPO42- + NH4OH → MgNH4PO4 + 2Na+ + SO42- + H2O 

Mg2+ + HPO42- + NH4OH → MgNH4PO4 + H2O  

 

Figure 3 - MgNH4PO4crystals  

Discovery of the Mn2+cation. 

We took 3 drops of c/t, 6 drops of distilled water and 5 drops of concentrated nitric acid - 

HNO3(conc.) into a test tube and added a small amount of lead minium - Pb3O4. Then we heated the 

test tube in a water bath until it boiled. In the presence of Mn2+cations in the solution manganic 

acid is formed, which decomposes when heated or settled, forming MnO4- as indicated by the 

appearance of a crimson colour in the solution we obtained (Figure 4). 

 

Figure 4 - Manganic acid (HMnO4) 
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2Mn (NO3)2+ 5PbO +6HNO3→2HMnO4+ 5Pb(NO3)2+ 2H2O 

Mn2++ 6H++ 5PbO + 6NO3− →2MnO4−+ 5Pb2++ 10NO3− + 2H2O 

Mn2+ + 6H+ + 5PbO→2MnO4− + 5Pb2+ + 2H2O 

For more details on all qualitative reactions to fifth group cations, see the table below 
 

Table. Qualitative reactions to fifth group cations 

Cation Reagent Analytical effect 

Mg²⁺ Sodium hydrogen phosphate Na₂HPO₄ in the 

presence of NH₃ and NH₄Cl 

White crystalline precipitate MgNH₄PO₄ 

 8-hydroxyquinoline C₉H₆N(OH) in NH₃ (aq) Yellow-green crystalline precipitate of magnesium 

oxyquinolinate 

Mn²⁺ Oxalic acid H₂C₂O₄·2H₂O in an alkaline 

environment 

Pink solution of Na₃[Mn(C₂O₄)₃] 

 Bismuthate sodium NaBiO₃ in HNO₃ (diluted) Raspberry-purple solution of HMnO₄ 

Fe²⁺ Potassium hexacyanoferrate (III) K₃[Fe(CN)₆] Formation of a dark blue precipitate ("Turnbull's 

blue") 

 Dimethylglyoxime C₄H₆N₂(OH)₂ in NH₃ 

(aqueous) medium 

Alo-red solution [Fe(C₄H₆N₂O₂)₂]·xNH₃ 

Fe³⁺ Potassium hexacyanoferrate (II) K₄[Fe(CN)₆] Formation of a dark blue precipitate ("Berlin blue") 

 Potassium thiocyanate KSCN Red solution of thiocyanates [Fe(SCN)]²⁺, etc. 

 Salicylic acid HCO₂C₆H₄OH in NH₃ (aqueous) Red-purple solution of iron(III) salicylate 

 

3. Conclusion 

In conclusion, we can conclude that in fractional analysis of fifth group cations, each cation can 

be determined by a specific reaction regardless of the presence of other cations in the mixture. 

This confirms the speed and accessibility of fractional analysis. 

Fractional analysis, a method of qualitative chemical analysis that allows the detection of 

individual ions in a solution without their preliminary sequential separation, is based on the use 

of highly sensitive selective reagents, with the help of which the desired ion can be detected in 

the presence of others.  

The advantage of this method is that it uses small amounts of solution and the analysis time is 

short. The method is highly sensitive: the minimum detectable concentration of the ions of 

interest can reach 0.05–0.001 μg.  
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Using a twofold molar excess of propylene oxide at 25 °C, octylbis(2-

hydroxypropyl) amine was synthesized. A series of gemini surfactants was 

obtained by reacting this product with dicarboxylic acids (oxalic, succinic, 

adipic, and sebacic) in a 2:1 molar ratio at 53–55 °C. The structures of the 

synthesized products were confirmed using IR spectroscopy. Tensiometric 

measurements of surface tension over a wide concentration range at the air–

water interface revealed that the obtained compounds exhibit high surface 

activity. For example, the product based on oxalic acid reduces the surface 

tension from 70.33 mN/m at 0.0001% to 29.51 mN/m at 0.1%. It was also 

shown that their specific electrical conductivity significantly exceeds that of 

deionized water, confirming the ionic nature of the synthesized compounds. 

Furthermore, disk diffusion tests demonstrated that the antibacterial activity of 

these products depends not only on the length of the spacer group but also on the 

type of bacterial strain. 
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5. INTRODUCTION 

The current stage of scientific development is marked by growing interest in surfactants, which 

is driven by their wide application in various fields, including industry, agriculture, medicine, 

and everyday life. In recent years, researchers have increasingly focused on the synthesis of 

surfactants with novel structural architectures [1-3]. Among these, gemini surfactants deserve 

special attention. The distinctive feature of their structure is the presence of two hydrophobic 

moieties and two headgroups (typically charged), linked by spacer fragments of varying length 

and composition [4-9]. Compared to their monomeric analogues, gemini surfactants exhibit a 

combination of high positive surface charge, conformational flexibility, and the ability to adapt 

spatially during association. They are also characterized by low critical micelle concentration 

values, allowing their use in significantly lower dosages [10]. These attributes impart enhanced 

performance properties [11–13]. Due to their high efficiency, gemini surfactants represent a more 
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environmentally friendly and economically advantageous alternative to conventional 

surfactants. 

The present study focuses on the synthesis of new gemini surfactants based on octylamine, 

propylene oxide, and dicarboxylic acids, as well as on investigating how the structure of the 

spacer group influences their surface-active and antibacterial properties. 

6.  MATERIALS AND EXPERIMENTAL METHODS 

Octylamine (99% purity; Alfa Aesar, Shore Road, Heysham), propylene oxide (99.9%; Alfa Aesar, 

Great Britain), oxalic acid dihydrate (99%), succinic acid (99%), adipic acid (99%), and sebacic 

acid (98%) were all supplied by Alfa Aesar. The chemical structures of the prepared compounds 

were confirmed by ALPHA FT-IR analysis. The surface tension values of the aqueous solutions 

of the synthesized gemini surfactants were measured at the air–water interface using a du Nouy 

tensiometer (KSV Sigma 702, Finland) with the ring method. The specific electrical conductivity 

was determined using an ANION-410 ionometer (Russia). The antibacterial activity of the 

synthesized substances was assessed by the disk diffusion method in accordance with standard 

microbiological procedures [14]. The antibacterial activity was evaluated against the following 

microorganisms: Staphylococcus aureus (MRSA and MSSA) and Escherichia coli. 

7. RESULTS AND DISCUSSION 

In the first stage, octylamine and propylene oxide were synthesized at a molar ratio of 1:2 at 

room temperature (20–25 °C) for 15–35 hours. The obtained compound, octylbis(2-

hydroxypropyl) amine, is a transparent, viscous substance. It is partially soluble in water and 

highly soluble in ethanol, acetone, hexane, kerosene, CCl4, and isopropanol. The reaction scheme 

can be described as follows:  

 

In the IR spectrum of octylbis(2-hydroxypropyl)amine (cm-1), the following absorption bands 

were identified: 3391 ν (OH), 2959, 2824 and 2854 ν (CH), 1458, 1373 and 1332 δ (CH), 1279 ν 

(C–N), 1132 ν (C–O), and 722 δ (CH2)x. 

In the second stage, gemini surfactants were obtained from the interaction of octylbis(2-

hydroxypropyl)amine with dicarboxylic acids (oxalic, succinic, adipic, and sebacic). The 

reactions were carried out in a flask equipped with a magnetic stirrer at 70–80 °C at a molar 

ratio of 2:1. The main components obtained are illustrated in the reaction scheme below: 

 

The gemini surfactants obtained as a result of the synthesis can be designated as follows: 

C8C0C8 (based on oxalic acid) – a yellow liquid; C8C2C8 (based on succinic acid) and C8C4C8 

(based on adipic acid) – viscous, light brown substances; C8C8C8 (based on sebacic acid) – a 

viscous brown liquid. 
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The structures of the synthesized products were confirmed using IR spectroscopy. The IR spect-

rum of the compound obtained from octylbis(2-hydroxypropyl)amine and sebacic acid is shown 

in Fig. 1. In the IR spectrum,cm1: 3311 ν (OH and NH), 2953, 2924 and 2854 ν (CH), 2540 and 

2387 (NH+), 1561 νas (COO–), 1376 νs (COO–), 1457 δ (CH), 1135 ν (C-N), 1079 (C-O), 722 δ (CH2)x. 

 

Fig. 1. IR spectrum of the gemini surfactant obtained from octylbis(2-hydroxypropyl)amine and sebacic acid 

Table 1 presents the surface tension values of aqueous solutions of the synthesized gemini 

surfactants with spacer groups of different lengths over a wide concentration range. The results 

show that all investigated compounds reduce the surface tension depending on their 

concentration; however, the extent of this reduction varies significantly with the structure of the 

spacer group. 

For C8C0C8, the most pronounced and consistent decrease in surface tension is observed: from 

70.33 mN/m at 0.0001% to 29.51 mN/m at 0.1%. This behavior indicates high surface activity and 

effective adsorption of the molecules at the air–water interface even at low concentrations. 
 

Table 1. Interfacial tension at the air–water interface of aqueous solutions                                                                                           

of gemini surfactants at various concentrations 

Gemini 

surfactants 

Concentration of substances in water (by weight), % 

0.0001 0.00025  0.0005 0.00075 0.001 0.0025 0.005 0.0075 0.01 0.025 0.05 0.075 0.1 

Surface tension at the water-air interface, mN/m (20 oC) 

C8C0C8 70.33 67.43 62.39 60.75 59.43 56.22 52.95 48.27 44.57 40.32 35.52 30.72 29.51 

C8C2C8 70.97 70.56 70.69 69.08 67.02 67.62 67.42 63.53 62.05 56.09 49.49 46.67 44.47 

C8C4C8 71.58 67.78 61.53 62.70 66.63 62.29 49.35 56.42 58.32 49.18 48.17 48.28 46.00 

C8C8C8 70.78 69.15 62.41 62.53 50.52 52.93 52.65 52.53 52.07 54.97 39.12 39.30 38.41 

The compound C8C2C8 shows a less intensive decrease in surface tension at low concentrations. 

The values remain relatively high up to 0.005–0.01%, but at higher concentrations the surface 

tension decreases to 44.47 mN/m. This suggests lower efficiency compared to C8C0C8, which may 

be attributed to reduced packing density at the interface due to the longer spacer. 
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For C8C4C8, an irregular pattern of surface tension changes is observed. Along with notable 

decreases (e.g., 49.35 mN/m at 0.005%), local increases are also present. Such behavior is likely 

associated with structural rearrangements and conformational changes of the monomers and 

aggregates in solution, leading to unstable adsorption at the interface. 

The compound C8C8C8 exhibits particularly interesting behavior. Despite having the longest 

spacer group, it shows a noticeable reduction in surface tension at intermediate concentrations 

(~50–52 mN/m at 0.001–0.01%). As the concentration increases further, very low surface tension 

values (38.41 mN/m at 0.1%) are achieved, comparable to the most efficient compound, C8C0C8. 

This indicates the possibility of a more compact intermolecular organization at higher 

concentrations, compensating for the effect of the long spacer. 

Overall, the results demonstrate a strong influence of spacer length on the surface-active 

properties of the gemini surfactants. The most stable and efficient compound in reducing surface 

tension across the entire concentration range is C8C0C8. Increasing the spacer length generally 

leads to lower efficiency; however, C8C8C8 shows a distinct improvement in performance at 

higher concentrations, which may be attributed to specific features of its aggregation behavior. 

Table 2 presents the data on the specific electrical conductivity of the new gemini surfactants 

synthesized on the basis of octyldiisopropylolamine and various dicarboxylic acids. The 

measurements were carried out in aqueous solutions at 22 °C within the mass concentration 

range of 0.00625% to 0.1%. 
 

Table 2. Specific electrical conductivity of new gemini surfactants obtained on the                                                                                   

basis of octyldiisopropylolamine and dicarboxylic acids 

Gemini surfactants 

Concentration of gemini surfactants in water (by weight), % 

0.00625 0.0125 0.025 0.05 0.1 

Specific electrical conductivity, μS/cm (22 oC) 

C8C0C8 10.6 22.9 39.0 85.5 226.1 

C8C2C8 10.8 20.7 37.7 82.5 146.3 

C8C4C8 12.0 25.0 45.0 96.0 170.1 

C8C8C8 10.8 19.7 35.5 83.9 150.2 

 

As seen from the table, an increase in the concentration of all studied surfactants leads to a rise in 

specific electrical conductivity, which is associated with an increased number of ions in the 

solution. The highest conductivity values at the maximum concentration (0.1%) are observed for 

the compound C8C0C8, while C8C2C8, C8C4C8, and C8C8C8 exhibit slightly lower but comparable 

values. The differences in conductivity among the series members are attributed to the length of 

the spacer group and its influence on the degree of ionization and the micellar structure in 

solution. 

The antimicrobial activity of the synthesized gemini surfactants was evaluated using the disk 

diffusion method, and the results are presented in Table 3. The data show varying degrees of 

inhibitory activity depending on the structure of the spacer group and the type of microorga-

nism tested. 
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Table 3. Antimicrobial activity of gemini surfactants 

Microbes 
Inhibition zone diameter (mm) 

C8C0C8 C8C2C8 C8C4C8 C8C8C8 

Gram-positive bacteria 

Escherichia coli 15 8 7 - 

Gram-negative bacteria 

Staphylococcus aureus MRSA 8 - 7 8 

Staphylococcus aureus MSSA 9 - 13 8 

For the gram-positive bacterium Escherichia coli, the highest activity is observed for C8C0C8, which 

forms an inhibition zone of 15 mm. The compounds C8C2C8 and C8C4C8 exhibit significantly 

weaker activity (8 and 7 mm, respectively), while C8C8C8 shows no activity. This indicates high 

sensitivity of E. coli to structures with a short spacer and a gradual decrease in activity as the 

spacer length increases. 

In the case of Staphylococcus aureus MRSA, a different trend is observed. The compounds C8C0C8 

and C8C8C8 inhibit bacterial growth with equal efficiency (8 mm), whereas C8C4C8 shows 

moderate activity (7 mm). The compound C8C2C8 is ineffective against MRSA. These findings 

suggest that spacer length influences the interaction of gemini surfactants with resistant S. aureus 

strains in a different manner compared to other microorganisms. 

For Staphylococcus aureus MSSA, the largest inhibition zone (13 mm) is observed for C8C4C8, 

which differs from its behavior in other tests. The compounds C8C0C8 and C8C8C8 show moderate 

activity (9 and 8 mm, respectively), while C8C2C8 remains inactive. 

Overall, the data demonstrate that the antimicrobial activity of gemini surfactants depends not 

only on the length of the spacer group but also on the specific bacterial strain. The compound 

C8C0C8 is the most universal, exhibiting consistent activity against all tested microorganisms, 

whereas C8C2C8 is the least effective in most cases. These differences may be related to how the 

surfactant molecules interact with bacterial cell walls and their aggregation behavior in aqueous 

media. 

8. Conclusion 

New gemini surfactants based on octyldiisopropylolamine and a series of dicarboxylic acids 

(oxalic, succinic, adipic, and sebacic) were synthesized. The structures of the obtained 

compounds were confirmed by IR spectroscopy. The surface tension values of their aqueous 

solutions were determined using a tensiometric method. It was established that the length of the 

spacer group significantly influences the surface-active properties of the gemini surfactants. The 

most stable and efficient compound in terms of reducing surface tension across the entire 

investigated concentration range is C8C0C8. An increase in spacer length generally leads to a 

decrease in efficiency; however, for C8C8C8, a pronounced improvement in properties is observed 

at higher concentrations, which may indicate specific features of its aggregation behavior. The 

antibacterial activity of the synthesized gemini surfactants was evaluated using the disk 

diffusion method. Analysis of the obtained data shows that the antibacterial effect is determined 

not only by the length of the spacer group but also by the type of bacterial strain. The compound 

C8C0C8 exhibits the most universal properties, demonstrating consistent activity against all tested 

microorganisms. 

This research was supported by the Azerbaijan Science Foundation Grant № AEF-MGC-2025-

1(54)-20/15/4-M-15 
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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. 
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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 π-conjugated system, in which a 

large number of π-electrons are delocalized across the polymer backbone [7, 8]. The delocalized 

π-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 (-NH₂, -NHR, or -NR₂) directly attached to an aromatic ring. The 

simplest example is aniline (C₆H₅NH₂)[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. 

 

 

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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Figure 3. Characterization techniques of polymers. 

 

3. Members of aromatic amines 

Polymers and oligomers with extended π-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 

π-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 (HNO₂) 

produces blue or green products. Treating aniline salts with chromic acid (H₂CrO₄) 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 HCl or H₂SO₄ as the reaction medium, in the presence of strong 

inorganic oxidants such as dichromates or chlorates and catalysts including CuSO₄ or 

Fe(CH₃COO)₂ 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, –NH₂, –SO₃H, 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 K₂Cr₂O₇, 

FeCl₃, K₂S₂O₈, (NH₄)₂S₂O₈, and H₂O₂. 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. 



Synthesis, Characterization, and Applications of Polymers, Based on Aromatic Amines: A Brief Review 

65 

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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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 (o-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. 



Synthesis, Characterization, and Applications of Polymers, Based on Aromatic Amines: A Brief Review 

67 

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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In this study, we synthesized and characterized the surface-active properties of 

products obtained from tetradeconoic acid, 1,2-diaminoethane and N –(2-amino-

ethyl)-1,2-ethanediamine. The composition and structure of the synthesized 

compounds were confirmed by IR spectroscopy, and their physicochemical pro-

perties were determined. Aqueous solutions of the synthesized products were 

prepared over a wide range of concentrations, and their surface tension was 

measured using a tensiometer at the water-air interface. Based on the obtained 

data, isotherms were constructed for calculating key colloidal chemical parame-

ters: critical micelle concentration, surface tension at CMC, maximum adsorption, 

(Gmax), minimum surface area of the molecule at the air-water interface (Amin), 

surface pressure (CMC). Electrical conductivity properties were investigated 

using the conductometric method. Plots of specific electrical conductivity as a 

function of concentration were constructed, and the corresponding thermodyna-

mic parameters, including the Gibbs free energy of micellization (ΔGmic) and 

adsorption (ΔGads), were calculated. The oil-collecting capacity of the 

synthesized surfactant was studied under laboratory conditions against thin (<1 

cm) films of Balakhany oil on the surface of waters with varying mineralization 

(seawater, freshwater, and distilled water). The effectiveness of the reagents was 

assessed both in their original form and in 5% aqueous solutions. 

Keywords: 

surface tension, surfactant, critical micelle 

concentration (CMC), thermodynamic 

parameters, oil-collecting 

 

1. Introduction 

 Surfactants are amphiphilic molecules widely used in chemistry, biology, and pharmaceuticals 

[1]. They consist of a polar head group, which can be anionic, cationic, nonionic, or zwitterionic, 

and a hydrophobic tail, which can have varying lengths and structures. It is well known that 

surfactants form micelles at concentrations above the critical micelle concentration (CMC). 

Research into micellization processes has been conducted for many years, and thousands of 

papers on this topic are published annually [2-6]. The micellar behavior of anionic and cationic 

surfactants is influenced by the presence of nonelectrolytes in solution [7-9]. Much attention has 

also been paid to the effect of non-aqueous polar solvents on the micellization of cationic 
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surfactants [10-12]. Previously, Evans et al. [13] suggested that solvent hydrogen bonds are 

necessary for micelle formation. However, later studies showed that the structure of water and 

its hydrogen bonds are not always necessary for surfactant self-association [14-17]. 

2. Experimental part 

Spectral analysis methods were employed to characterize the synthesized products. Infrared 

spectra were recorded using an ALPHA IR Fourier spectrometer (BRUKER, Germany) within 

the wavenumber range of 600–4000 cm⁻¹. UV–Vis spectra were obtained on a JENWAY UV/Vis 

6850 dual-beam spectrophotometer operating in the 100–400 nm range with an optical resolution 

of 0.1 nm. 

Surface tension measurements of aqueous surfactant solutions were conducted at 25 °C using a 

KSV Sigma 702 tensiometer (Attension Biolin Scientific, Finland) equipped with a Du Noy 

platinum ring. Specific electrical conductivity was measured with an ANION-402 conductometer 

(Russia). 

Tetradecanoic acid (Aldrich, 98%), 1,2-diaminoethane (97%), N-(2-aminoethyl)-1,2-ethane-

diamine (97%), were used as starting materials. Thissalts were synthesized from tetradecanoic 

acid and each of the amine components. The obtained products exhibited a yellowish appea-

rance. The salt synthesized from tetradecanoic acid and N-(2-aminoethyl)-1,2-ethanediamine in a 

1:1 molar ratio formed at 70–85 °C over 10–11 h, producing a brownish solid, the salt synthesized 

from tetradecanoic acid and 1,2-diaminoethane in a 1:1 molar ratio formed at 70–80 °C over 10–

11 h, producing a brownish solid. Surface tension values for distilled water (71.5 mN/m at 25 °C) 

aligned with standard reference values and were used to verify the measurement accuracy. 

Critical micelle concentration (CMC) values for the surfactants were determined from surface 

tension isotherms. 

Electrical conductivity measurements were calibrated to 25 °C and showed a deviation of less 

than 1% from true values. Distilled water exhibited a conductivity of 2–2.8 μS/cm. After dissol-

ving 0.025 g of each synthesized salt in 25 mL of distilled water, the conductivity of the solutions 

was measured, and CMC values were derived from conductivity–concentration plots. 

Petrocollecting and petrodispersing properties of the synthesized surfactants were evaluated 

using established procedures. 40 mL of water with varying mineralization was placed in a Petri 

dish, followed by the addition of 1 mL of Balakhani crude oil forming a film of approximately 

0.17 mm in thickness. A surfactant or its 5 wt.% solution was applied to the periphery of the oil 

film. The initial oil-film area and subsequent areas of dispersed oil patches were periodically 

measured. The surface-cleaning coefficient (Kd, %) was calculated as the ratio of the initial to the 

final oil-film area. 

3. Results and discussion 

The reaction schemes are presented below: 

C13H27COOH+ H2N-(CH2)2-NH2 → C13H27COOH... NH2-(CH2)2- NH2 

 Salt of tetradecanoic acid with 1,2 diaminoethane (1) 

C13H27COOH+H2N-(CH2)2-NH2-(CH2)2-NH2→C13H27COOH...NH2-(CH2)2-NH2-(CH2)2- NH2 

 Salt of tetradecanoic acid with N –(2-aminoethyl)-1,2-ethanediamine (2) 
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The structures of the synthesized salts were confirmed using Fourier-transform infrared 

spectroscopy (FTIR, BRUKER, Germany) in the wavenumber range of 600–4000 cm⁻¹, as well as 

UV–Vis spectroscopy. The corresponding spectra are presented below. 

 

Fig. 1 IR spectrum of tetradecanoic acid salt with 1,2 diaminoethane 

The IR spectrum of the sample (Fig. 1) contains the following absorption bands: 

deformation (1467 cm-1) and stretching (2846, 2870, 2914, 2957 cm-1) vibrations of the C–H bond of 

the CH3 and CH2 groups; stretching (1050, 1085, 1107 cm-1) vibrations of the C–O bond; stretching 

(1413, 1507 cm-1) vibrations of the COO- group; deformation (1548 cm-1) and stretching (3273, 

3337 cm-1) vibrations of the H–N bond; ammonium band (2604, 2754 cm-1). 

 

Fig.2 IR spectrum of tetradecanoic acid salt with N-(2-aminoethyl)-1,2-ethanediamine 

The IR spectrum (Fig. 2) of a sample of the salt of tetradecanoic acid with N-(2 aminoethyl)-1,2-

ethanediamine has the following absorption bands: deformation (1470 cm-1) and stretching (2848, 

2914, 2949 cm-1) vibrations of the C–H bond of the CH3 and CH2 groups; stretching (1000, 1038, 
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1068 cm-1) vibrations of the C–O bond; stretching (1396, 1567 cm-1) vibrations of the COO- group; 

deformation (1511 cm-1) and stretching (3259, 3358 cm-1) vibrations of the H–N bond; ammonium 

band (2654, 2739 cm-1). 

In Fig. 3, the absorption band n→σ*, belonging to the nitrogen atom, appears at 220 nm of the 

spectrum, in Fig. 4 - 230 nm. 

 

Fig 3 UV absorption spectrum of tetradecanoic acid salt with 1,2 diaminoethane 

 

Fig. 4 UV absorption spectrum of tetradecanoic acid salt with N –(2-aminoethyl)-1,2- ethanediamine 

 

Surface tension measurements of aqueous solutions of the synthesized surfactants were 

performed using a KSV Sigma 702 tensiometer (Attension Biolin Scientific, Finland) equipped 

with a Du Noy platinum ring at the air–water interface. This instrument was employed to 

evaluate the surface-active properties of this surfactants. The surface tension of the formed salts 

depending on various concentrations was determined from the graph in Fig. 5, the CMC (critical 

concentration of micelle formation) was determined. 
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Fig.5 Surface tension diagram of surfactants at the water-air interface depending on the concentration 

Table 1 summarizes the surface activity parameters of the synthesized surfactants, calculated 

from the data presented in Fig. 5. The critical micelle concentration (CMC) of the obtained salts 

was determined, along with the surface pressure at the CMC (πCMC), C₍₂₀₎ (the concentration 

required to reduce the surface tension by 20 mN/m), adsorption efficiency  

(pC₂₀ = −log C₂₀), and the CMC/C₂₀ ratio, which reflects the interfacial activity of the surface-

active substances [18,19]. The maximum surface adsorption (Γmax) and the minimum area per 

surfactant molecule at the water–air interface (Amin) were calculated using the equation given 

below. 

 

where n is the number of dissociated ions, equal to 2 and 3, respectively, for the salt of 

tetradecanoic acid with 1,2 diaminoethane and N -(2-aminoethyl)-1,2-ethanediamine, R is the 

universal gas constant (8.314 J /mol*K), T—absolute temperature; 

 

 Referring to Table 1, it can be said that the product of tetradecanoic acid with N –(2-aminoethyl)-

1,2-ethanediamine has a minimum maximum adsorption value (Γmax), it has a large surface area 

per surfactant molecule  

 
 Table 1. Results of surface activity of synthesized surfactants 

Surfactants CMC*104 

(mol/l) 

𝛾 cmc 

(mN/m) 

𝜋 cmc 

(mN/m) 

C20*104 

mol/l) 

𝑝𝐶20 CMC/C20 Гmax*1010 

(mol/sm2) 

Аmin*102 

(mm2) 

Salt of tetradecanoic 

acid with 1,2 

diaminoethane  

1.46 28.12 19 

 

0.0003 3.46 

 

0.42 0.73 227.48 

 

Salt of tetradecanoic 

acid with N -(2-

aminoethyl)-1,2-

ethanediamine  

1.4 

 

26.58 34.98 0.075 5.12 0.54 0.67 248.23 

As shown in Table 1, the salt of tetradecanoic acid with N -(2-aminoethyl)-1,2-ethanediamine 

exhibits the lower critical micelle concentration (CMC) and the highest surface pressure (26 

mN/m). In contrast, the salt formed with 1,2 diaminoethane shows low value maximum 

adsorption value (Γmax), indicating that each surfactant molecule occupies a larger interfacial 

surface area. 

(3) 

(4) 
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 Figure 6 presents the electrical conductivity measurements of concentrated solutions of the 

synthesized salts, along with the corresponding plots of conductivity as a function of 

concentration. Based on these plots, several thermodynamic parameters related to electrical 

conductivity were determined; the calculated values are summarized in Table 2. 

 

Fig. 6 Specific electrical conductivity of synthesized surfactants 

 The slopes of the linear regions before (S₁) and after (S₂) the critical micelle concentration (CMC) 

were determined. In addition, key thermodynamic parameters, including the Gibbs free energy 

of micelle formation (ΔGmic) and the Gibbs free energy of adsorption (ΔGads), were calculated 

using the following equations 

Δ𝐺𝑚𝑖𝑐 = (2 − 𝛼) ∗𝑅∗𝑇∗ln(𝐶𝑀𝐶)  

Δ𝐺𝑎𝑑s = Δ𝐺𝑚𝑖𝑐 − 0.6023 ∗𝜋𝐶𝑀𝐶∗Amin, 

where 𝐴min represents the surface area of one surfactant molecule at the water-air interface at 

CMC [20]. 
Table 2. Parameters of the specific conductivity of the synthesized surfactants 

Surfactans 𝛼 β 
Δ Gmic  

kJ/mol 

Δ Gads, 

kJ/mol 

Salt of tetradecanoic acid with 1,2 diaminoethane  0.84 0.13 -23.79 -26.6 

Salt of tetradecanoic acid with N -(2-aminoethyl)-1,2-

ethanediamine  

 

0.45 

 

0.54 

 

-34.17 

 

-39.49 

 

 As shown in Table 2, both the Gibbs free energy of micelle formation (ΔGmic) and the Gibbs free 

energy of adsorption (ΔGads) are negative, indicating that these processes are thermodynamically 

spontaneous. Notably, for all three salts, ΔGads exhibits more negative values than ΔGmic, 

suggesting a stronger thermodynamic preference for adsorption over micellization. This 

behavior is characteristic of surface-active substances, which tend to adsorb at interfaces prior to 

forming micelles [21,22]. 

 In laboratory conditions, the petroleum-collecting ability of the synthesized surfactants was 

investigated, addressing the environmentally significant challenge of removing thin oil films 

from water surfaces. The experiments were conducted using a 0.17 mm Balakhan oil film in 

aqueous media with different degrees of mineralization, including distilled, fresh, and seawater. 

Salt of tetradecanoic acid with 1,2 diaminoethane, when applied in its undiluted form, exhibited 

petroleum-collecting activity in seawater for up to 6 days, with a collection coefficient of 13.51. 

The same surfactant, used as a 5 wt.% aqueous solution, also demonstrated oil-collecting 

(4) (5) 
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behavior, achieving a collection coefficient of 12.16. Salt of tetradecanoic acid with N-(2-

aminoethyl)-1,2-ethanediamine showed superior petroleum-collecting performance, promoting 

more efficient oil film aggregation. In seawater, the maximum collection coefficient reached 

20.26, and the retention time of the collected oil exceeded 6 days. These findings demonstrate the 

potential of the synthesized surfactants for mitigating oil contamination on water surfaces and 

highlight their prospective. 

4. Conclusion 

Tensiometric and conductometric methods investigations were employed to evaluate the 

properties of the surface-active substances in synthesized surfactants, and their key colloidal–

chemical parameters were determined. Comparative analysis revealed the salt of tetradecanoic 

acid with N -(2-aminoethyl)-1,2-ethanediamine exhibits lower values of the critical micelle 

concentration, the minimum cross-sectional area of the polar group, surface pressure, and the 

efficiency parameter, as well as reduced surface tension at the CMC and lower maximum 

adsorption values. Laboratory experiments confirmed the effectiveness of the synthesized 

reagents in collecting thin oil films from water surfaces across a wide range of mineralization 

levels. Among the tested compounds, the salt of tetradecanoic acid with N -(2-aminoethyl)-1,2-

ethanediamine demonstrated superior performance, highlighting its promise for the removal of 

environmentally hazardous oil films from natural water bodies. The obtained results support the 

feasibility of employing surfactants of this type in environmental protection 
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