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Nomenclature 

Nomenclature 

DMSO : dimethyl sulfoxide  

LiClO4 : lithium perchlorate 

N: Avogadro number. 

h: Plank constant. 

Ip: Peak current intensity (A) 

n: Number of electrons transferred 

A: Electrode surface (cm²) 

C: Concentration (mol.cm-3) 

Cinh: Inhibitor concentration. 

v: Scan speed (V/s) 

D: Diffusion coefficient (cm2/s) 

α: Coeficient de transfert 

s: Surface (cm²) 

K: Equilibrium constant. 

t: Immersion time in solution (minute) 

EIp: Compound inhibitory efficiency calculated using polarization curves 

EIz: Inhibitory efficiency of compounds calculated using impedance spectroscopy 

θp: Compound recovery rate calculated using polarization curves 

θz: Compound recovery rate calculated using impedance spectroscopy 

icorr: Corrosion current density 

Ecorr: Corrosion potential 

ßc: Slope of cathodic plate 

ßa: Slope of anodic Tafel 



Nomenclature 

Rs: Resistance of the solution 

Rtc: Load transfer resistance 

Cdl: Double layer capacity 

Ea: Activation energy 

ΔHºa: Activation Enthalpy 

ΔSºa : entropy of activation 

Kads: Adsorption constant 

R: Perfect gas constant 

T: Temperature (K) 

ΔGºads: Standard free energy adsorption 
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General Introduction 

 Scientists and engineers realized early on that mixtures of materials can show 

superior properties compared with their pure counterparts. One of the most successful 

examples is hybrid materials which are formed by two moieties blended on the molecular 

scale. Most of the resulting materials show improved thermal stability, mechanical and 

optical properties [1-9]. 

 Hybrid materials are emerging as a very potent and promising class of materials. 

The complementarity results in a complete synergy of the desired material's properties and 

ultimately an end-product. The diversity of the resulting properties and materials used in 

the production of hybrid materials applies to a wide variety of applications, from 

automotive and structural applications to electronics and biomedical applications [10-17].  

In recent years, multifunctional materials, are the most advanced and high 

engineering materials that can exhibit interesting properties nonlinear optical behavior and 

are featured with high thermal stability, fatigue resistance along with enhancing the 

chemical and environmental resistance [15,17]. A systematic design concept for of 

hybridization of functions is required for the development of new functionally-hybridized 

materials with superior properties and new functions. 

 Currently, there are four major topics in the synthesis of inorganic-organic 

materials: their molecular engineering, their nanometer and micrometer-sized organization, 

the transition from functional to multifunctional hybrids, and their combination with 

bioactive components. 

 Organic-inorganic hybrid materials can be applied in many branches of materials 

chemistry because they are simple to process and are amenable to design on the molecular 

scale, they are emerging as a promising class of materials with broad applications. These 

hybrid materials do not represent only a creative alternative to design new materials and 

compounds for academic research, but their improved or unusual features allow the 

development of innovative industrial applications. Nowadays, most of the hybrid materials 

that have already entered the market are synthesized and processed by using conventional 

soft chemistry-based routes developed in the eighties. 

 Organic-inorganic materials containing partially 2,4,6-triamino-1,3,5-triazine 

(melamine) as organic part improved or unusual features allow the development of 

innovative industrial applications and exhibiting a good thermal stability. Melamine has a 

https://www.sciencedirect.com/topics/materials-science/hybrid-material
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wide application in the industry, is known as an important raw material, is widely used as a 

fire-retardant additive for polymeric materials and used to form hybrid materials. Those 

materials containing s-triazine moiety as organic part, give improved hydrolytic and 

thermal stability. Melamine and related triazine derivatives can form self-assembling, high 

molecular weight complexes via organized intramolecular networks of hydrogen bonds and 

π-π aromatic ring stacking [18,19]. In this context, we have synthesized two new organic-

inorganic hybrid ionic materials as single crystals based on melamine: 

- Tris (2,4,6-triamino-1,3,5-triazinium) monodrogenphosphate dihydrogenphosphate 

tetrahydrate (3C3H7N6
+.HPO4

2-.H2PO4
-.4H2O) (Hyb1). 

- Tris (2,4,6-triamino-1,3,5-triazinium) perchlorate monohydrate (C3H7N6
+.ClO4

-.H2O) 

(Hyb2).  

In addition, we studied the electrochemical behavior of these hybrid materials and their 

corrosion inhibition performance. 

 This thesis is presented in five chapters. 

- The first chapter presents bibliographic research on organic-inorganic hybrid materials, 

melamine, chemical of coordination and general notions about corrosion and corrosion 

inhibitors. 

- The second chapter describes experimental physicochemical methods, single-crystal X-

ray diffraction (SXRD), Hirshfeld surface analysis and electrochemical methods used in 

this work.  

- The third chapter and the fourth chapter presents the synthesis of the two new hybrid 

ionic, their affined, studied molecular structures using single crystal X-ray diffraction, 

Hirshfeld surfaces analysis, their characterized spectroscopic UV-Vis and FT-IR. The 

study of their thermal decomposition was also studied by TGA/DTG techniques. 

Otherwise, the synthesis of the new copper complex using Hyb2 as ligand, its 

characterized by UV-Vis and FT-IR spectroscopy and its thermal decomposition by means 

of TGA/DTG was mentioned in fourth chapter. 

- The last chapter presents the results obtained from the study of the electrochemical 

properties of the two hybrid materials and their inhibitory action against corrosion of 

carbon steel X48 in aggressive medium HCl 1 M. 

- Finally, a general conclusion crowns this manuscript and some perspectives. 
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The present chapter provide bibliographic research on hybrid organic-inorganic 

materials and those based on melamine and their applications. A general description of 

melamine was also mentioned. In addition, we recall notions about corrosion and corrosion 

inhibitors in a general way. We will then present a synthesis of some work on hybrids and in 

particular those derived from melamine. 

I.1. Hybrid organic–inorganic materials 

I.1.1. Definition 

Hybrid organic–inorganic materials are formed by two moieties blended on the 

molecular scale. Commonly one of these compounds is inorganic and the other one organic. 

The main idea in development of the hybrid materials was to take advantage of the best 

properties of each component that forms a hybrid, trying to decrease or eliminate their 

drawbacks getting in an ideal way a synergic effect; that results in the development of new 

materials with new properties. 

 The design of hybrid to get the best out of two different chemical worlds, frequently 

with complementary strengths, to form new materials with new or improved properties [1].  The 

main challenge is synthesizing hybrid combinations that keep or enhance the best properties of 

each component while eliminating or reducing their particular limitations. Undertaking this 

challenge provides an opportunity for developing new materials with synergic behavior leading 

to improved performance or new useful properties [1]. The inorganic components provide 

mechanical, thermal, whereas the organic features introduce flexibility into the framework and 

change the optical properties of the solid [2,3]. 

I.1.2. Classification 

According to the nature of the interactions between organic and mineral components, 

Sanchez [4] distinguishes two types of hybrids depending on the arrangement of these 

constituents. Class I hybrid materials are those that show weak interactions between the two 

phases, such as van der Waals, hydrogen bonding or weak electrostatic interactions (Scheme 

II.1.a). Class II hybrid materials are those that show strong chemical interactions between the 

components (Scheme II.1.b). Because of the gradual change in the strength of chemical 



Chapter I  

6 

 

interactions, it becomes clear that there is a steady transition between weak and strong 

interactions. 

a. 

 

 

Tetrakis (trihydoxy-2,4,6-triazin-1,3-diium-1,3,5) bis (2,4,6-trihydroxy-2,4,6-triazin-1-ium-

1,3,5) pentakis (monohydrogenphosphate) tetrahydrate 

CH2 CH2 N
+

N
+

O

OH

O

OHOH
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H

H
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Ethylenediamin-1,2-iumtetraacetic acid bis perchlorate tetrahydrate 
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b.  

 

Scheme I.1. Examples of hybrid a. class I, b. class II 

I.1.3. Synthesis of hybrid materials 

Inorganic–organic hybrids can be applied in many branches of materials chemistry 

because they are simple to process and are amenable to design on the molecular scale. Currently, 

there are four major topics in the synthesis of inorganic–organic materials: (a) their molecular 

engineering, (b) their nanometer and micrometer-sized organization, (c) the transition from 

functional to multifunctional hybrids, and (d) their combination with bioactive components. 

I.2. Hybrid organic–inorganic materials based on 2,4,6-triamino-1,3,5-triazine (melamine) 

Hybrid materials based on melamine form the class of solid-state compounds that 

crystallize with interesting hydrogen-bond networks. Generally, these hybrids have an 

interesting aspect concerning the hydrogen bond system formed [5-9]. Furthermore, melamine 

is used for the synthesis of the supramolecular structures and high molecular architectures [10-

12]. It is also a famous organic base with a 1,3,5-triazine skeleton, an excellent H-atom donor 

and acceptor and has been widely utilized to create one-, two- and three-dimensional motifs in 

combination with various acids [13]. Several researchers have already studied the thermal 

behavior of melamine and its hybrid materials [14-17].  

Some of the crystal structure of hybrids materials contain 2,4,6-triamino-1,3,5-triazin-

1-ium (melamine mono- protonated) (schema I.2.a) and 2,4,6-triamino-1,3,5-triazin-1-3-diium 

(schema I.2.a) melamine double- protonated were published. The both melamine mono- 

protonated or double-protonated are named melaminium for exemples: melaminium bis 

(trichloroacetate) dihydrate [18], melaminium chloride hemihydrate [19]. 
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Schema I.2. schema of a. melamine mono- protonated, b. melamine double- protonated 

 In order to develop materials and devices with innovative properties, in this present 

work, we have synthesized a new organic-inorganic ionic materials based on melamine. 

I.2.1. Description of 2,4,6-triamino-1,3,5-triazine (melamine) 

2,4,6-triamino-1,3,5-triazine commonly known as melamine, was first prepared in 1834 

by Justus von Liebig [17]. It is an organic chemical commonly found in the form of white 

crystals rich in nitrogen, it contains 67% nitrogen by mass, is an organic base with pKa of 5. 

The melamine is characterized by a melting point as high as 345 °C, is a thermally stable 

crystalline product it is only slightly soluble in water and insoluble in several organic solvents. 

Melamine can be produced from three different starting materials: urea, dicyandiamide or 

hydrogen cyanide. Commercially produced melamine is manufactured using urea as a starting 

material (Scheme I.3) [20,21]. There are differences in the literature regarding the manufacture 

of melamine from dicyandiamide. Some sources indicate that commercial production of 

melamine from the thermal condensation of dicyandiamide ceased during the 1980 [21]. 

However, other sources indicate that this process is still used to manufacture melamine [22]. It 

does not appear that production of melamine from hydrogen cyanide is used commercially.  

O

H2N NH2

6 +
23

N

N

N

NH2

NH2H2N

+

mélamine

3 CO6NH

 

Scheme I.3. Reaction of the production of melamine. 
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I.2.2. Uses and manufactory of melamine 

Since the development of melamine-formaldehyde (MF) resins in the 1930 [23], 

melamine has gained more and more industrial importance. It represents an important starting 

material for several industrial applications, such as the fire proof materials [24,25], it acts as a 

flame retardant [1-3,26] because of its high thermal stability. In addition, it is widely used in 

plastics, adhesives, countertops, dishware, and whiteboards, it can also be used as a colorant and 

fertilizer. Other applications of melamine can be given in the area of reinforced plastics, sheet 

molding compounds etc., [11,12].  

Melamine is a manufactured wood similar to particle board, but melamine is 

exceptionally stronger. Today, many homeowners that are concerned with preserving 

sustainable resources are choosing melamine as an alternative to hardwood cabinetry.  

 Melamine and its derivatives are an important class of organic compounds due to the 

broad variety of their applications as industrial chemicals in the manufacture of dyes, plastics, 

fertilizers, textiles and its polymers play an important role in technological applications and they 

are widely used as fire retardant additive systems for polymeric materials. 

Melamine is an organic base which is able to form stable organic-organic and organic-

inorganic materials with most organic and inorganic acids and exhibit interesting properties 

[9,27,28]. Many of these materials, such as those with boric acid, phosphoric acid, 

polyphosphoric acid, cyanuric acid, and sulfuric acid, are either commercial or have the 

potential to be viable as flame-retardant additives [24,25]. 

Furthermore, melamine is a planar compound nitrogen-rich, with the ability to form both 

mono- and deprotonated cations. Its use in the design of hydrogen-bonded supramolecular 

aggregates is well known [7-9,27,29-31]. 

 An interesting supramolecular assembly based on melamine molecule was recently 

discovered by Rao and al. [25], it is a planar compound nitrogen-rich, with the ability to form 

salts containing both mono and diprotonated melaminium cations used in the design of 

hydrogen-bonded supramolecular aggregates is well known. Furthermore, melamine is used for 

the synthesis of supramolecular structures and high molecular architectures [32]. It is also a 

famous organic base with a 1,3,5-triazine skeleton, is an excellent H-atom acceptor and has been 

widely utilized to create one-, two- and three-dimensional motifs in combination with various 
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acids [13]. Melaminium may have organic and inorganic ionics which can develop well defined 

non-covalent architectures via multiple hydrogen bonds, since they contain complementary 

arrays of hydrogen bonding sites [32]. 

For example: tetrakis (2,4,6-triamino-1,3,5-triazin-1,3-diium) bis (2,4,6-triamino-1,3,5-triazin-

1-ium) pentakis (monohydrogenphosphate) tetrahydrate 

 

 

I.3. Applications of hybrid materials 

 Hybrid materials do not represent only a creative alternative to design new materials and 

compounds for academic research, but their improved or unusual features allow the 

development of innovative industrial applications. Looking to the future, there is no doubt that 

these new generations of hybrid materials, born from the very fruitful activities in this research 

field, will open land of promising applications in many areas: optics, mechanics, electronics, 

energy, environment...etc. 

The application areas of hybrids include: 

• Decorative coatings obtained by the embedding of organic dyes in hybrid coatings. 

• Scratch-resistant coatings with hydrophobic or anti-fogging properties. 

https://en.wikipedia.org/wiki/Organic_dye


Chapter I  

11 

 

• Fire retardant materials for construction industry. 

• Proton conducting membranes used in fuel cells. 

• Corrosion protection 

• Supramolecular 

The scope of application of hybrid material is extremely broad and touches all aspects of 

everyday life, namely, chemistry, pharmaceutical industry, medicine as well as biology. These 

applications are not limited to the laboratory scale, but have been extrapolated to the industrial 

scale, being among the most exploited innovative systems in the field of research. In this 

context, some areas of application are mentioned. 

I.3.1. Hybrid porous materials  

 Porous materials are substances characterized by the presence of voids or empty spaces 

within their structure, which allows them to absorb or contain gases, liquids, or solids. These 

voids can range in size from nanometers to millimeters and can be interconnected or isolated. 

Hybrid porous solids result from the interaction between organic and inorganic species to build 

up three-dimensional frameworks whose skeleton contains both organic and inorganic moieties 

only linked by covalent bonds, at variance to supramolecular chemistry, such as metal-organic 

frameworks [6]. 

I.3.2. Hybrid lamellar materials 

 Hybrid lamellar material refers to the structures composed of lamellar phases derived 

from different materials or systems. These hybrid lamellar materials might combine layers or 

lamellae from disparate sources, resulting in materials with unique properties or functionalities. 

A way to obtain a directly functionalized lamellar structure is the sol-gel process which has been 

used to prepare many layered magnesium, nickel, aluminum, and Mg-Al silsesquioxane hybrids 

[2]. 

I.3.3. Supramolecular hybrid materials  

 Supramolecular hybrids are materials that integrate supramolecular chemistry concepts 

with hybrid material structures, often involving the assembly of organic and inorganic 

components. These hybrids are designed to exhibit emergent properties or functionalities 

https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Fuel_cells
https://en.wikipedia.org/wiki/Corrosion
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resulting from the synergistic interactions between the supramolecular motifs and the diverse 

components of the hybrid system. Molecular self-assembly is the spontaneous association of 

molecules under equilibrium conditions into stable aggregates, joined by noncovalent bonds, 

with well-defined composition and structure [15].  

Supramolecular coordination complexes are well-defined, discrete 2D or 3D molecular 

entities with suitable metal centers undergoing coordination-driven self-assembly with ligands 

containing multiple binding sites. The host−guest properties of supramolecular complexes are 

certainly one of their key features, making them not only interesting architectures but also 

attractive for a wide range of potential applications in catalysis, fluorescent probe design, and 

the development of novel therapeutics [16]. 

I.3.4. Optic properties 

Some melaminium based crystals hybrid ionic exhibit interesting properties nonlinear 

optical behavior (NLO), like second harmonic generation (SHG) because of their non-

centrosymmetric structures based on hydrogen-bond interactions have recently been discovered 

[33-39] and have over the years been subjected to extensive investigation by several researchers 

for their (NLO) properties used in the field of Photonic and Opto-electronic technologies [40-

42], Marchewka and al. [41,43] revealed the suitability of melamine family of crystals for their 

nonlinear optical properties and future applications, for exemples melaminium bis 

(trichloroacetate) dihydrate[44], melaminium tartrate monohydrate [45]. The SHG has been 

observed in case of tetra kis(2,4,6-triamino-1,3,5-triazin-1-ium) bis(selenate)trihydrate [33] and 

2,4,6-triamino-1,3,5-triazin-1,3-ium tartrate monohydrate [41] 

I.3.5. Properties thermal 

Melamine [1-8]. and its hybrid [54-56]. are a conventional material used as a fire-

retardant additive for polymeric materials, several researchers have already studied their thermal 

behavior [57-60].  Many of these hybrids, such as those with boric acid, phosphoric acid, 

polyphosphoric acid, and sulfuric acid, have the potential to be viable as flame-retardant 

additives. The presence of triazine ring in their structure gives improved hydrolytic and thermal 

stability [46].  
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I.4. Corrosion 

I.4.1. Generality  

 Metal corrosion is widely acknowledged as one of the biggest problems facing human 

society. It affects not just the economy but also society and the environment since it puts the 

health and safety of those who live nearby in cities or work in connected industries at risk [61]. 

Metal corrosion brought on by variations in the surrounding environment or the heterogeneities 

of the metal itself. For metals and their alloys, acidic aqueous solutions are usually the most 

aggressive media. Furthermore, inhibitors-compounds added to the media at low concentrations 

can be used to mitigate or even totally eliminate the influence of corrosion [62]. Consequently, 

a number of organic compounds have been studied for their role in the corrosion process and 

are employed as steel corrosion inhibitors in acidic environments. By creating a barrier between 

a metal's surface and solution, these organic inhibitors can take the place of pre-adsorbed acid 

and water molecules at the interface [23]. Organic compounds containing heteroatoms including 

oxygen, nitrogen, sulfur, and phosphorus, as well as aromatic rings and π conjugate bonds, can 

combine to produce organic inhibitors [24]. Furthermore, the physicochemical characteristics 

of the molecule, the metallic surface, and the electrolytic solution all influence the adherence of 

organic inhibitors to metallic surfaces as well as the type of interactions that occur between the 

molecule and the metal [25]. 

I.4.2. Corrosion types 

Depending on the nature of the material and the characteristics of its environment, two 

types of corrosion can be distinguished: uniform corrosion and localized corrosion [63-66]. 

I.4.2.1. Uniform Corrosion  

 This corrosion is caused by a metal in contact with the electrolyte that continuously 

moves its anode and cathode zones, which attacks the entire surface of the metal almost 

uniformly. The rusting of steel plates in seawater is an illustration of this type of corrosion 

(Figure I.1). 
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Figure I.1. Uniform corrosion of storage tanks 

I.4.2.2. Localized corrosion 

It is a localized attack that can develop in depth. It occurs when there is heterogeneity of 

metal, medium, or the physicochemical conditions existing at the surface. Several types of 

localized corrosion can be distinguished, which are: 

Galvanic Corrosion 

Galvanic corrosion occurs when two different metals are in direct electrical contact and 

exposed to an electrolyte, such as water or saline. The most reactive or less noble metal of the 

pair becomes the anode and begins to corrode, while the more noble metal becomes the cathode 

and does not corrode.  

Crevice Corrosion  

It is due to a difference in oxygen accessibility between two parts of a structure, thus 

creating an electrochemical cell often called concentration cell. This selective attack of the metal 

is observed in the cracks and other places not easily accessible to oxygen. 

Pitting Corrosion 

It occurs in the presence of certain anions, particularly chlorides ions. It is one of the 

most destructive forms of corrosion. It occurs on metals protected by an oxide film. It usually 

covers cavities of ten micrometers in diameter and significant depth Figure I.2. 
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Figure I.2. Localized pitting of stainless steel 

Selective corrosion 

The formation of a porous metal structure is caused by the oxidation of one component 

of the alloy compared to another. 

Erosion Corrosion 

is due to the joint action of an electrochemical reaction and mechanical removal of 

matter. It often takes place on metals exposed to the rapid flow of a fluid. This type of corrosion 

affects metals of low hardness 

Stress corrosion cracking 

The combination of mechanical stress and electrochemical reaction causes the metal to crack. 

Intergranular corrosion 

It is an attack on the grain joints of the metal or often, there is a precipitation of carbides of 

oxidizable metals. 

I.4.3. Mechanisms of electrochemical corrosion 

Electrochemical corrosion results from a succession of reactions that occur at the metal-

solution interface. The phenomena of corrosion are the coupling of two reactions: 

An anodic metal dissolution reaction (M): 

M → Mn+ + ne-                    I.1 

A cathodic reaction for the reduction of the oxidizing agent (Ox) 
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Ox + ne- → Red                                   I.2 

The reduction reactions are as follows: 

• Reduction of oxygen 

O2 + 2H2O + 4e- → 4 OH-  I.3 

• Reduction of H+ ions 

2H+ + 2e− → H2  I.4 

When oxygen is absent or at very low concentrations, the most easily reduced element 

is the H+ ion. In aerated acid medium oxygen is reduced to water following this reaction: 

2O2 + 4H+ + 4e- → 4H2O  I.5 

In neutral or basic medium, oxygen is reduced to hydroxyl. The thermodynamic condition 

necessary to cause corrosion of a metal M is to have an Ox/red electron acceptor, having a 

thermodynamic voltage superior to that of the metal. 

I.4.4. Protection of metals against corrosion   

 The avoidance of metal corrosion has been a fundamentally practical concern since the 

creation of metal technology several millennia ago. Since the noble metals were naturally 

resistant to corrosion, iron metallurgy was developed by the Celtic tribes 3000 years ago, which 

marked the beginning of the accumulation of information about how to prevent corrosion. Since 

then, numerous primary directions have emerged [67]:  

✓ Natural passivation 

Certain non-noble metals exhibit corrosion resistance indefinitely, whereas others only 

do so under specific oxidizing circumstances. One such instance is iron in intense nitric acid 

contact, a phenomenon that was first identified in 1797. Iron exhibits a metallike surface and is 

stable in nitric acid, despite dissolving in non-oxidizing acids. The development of an extremely 

thin layer of protective oxide is the cause.  

✓ Inhibition  

Certain chemicals possess the ability to either completely stop corrosion or significantly 

slow it down. We refer to the compounds as inhibitors. These compounds find application in 

closed systems such as cooling aggregates. 
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✓ Phosphatizing  

Iron can have its surface treated to create a thin layer that, although not completely 

protecting it, slows down the corrosion process and helps subsequent layers stick to the iron. In 

the auto business, this is currently a widespread procedure.  

✓ Conversion coatings  

Certain metals can be treated with oxidizing chemicals, chromate solutions being the 

preferred choice, to create an oxide coating saturated with chromate ions. Applying this 

treatment to aluminum, copper, and zinc surfaces is one of the best ways to prevent corrosion. 

Toxic effects are well-known for chromate ions. This superficial therapy is now prohibited 

going forward due to political decisions. There hasn't been a comparable effective alternative 

corrosion protection treatment created as of yet. 

✓ Surface coating with another metal with better resistance against corrosion  

One option is to plate the metal layer. Among these, zinc plating is the most significant. 

However, there are alternative ways to get a metal layer ready, like mechanical plating, which 

involves spraying or dipping the pieces into a liquid metal bath. 

✓ Surface coating with a non-metallic inorganic material like enamel.  

Because the parts may be utilized at greater temperatures thanks to this coating, which 

covers the surfaces with an isolating material, it is particularly effective. Anodic oxidation and 

the development of a thick surface oxide layer can result in the production of an intrinsic 

inorganic coating for some metals. The oxidation of aluminum by the Local process is one 

instance.  

✓ Surface coating with an organic material.  

Although the metallic surface appearance is removed, this is still quite effective. At the 

very least, the metallic conductivity is warped. Moreover, higher temperatures are not suitable 

for using the coated parts. Because corrosion can occur beneath the covering, even a little scratch 

in the coating might have disastrous consequences. Recently, a unique type of organic covering 

known as inherently conductive polymers has been reported. These substances might possess 

unique anti-corrosion qualities. 
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✓ Cathodic protection  

A metal is shielded if it is polarized to a potential that is sufficiently negative to its Nernst 

potential. The application of an external voltage makes polarization possible. Making a galvanic 

element out of a metal that is less noble than the metal that needs to be protected is another 

technique. Magnesium is a characteristic metal for iron. This technique is widely applied in 

subterranean construction, marine technology, and concrete reinforcements. 

I.4.5. Corrosion inhibitors 

According to ISO 8044 (International Organisation for Standardisation): "An inhibitor 

is a chemical substance added to the corrosion system at a concentration chosen for its 

effectiveness, and which results in a decrease in the corrosion rate without significantly altering 

the concentration of any corrosive agent contained in the aggressive medium"[68]. 

I.4.5.1. Inhibitor operating conditions 

The nature of the metal: The protection of two metals requires the use of two different 

inhibitors, because an inhibitor that is effective on iron is not necessarily effective on copper. 

[70,71]. 

Inhibitor concentration: It is essential to know the minimum effective concentration to be 

used, while taking care not to exceed the maximum recommended concentration. 

[72,73]. 

Temperature: As a general rule, inhibitors lose their protective properties when exposed to 

high temperatures [74]. 

Cleanliness of the metal surface: A clean surface will require less product than one fouled by 

pre-existing corrosion products [73]. 

The nature of the environment: the presence of aggressive ions (Cl; SOr, NO;) can modify 

the behavior of an inhibitor [74]. 

Compatibility between different additives 

Several considerations need to be taken into account when using an inhibitor [75]. These 

include: 
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✓ The possibility of its degradation in the liquid medium; the loss of inhibitor can be 

caused by precipitation, chemical reactions with other substances (such as oxygen), its 

adsorption on different surfaces (metals, suspended particles, corrosion products, etc.), its 

degradation by micro-organisms or even its thermal degradation. 

✓ Its solubility and ability to disperse properly in the medium. 

✓ Its compatibility with other chemical substances presents in the solution. 

✓ The risk of forming emulsions; inhibitors often have surface-active properties that can 

lead to the formation of emulsions, which are sometimes difficult or even impossible to separate. 

I.4.5.2. Classification of inhibitors 

There are several possible ways of classifying inhibitors, which differ from one another 

in various ways [76]: 

✓ The nature of the products (organic or mineral inhibitors). 

✓ Their electrochemical mechanism of action (cathodic, anodic or mixed inhibitors). 

✓ Based on their interface mechanisms and principles of action (adsorption to the metal 

surface and/or formation of a protective film). 

✓ From the field of application. 

a- Nature of inhibitor 

➢ Organic inhibitors 

Organic inhibitors are an essential group of corrosion inhibitors. Their effectiveness 

depends on the structure, concentration and chemical properties of the layer formed under 

specific conditions. The action of an organic inhibitor is the result of its adsorption to the surface 

of the material. Once adsorbed to the surface, they have a dual action, simultaneously slowing 

down the anodic and cathodic processes. Most of these inhibitors have nitrogen, sulphur or 

oxygen atoms in their structure. Inhibitors containing sulphur are more effective than those 

containing nitrogen, because sulphur is a better electron donor than nitrogen. The main 

characteristic of these inhibitors is their high effectiveness, even at low concentrations. The 

inhibitory effect often increases with the molecular weight of the inhibitor. The use of organic 

inhibitors is preferred for reasons of ecotoxicity. 
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Some organic inhibitors, such as dicyclohexylamine nitrite, can be transported in the 

vapor phase (volatile inhibitors). In condensation zones, they undergo hydrolysis, releasing 

benzoate ions. They must have a vapor pressure such that they can rapidly saturate large 

volumes. In some cases, impregnated papers (urea + sodium nitrite) can also be used [77]. 

➢ Mineral inhibitors  

Mineral compounds are generally used in environments that are close to neutral, or even 

alkaline, and more rarely in acidic environments. When they are in solution, these compounds 

dissociate, and it is often the products of this dissociation that provide the inhibition phenomena, 

namely anions and cations. The predominant inhibiting cations are mainly Ca2+ and Zn2+, and 

they can form insoluble salts with certain anions such as hydroxide (OH-). The main inhibiting 

anions are XO4n-type oxo-anions such as chromates, molybdates, phosphates and silicates 

[78,79]. 

Currently, the number of molecules in use is gradually decreasing due to the fact that 

most effective products have a negative impact on the environment. However, progress has been 

made with the development of new organic complexes of chromium III and other cations (such 

as Zn2+), which are both effective against corrosion and non-toxic [80]. 

b- Classification by mechanism of action  

There is no single mode of action for corrosion inhibitors. Indeed, the mechanism of 

action of any given compound will often depend on the corrosion system (metal/solution) in 

which it is found. However, whatever the exact mechanism by which each inhibitor acts in the 

conditions in which it is placed, there are a number of basic considerations that apply to all 

inhibitors. Since corrosion is essentially an electrochemical process, the inhibitor can only act 

at one of the elementary reaction stages (transport of species in solution, formation of surface 

intermediates, adsorption of species to the surface of solid phases, electronic charge transfer). 

The inhibitor is unlikely to be involved in the process of transporting electroactive 

species (oxygen, proton, reaction products) within the solution, so the mechanism of action of 

an inhibitor is usually to be found in the immediate vicinity of the metal surface. However, in a 

closed circuit, oxygen can be eliminated, and corrosion is then controlled by simply adjusting 

the pH to a sufficiently high value. 
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1. Electrochemical mechanism of action  

There are three types of corrosion inhibitor that act by forming a barrier layer on the 

metal surface. This layer modifies the electrochemical reactions by blocking either the anodic 

or cathodic sites, by influencing the rate of partial electrochemical reactions [81]. 

Anodic inhibitors 

Also known as passivation inhibitors [82], they react to form protective films, reducing 

the anodic partial current density and shifting the corrosion potential in a positive direction 

[83]. 

If the inhibitor adsorbs preferentially on the anodic dissolution sites of the metal where 

the following reaction takes place, it is an anodic inhibitor. 

M  → Mn+ + ne- I.6 

The anodic inhibitors react with the Men+ metal ions produced on the anode, generally 

forming insoluble oxides that deposit on the metal surface as an insoluble film that is 

impermeable to the metal ion. The hydrolysis of the inhibitors produces OH- ions. 

 

Figure I. 3. Illustration of the effects of anodic inorganic inhibitors and their mechanism of 

action 

Although anodic inhibitors are commonly used and very effective, they generally have 

a major drawback: if the amount of inhibitor gradually decreases, the metal surface is no longer 

fully protected and acts as an anode. This creates a dangerous combination of a small anode and 

a large cathode, leading to pitting corrosion. In this case, the inhibitor does more harm than 

good, hence their reputation as dangerous substances. However, benzoate ion seems to be an 

exception, as even a very low concentration of inhibitor only leads to widespread corrosion [77]. 
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Cathodic inhibitors  

These inhibitors act by causing the precipitation of a salt or hydroxide on the cathodic 

surface, thanks to the OH- ions produced by the reduction of dissolved oxygen during the 

cathodic reaction. This leads to a reduction in the cathodic partial current density and a shift in 

the corrosion potential towards more negative values [83]. 

In a neutral aqueous medium, the following cathodic reaction takes place: 

O2 + 2 H2O + 4e- → OH- I.7 

It is mainly applied to bare surface areas and stabilizes the protective oxide layer. In an 

acidic aqueous medium, the cathodic reaction: 

2 H+ + 2e- → H2 I.8 

Cathodic inhibitors create a layer of insoluble precipitates on the metal, covering it. This 

limits the metal's contact with the environment, even if it is completely immersed, preventing 

corrosion from occurring. This is why the cathodic inhibitor is concentration-independent and 

considerably safer than the anodic inhibitor. 

 

Figure I. 4. Illustration showing the mechanism of action of cathodic inhibitor 

Mixed inhibitor 

If the inhibitor adsorbs indifferently to both types of sites, it is a mixed inhibitor. They reduce 

the rate of both partial reactions with little change to the corrosion potential [84]. 

2. Mechanisms of interfacial action  

Inhibitors can be classified according to how they attach to the metal surface. A 

distinction is made between adsorption or "interface" inhibitors and so-called "interphase" 

inhibitors. Adsorption inhibitors are mainly present in acidic environments and act by forming 
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one- or two-dimensional films of molecules that attach to the metal surface. Interphase 

inhibitors, on the other hand, are specific to neutral or alkaline environments and form 

threedimensional films that integrate the substrate's dissolution products. 

 

Figure I. 5. Schematic representation of the modes of adsorption of inhibiting organic 

molecules on a metal surface. 

Adsorption is a surface phenomenon that occurs universally because all surfaces are 

composed of atoms that do not have all their chemical bonds satisfied. Consequently, these 

surfaces tend to fill this gap by capturing nearby atoms and molecules. The inhibitor/metal 

surface bond is mainly due to two types of interaction: physisorption, which involves the 

formation of weak bonds, and chemisorption. The nature and charge of the metal, the chemical 

structure of the organic product and the type of electrolyte influence these two types of 

adsorptions [85]. 

➢ Physical adsorption or physisorption  

Physical adsorption results from electrostatic interaction between the ions or dipoles of 

the organic molecules and the electrically charged metal surface. Dipoles of organic molecules 

and the electrically charged metal surface. It is linked to the formation of Vander Waals bonds 

and electrostatic polarisation interactions. Physical adsorption occurs without modifying the 

molecular structure and the adsorbed molecules can be easily desorbed by reducing the pressure 

or increasing the temperature [83]. 
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Figure I.6. Physisorption phenomena. 

➢ Chemisorption  

Chemisorption is a more common mechanism than physisorption and leads to higher 

inhibitor efficacy. This mechanism involves a transfer of electrons between the metal orbitals 

and the inhibitor molecule, resulting in the formation of more stable chemical bonds due to the 

increase in binding energies. Generally, there is a transfer from the donor molecule to the 

acceptor metal, but there are also cases where the metal is the electron donor and the molecule 

is the acceptor [86].  

Most of the electrons come from the unpaired duplicates of the inhibitor molecules, such 

as O, N, S, P, etc. (all these atoms are distinguished from the others by their high 

electronegativity). Chemical adsorption is accompanied by a profound change in the electronic 

charge distribution of the adsorbed molecules [72]. 

I.4.5.3. Classification by field of application  

Although their use can theoretically be envisaged in most cases of corrosion (with, as 

main limitations, too large a volume of the corrosive medium or the possible impossibility of 

incorporating additives), inhibitors have several traditional areas of application 

✓ Water treatment (sanitary water, industrial process water, boiler water, etc.). 

✓ The oil industry: drilling, extraction, refining, storage and transport. At all stages of this 

industry, the use of corrosion inhibitors is essential to safeguard installations. 

✓ Temporary protection of metals, whether during acid pickling, cleaning of installations 

or storage in the atmosphere (volatile inhibitors, incorporation into temporary protection 

oils and greases) or for the treatment of cutting oils. 
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✓ The metal paint industry, where inhibitors are additives used to protect metals against 

corrosion [84]. 

I.4.5.4. Adsorption isotherm 

Adsorption isotherms are very important in determining the mechanism of 

organoelectrochemical reactions. The best known are the isotherms of: Langmuir, Frumkin, Hill 

deBoer, Parsons, Temkin, Flory -Huggins and Dhar -Flory Huggins and Bockris -Swinkels [87]. 

The most frequently encountered isotherms include: 

a- Langmuir isotherm  

Langmuir's model assumes that there is a fixed number of sites on the surface. Each of 

these sites can adsorb only one particle. Furthermore, as interactions between adsorbed particles 

are neglected, the adsorption energy is constant [88]. 

The rate of adsorption is proportional to the inhibitor concentration and to the fraction of 

unoccupied adsorption sites (1 -θ). 

(1 )ads inhC = −  I.9 

b- Temkin isotherm  

The adsorption free energy of the adsorbate is a linear function of the recovery rate θ. 

The chemical rate constants are a function of θ. There is attraction or repulsion between species 

adsorbed to the surface [89,90]. The equation for the Temkin isotherm is expressed as follows: 

exp( ) 1

1 exp( ( 1))
ads

a
KC

a





−
=

− +
 I.10 

c- Frumki isotherm  

The Frumkin isotherm is established by a statistical method and allows interactions 

between adsorbed molecules to be taken into account. The variation in the recovery rate as a 

function of concentration is given by the following relationship [83]: 

1(1 ) exp( )adsKC a −= − −  I.11 
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d-Freundlich isotherm  

The Freundlich equation is an empirical model based on adsorption on heterogeneous 

surfaces. It is used when more than one adsorption monolayer can form on the surface and the 

sites are heterogeneous with different binding energies [75]. The isotherm is expressed by the 

following equation: 

n

inhKC =  I.12 

With: 

n: Degree of non-linearity in the relationship between et Cinh (0 < n < 1) 

a: Interaction constant between adsorbed particles 

k: Adsorption coefficient 

Cinh: Concentration of inhibitor in the electrolyte. 

I.4.5.5. Bibliographic reference 

 In 2016 H. Ait Youcef and al. [29] synthesized and characterized a new melamine-based 

hybrid compound. Tetrakis (melamine2+) bis (melamine+) pentakis (monohydrogenophosphate) 

tetrahydrate was obtained by the reaction of the melamine and phosphoric acid in an acid 

medium HCl/H2O. Its structure was identified by X-ray diffraction. The UV-vis absorption 

spectrum showed that the crystal obtained has a good optical transmittance throughout the 

visible region. The FT-IR spectrum indicates the presence of functional groups in the hybrid. 

Several modes of stretching and deformation confirmed the presence of intermolecular 

hydrogen bonds in the crystal. The TGA-DTA results indicate that tetrakis (melamine2+) bis 

(melamine+) pentakis (monohydrogenophosphate) tetrahydrate has better thermal stability, 

making it suitable for thermal applications 

 The same researchers have found a simple method for synthesizing a new inorganic-

organic compound, 4C3H5N3O3
2+. 2C3H4N3O

3+. 5HPO4
2-.4H2O resulting from the reaction of 

melamine and phosphoric acid in methanol [30]. It was identified using X-ray diffraction on 

single crystals and characterized using different physicochemical studies. 

 UV-vis analysis shows good transmittance in the visible range, with an absorption 

threshold at 255 nm. Thermal behavior shows good thermal stability up to 230°C [30]. 
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 H. Ait Youcef and al. [31] prepared and characterized by DRX, UV-vis, FT-IR, FT-

Raman and 1H NMR a new hybrid material bis (2,4,6-trihydroxy-1,3,5-triazin-1-ium) 

bischloride monohydrate (2C3H4N3O
+. 2Cl-.H2O). 

 Spectroscopic and radiographic characterization confirm the structure of the compound. 

The hybrid shows thermal stability up to 207°C. 
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 In this chapter, we describe the various experimental physico-chemical methods such as 

UV-Visible (UV-Vis), infrared spectroscopy (IR), single-crystal X-ray diffraction (SXRD), 

Hirshfeld surface analysis and electrochemical methods such as cyclic voltammetry, 

potentiodynamic polarization (TAFEL) and electrochemical impedance spectroscopy (EIS) 

used to study corrosion inhibitors.  and the experimental procedure, as well as a reminder of 

certain definitions and concepts that are necessary for our work and that will enable us to master 

the phenomena involved and interpret the results obtained. 

II.1.  Study Methods 

II.1.1 DRX  

X-rays are short-wavelength electromagnetic radiation produced by electron transitions 

involving electrons in the surrounding of the nucleus of the atom. When the rays hit the first 

layer of atoms on the surface of a crystalline solid at an angle, a certain amount of the rays is 

scattered. 

II.1.2. Hirshfeld surface analysis 

Its main purpose is to visualize and investigate molecular crystal structures, particularly 

through the decorated Hirshfeld surface and its corresponding two-dimensional fingerprint, as 

well as to visualize void spaces in the crystal through isosurfaces of the promolecule electron 

density. Crystal Explorer is a native cross-platform program that works with Windows, MacOS, 

and Linux. The program has undergone substantial modifications and improvements over the 

last ten years, including the ability to compute and visualize quantitative intermolecular 

interactions with accuracy and speed, and perhaps most importantly the ability to interface with 

the Gaussian and NWChem programs to compute the quantum-mechanical properties of 

molecules [1]. 

II.1.3. Spectroscopic analysis  

II.1.3.1. Infrared (IR) absorption spectroscopy 

 Infrared spectroscopy is one of the most widely used tools for characterizing and 

identifying organic molecules based on their vibrational properties. It is based on the absorption 

of very low-energy photons that modify the fundamental vibrational energy of molecules. It is 

a rapid and sensitive functional characterization method. The electromagnetic infrared spectrum 
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is divided into three regions: near (14000 - 4000 cm-1), medium (4000 - 400 cm-1) and far (<400 

cm-1). 

 The infrared spectrum represents a range of electromagnetic radiation between visible 

light and microwaves. In the context of structural determinations, is primarily focused on the 

central region of this spectrum, which generally extends from 2.5 μm to16 μm. The 

characteristics of infrared radiation are often expressed in terms of frequency, defined by the 

wavenumber (ν) in inverse relation to the wavelength (λ): ν = 1/λ, this frequency range generally 

covers values between 4000 and 400 cm-1 

The bands observed are mainly associated with two distinct modes of vibration: 

✓ Elongation vibration (valence wave): oscillation of two bonded atoms along the axis of 

their bond, producing a periodic variation in their distance. 

✓ Deformation vibration: oscillation of two atoms bonded to a third, producing a periodic 

variation in the angle of two bonds. 

An IR spectrum is roughly divided into two parts: 

✓ This region, between 4000 and 1500 cm-1, represents the range of valence vibrations 

characteristic of the main functions. 

✓ The region between 1500 and 400 cm-1 known as the fingerprint zone, which is most 

often used to compare the spectra of products with controls [2]. 

II.1.3.2. UV-Vis spectroscopy 

 UV-Vis spectroscopy is a straightforward, affordable, and adaptable method for 

determining a sample's absorption or transmission of ultraviolet and visible light. It is based on 

the properties of molecules to absorb light radiation of a certain wavelength. UV-Visible 

spectroscopy allows to access information qualitatively as to the nature of the bonds present 

within the sample but also to determine quantitatively the concentration of absorbing species in 

this spectral range. Ultraviolet-visible spectroscopy is a spectroscopic technique involving 

photons with wavelengths in the range of ultraviolet (100 nm - 400 nm), visible (400 nm - 750 

nm) or near infrared (750 nm - 1 400 nm). 

 

 

 



Chapter II 

39 

 

II.1.3.3. Thermal analysis 

 Thermal analyses are methods to monitor the thermal exchange between a sample and 

the external environment as a function of temperature. Heat treatment can be isothermal or 

dynamic with a programmed temperature rise rate. This analysis allows to study the chemical, 

physical or physicochemical phenomena, which are translated under the effect of temperature 

and in controlled atmosphere by a variation of mass. ATG quantifies the loss of material 

components and monitors their thermal stability. ATD measures the temperature difference 

between a sample and a reference when both are heated under the same atmosphere 

II.1.4. Atomic force microscope (AFM) 

 Atomic force microscopy (AFM) is a method for analysing the surface topography and 

calculating the deposition roughness of a sample. This technique involves scanning the surface 

of the sample using a tip mounted on a lever, which is moved by a piezoelectric tube. The 

interactions (attractions or repulsions) between the atoms at the tip and those on the sample 

surface are used for this analysis. A laser beam is directed at the end of the lever and its reflection 

is detected by a photodiode, enabling the deformation of the lever to be measured. The vertical 

position of the sample is adjusted to maintain a constant force during the measurement. Using 

this method, it is possible to determine the topography of the sample [3-5]. 

II.1.5. Electrochemical methods used 

II.1.5.1. Cyclic Voltammetry (VC) 

Cyclic voltammetry (VC) is a highly effective electrochemical method for the 

characterization of charge transfer reactions and allows to characterize species and the degree 

of reversibility of the electrochemical process. The general principle of voltammetry is therefore 

to obtain a response (current) from the system under study to the excitation (potential) which is 

responsible for the desired electrochemical reaction. This is done by performing an exploration 

by imposition and progressive variation of the electrode potential (potential scanning). The main 

advantages of cyclic voltammetry include: 

- The speed of measurements. 

- The possibility of stopping a reaction sequence by playing on the potential scanning domain. 

- The study of re-oxidation of products formed at electrodes. 
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- Analysis of solutions and determination of the concentration of species present. 

- The possibility of studying adverse reactions [6]. 

In the case of linear voltammetry, the evolution of voltage is expressed. 

E (t) = E0+ v t  II.1 

The plus sign in the previous equation corresponds to a sweep towards positive voltages, 

the minus sign corresponds to a sweep towards negative voltages. 

where: 

E: Potential of the indicator electrode (volt). 

Ei: Initial potential applied to the electrode. 

v: Scan speed, v = dE/dt (V/s). 

t: Time (s). 

E0: is the initial value of the electrode voltage.  

v: is the scanning speed in voltage. Figure II.1 represents the evolution of the electrode potential 

following a potential that has changed linearly over time. 

 

Figure II.1. The general shape of the voltammetry curve. 

The potential is measured between the reference electrode and the working electrode, 

and the current is measured between the working electrode and the counter-electrode. These 

data are then plotted in the form of intensity versus potential. As the potential shape shows, the 
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subsequent sweep produces a current peak for all species that can be oxidized or reduced in the 

sweep potential interval. 

Reversible system: In a fast electron transfer kinetics, the maximum current for a reversible 

torque at 25°C is given by the Randles-Sevcik equation: 

5 3/2 1/2 1/2(2.69*10 )pI n AD Cv=   II.2 

The potential difference between anode and cathode peaks is: 

0.059 /pc paE E E n = − =   II.3 

Peak potentials do not change with the scan speed. The ratio of peak currents is equal to one 

(Ipa/Ipc =1). 

Quasi-reversible system: The peak current is given by the equation: 

5 3/2 1/2 1/2(2.99*10 )p sI n AD K Cv=  II.4 

The potential difference between anode and cathode peaks is ΔE > 0.059/n, 

Irreversible system: When the electron transfer kinetics is slow (irreversible) the current 

expression becomes: 

5 1/2 1/2 1/2(2.99*10 ) ( )p aI n n AD Cv=   II.5 

Where: 

Ip: Peak current intensity (A) 

n: Number of electrons transferred 

A: Electrode surface (cm2) 

C: Concentration (mol.cm-3) 

v: Scan speed (V/s) 

D : Diffusion coefficient (cm2/s) 

Studying the variations of current and peak potential as a function of the scanning speed (Ip 

=ƒ(v1/2) and Ep= ƒ(Log(v)) can inform us about the nature of the limiting step and the kinetics 

of the electrochemical reaction at the electrode. 
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 * If Ip = ƒ(v1/2) is a straight line, the reaction is governed by diffusion only. 

 * If Ip= ƒ(v1/2) is a concavity curve oriented towards the current axis, the electrode process 

involves a charge transfer with adsorption. In the case where the concavity is turned towards the 

axis of the scan speeds, the electrode process is associated with a chemical reaction. 

 * If Ep= ƒ(Log(v)) is a straight line: - Zero slope, the electrode reaction is fast. - With a slope 

of not zero and equal to 30/nF (mV), this is a slow load transfer. 

 * If Ep= ƒ(Log(v)) is a curve and Ip= ƒ(v1/2) is a straight line, this is a semi-fast process. 

II.1.5.2. Polarisation curves 

Polarisation curves, known as Tafel lines, illustrate the metal-solution interface and are 

a fundamental characteristic of electrochemical kinetics. However, they only reflect the slowest 

stage of the overall process (such as the transport of matter or the adsorption of species onto the 

electrode) at the electrochemical interface. The plot of the polarization curves (Figure II.2) 

allows to determine precisely the electrochemical parameters of a metal in contact with an 

electrolyte, such as corrosion current density (icorr), anode plate slopes (βa) and cathodic (βc), 

corrosion potential (Ecorr) and corrosion rate (vcorr) [7]. 

A potentiodynamic curve is made up of two branches: 

- an anode branch corresponding to the superposition of currents resulting from oxidation 

reactions: M → Mn+ + ne-     corrosion of the metal, for example. 

- a cathode branch corresponding to the superposition of the currents resulting from the 

reduction reactions. 

 

Figure II.2. Schematic representation of a current-potential curve (Tafel lines). 
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II.1.5.3. Electrochemical impedance spectroscopy (EIS) 

  EIS is the most widely used electrochemical technique for studying corrosion processes 

and corrosion protection (inhibitors or coatings). It is a non-destructive method that enables the 

evolution of a system to be followed over time. It can be used to identify the mechanisms taking 

place at the metal/solution interface and to propose kinetic models [8]. 

This method consists of superimposing a low-amplitude sinusoidal potential modulation 

on the electrode potential and monitoring the current response for different frequencies of the 

disturbance signal. Frequency analysis of the electrochemical impedance will enable the various 

elementary phenomena to be differentiated according to their characteristic frequency (or time 

constant). The electrochemical phenomena of charge transfer occur in the high-frequency range, 

while the phenomena of diffusion, and adsorption.... occur at low frequencies [9]. Impedance is 

derived from two types of plots, the Nyquist diagram and the Bode diagram (Figure II.3). 

 

Figure II.3. a. Impedance diagram in the Nyquist plane. b. Bode diagram 

This diagram shows the imaginary part of the impedance as a function of the real part. 

It allows the solution resistance to be determined directly by reading the real part of the 

impedance at high frequency, as well as the charge transfer resistance by reading the real part 

of the impedance at low frequency. The capacitance 𝐶 is calculated using the frequency at the 

top of the loop [10]. 

The Bode representation consists of two graphs plotting the logarithm of the modulus 

|𝑍| and the phase φ of the impedance versus the logarithm of the frequency [11]. 
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II.2. Equipment used and operating conditions 

II.2.1. Single crystal X-ray diffraction 

The single-crystal X-ray diffraction (SXRD) was performed at 150 K, using Bruker D8 

Venture photon diffractometer, equipped with a Mo(Kα) anticathode and a graphite 

monochromator (λ=0.71073 Å). The refinement was performed by the full-matrix least square 

method using SHELXL-2017 (Sheldrick, 2017) programs [12]. All observed reflections and 

data reduction were used for the unit cell refinement, by the mean of CrysAlisRed program [13]. 

At the end, the structures were plotted by using Mercury software [14]. The X-ray 

crystallographic data for the structure reported in this paper have been deposited at “Cambridge 

Crystallographic Data Centre” (CCDC) with the reference number 2236655 for Hybrid 1 and 

2236678 for hybrid compound 2. 

II.2.2. Hirshfeld surface analysis 

The Hirshfeld Surface analysis was performed to determine the intermolecular 

interactions in the crystal lattice of Tris(melaminium) monodrogenphosphate 

dihydrogenphosphate tetrahydrate and 2,4,6-triamino-1,3,5-triazinium perchlorate 

monohydrate. The Crystal Explorer program has been used to obtain the fingerprint plots. The 

fingerprint plots are identified based on the de and di distances from the HS to the nearest nucleus 

outside and inside the surface, respectively. 

II.2.3. Infrared (IR) absorption spectroscopy 

The infrared spectra of the mattes were recorded in a frequency range from 500 to 4000 

cm-1. The analyses were carried out in solid phase using a spectrophotometer equipped with a 

module made of a crystal in Germanium (IR Spirit). 

II.2.4. UV-Vis spectroscopy 

The UV-visible absorption electronic spectrum was recorded in distilled water between 

200 and 800 nm using a UV-1900i UV–Vis. Spectrophotometer, using quartz cells of 1 cm path 

length. The solvent used is water 
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II.2.5. Thermal analysis 

The thermal behavior of the materials was investigated from the room temperature to 

825 °C, utilizing a simultaneous thermo-gravimetric analysis and differential thermal analysis 

(TGA–DTG), and differential scanning calorimetry (DSC) techniques, using a Perkin Elmer 

TGA 4000 apparatus, under nitrogen atmosphere, with a heating step of 20 °C/min. 

II.2.6. Electrochemical measurement 

The electrochemical studies use a set-up consisting of a thermostated electrochemical 

cell with three electrodes, connected to a Potentiostat / Galvanostat, controlled by a computer 

(voltamaster 4 software). 

The cell is made of PYREX glass, with a capacity of 25 ml, a sufficient volume to ensure 

that the concentration of electroactive species remains constant during the manipulation. The 

cell has a double wall and a 4-hole lid to accommodate the three electrodes and the degassing 

tube. 

electrodes 

✓ Working electrode: Platinum electrode with an area of 3 mm², and round X48 carbon 

steel electrode in the form of a cylindrical rod 

✓ The auxiliary electrode (counter electrode): we used a platinum wire as the counter 

electrode. 

✓ Reference electrode: all potential measurements are taken against a saturated potassium 

chloride (Ag/AgCl) and calomel electrode (ECS). 

II.3. Products and solvents used  

The reagents and solvents used in this study are commercial and were used without prior 

treatment: 

-2, 4,6-triamino-1, 3,5-triazine (Melamine). 

-  Phosphoric acid (H3PO4). 

- Perchloric acid (HClO4). 

- Lithium perchlorate (LiClO4). 
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- Ethanol / Methanol. 

- Dimethysulfoxide (DMSO). 

- Nitrogen. 

- Distilled water. 

-Acetone. 

-The carbon steel XC48, which was cut into a cylindrical shape with dimensions that differed 

from the exterior surface S, had the following chemical composition: Fe (98.098%), C (0.418%), 

F (0.777%), Mn (0.730%), Si (0.245%), Ni (0.079%), S (0.019%), P (0.016%), and Mo 

(0.012%). Following that, three cleaning procedures were carried out: washing with distilled 

water, rinsing with acetone, and abrading with Emery paper 600, 800, 1200, 1500, and 2400. 

Synthesis montage 

The experimental set-up includes: 

- A balloon heater with magnetic stirring. 

- A coolant that condenses the solvent during the reaction. 

- A ball with a magnetic bar. 
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Synthesis, structural characterization 

and thermal stability of Hyb 1 
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This chapter will be devoted to the description of the synthesis of a new hybrid ionic 

material named tris(melaminium) monodrogenphosphate dihydrogenphosphate tetrahydrate 

(3C3H7N6
+.HPO4

2-.H2PO4
-.4H2O) ((Hyb 1) as single crystal, its detailed structural study by 

single crystal X-ray diffraction and its Hirshfeld Surface. As well as, its characterization by 

UV-Vis and FT-IR spectroscopic analysis and its thermal decomposition behavior studied 

by TGA/DTG. 

III.1. Synthesis and crystallization 

 The starting compounds, melamine (Sigma Aldrich, 99%) and phosphoric acid 

(Sigma Aldrich, 85%) were used as supplied. The dissolved acid was added dropwise to the 

melamine in hot distilled water with the help of a dropper. Then the reaction mixture was 

brought to reflux under magnetic stirring. After 6 hours, the mixture evaporated slowly at 

room temperature. The solid compound formed was filtered and washed with ethanol several 

times to obtain highly purified material a reaction for the synthesis of 

+ 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O is shown in Scheme III.1.  

 

 

Scheme III. 1 Reaction scheme for the synthesis of + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O . 

III.2.  Structural Characterization  

III.2.1.  Single crystal study  

Figure III.1 (a) shows the asymmetric unit of title material, it is made up by three 

singly protonated melamine (3M+) cations at the N atom of the s-triazine ring, one simple 

and one double negatively charged phosphoric acid anions 2HPO4
1- and 2HPO4

2- 

respectively, and four water molecules, giving the chemical formula

+ 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O . In addition, the Figure III.1 (b) shows the internal angle 

measurements and bond lengths characteristic of melaminium, illustrating that are skewed 

from the ideal form, as reported R. Bourzami and al [1]. and according to the valence-shell 
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electron pair repulsion theory (VSEPR), this distortion can be well explained by the lone 

pair electron steric effect [2]. 

 

 

( a ) ( b ) 

 
 

(c) (d) 

Figure III.1.  (a) Asymmetric unit provided by atomic labelling, (b) unit cell provided by 

hydrogen bonding system, (c) internal angles of s-triazing of the asymmetric unit (d) bond 

lengths of s-triazing of the asymmetric unit. 
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Furthermore, two asymmetric units (Z = 2) form the triclinic unit cell (Figure III.1 

(c)), that has -

1P space group and the cell parameters a = 11.242(9), b = 11.846(9), c = 

11.983(9) Å and α = 66.929(3), β = 115.341(2) and γ = 64.303(3) °, the experimental crystal 

data and structure refinement parameters are listed in Table III.1. The unit cell is non-

centrosymmetric, but characterized by identity symmetry and an inversion center at the 

origin (000). In addition, the SXRD reveals that crystalline structure is maintained by weak 

bonds mainly hydrogen ones, giving a type one hybrid material; considering 3 Å as max 

donor-acceptor distance, 13 extramolecular hydrogen bonds per asymmetric unit of the type 

N-H∙∙∙N, N-H∙∙∙O, N+-H∙∙∙O and O-H∙∙∙O were predicted. The N-H∙∙∙N type joins the 

melaminium molecules, N-H∙∙∙O and N+-H∙∙∙O types connect the organic and the inorganic 

parts, while the O-H∙∙∙O type connects the molecules of phosphoric acid and water, which 

are either inorganic part. The Table III.2 lists one formal asymmetric unit's hydrogen bonds 

and their characteristics: bond lengths, angle measurements, and symmetry codes.   

Table III.1. Crystal data and structure refinement parameters. 

Empirical formula + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O  

Crystal system Triclinic 

Molecular weight (g/mol) 646.46 

Space group P1
−   

a (Å) 11.242 (9) 

b (Å) 11.846 (9) 

c (Å) 11.983 (9) 

α (°) 66.929 (3) 

β (°) 71.555 (3) 

γ (°) 64.303 (3) 

V (Å3) 1302.24 (18) 

Z 2 

Crystal size (mm3) 0.22 × 0.19 × 0.16 

Crystal color/habit Colourless/Prism 

Dcalc (mg/m3) 1.649 

λ MoKα1 (Å) 0.71073 

Temperature (K) 150 
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μ (mm-1) 0.26 

F(000) 676 

θ Range (°) 2.3→27.5 

Δ ρmax  (eÅ−3) 0.63 

Δ ρmin (eÅ−3) -0.45 

h -14→14 

k -15→ 15 

l - 15→15 

Measured reflections 29641 

Independent reflections 5909 

reflections with I>2σ(I) 4410 

No. of parameters 502 

Rint 0.072 

R [F2>2σ(F2)]  0.040 

wR(F2) 0.099 

S 1.04 

Table III.2. Hydrogen-bond geometry and their symmetry codes. 

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (°) 

N3-H3N···O1 0.87 (3) 1.81 (3) 2.678 (2) 175 (2) 

N5-H5A···O12i 0.88 (3) 2.12 (3) 2.972 (2) 164 (2) 

N5-H5B···O14ii 0.89 (3) 2.04 (3) 2.908 (3) 166 (2) 

N6-H6A···N23ii 0.86 (3) 2.13 (3) 2.983 (3) 174 (2) 

N6-H6B···O3 0.88 (3) 2.02 (3) 2.890 (2) 175 (2) 

N11-H11N···O6 0.93 (3) 1.73 (3) 2.657 (2) 174 (3) 

N14-H14A···N13iii 0.90 (3) 2.07 (3) 2.959 (3) 174 (2) 

N14-H14B···O11 0.85 (3) 2.36 (3) 3.008 (2) 133 (2) 

N16-H16A···O4iv 0.91 (2) 2.01 (3) 2.904 (2) 169 (2) 

N16-H16B···O11iii 0.86 (2) 2.25 (3) 3.090 (3) 163 (2) 

N21-H21N···O13 0.91 (3) 1.72 (3) 2.616 (2) 169 (3) 

N26-H26A···O7v 0.86 (2) 2.04 (2) 2.878 (2) 164 (2) 

N26-H26B···O2iv 0.89 (3) 2.25 (3) 3.025 (2) 145 (2) 

Symmetry codes: (i) −x, −y+1, −z+2; (ii) x, y−1, z+1; (iii) −x, −y+2, −z; (iv) −x+1, −y+1, 

−z; (v) x+1, y, z−1. 
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The Figure III.2 illustrates the 3D supramolecular network, it shows clearly the 

formation of melaminium planar supramolecular chains along (Oa) direction (Figure III.2 

(a)), comparing to our previous similar compound [3], those supramolecular chains are laid 

parallel along a diagonal direction of the unit cell, but in non-stacked form as shown in the 

Figure III.2 (b), with a separation distance about 3.2 Å, at this distance no direct contact 

between the chain was observed, whereas, the chains are inter-connected indirectly by N-

H∙∙∙O, N+-H∙∙∙O hydrogen bonds via the water and phosphoric acid of the inorganic part 

(Figure III.2 (c)), forming finally hybrid lamellar material along the (Oc) direction (Figure 

III.2 (c)).  

 

(a) 

 

(b) 

 

(c) 

Figure III.2. 3D supramolecular network (a) melaminium chains laid along the direction 

‘oa’ (b) diagonal view showing the non stacked parallel melaminium chains, (c) 3D 

supramolecular network. 

 

 

 

a 

b 
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III.2.2. Hirshfeld Surface (HS) analysis 

The Hirshfeld surface (HS) analysis was performed using Crystal Explorer 21 to 

study the different intermolecular close contacts in the crystal structure [4,5]. The two-

dimensional HS fingerprint plots allowed the identification of the close contacts, and 

estimated by the nearest nucleus external (de) as function of the nearest nucleus internal (di) 

distances to the HS surface [6].  In the crystal, the distances de and di mapped on the Hirshfeld 

surface provide a three-dimensional picture of intermolecular close contacts [7]. Considering 

the Van der Waals rays, the normalized contact distance dnorm is given by the following 

formula [8]:  

dW dW

i ei e

dW dWnorm

i e

d dr r
d

r r

 

 
= +− −   III.1 

Where: re
vdW and ri

vdW are the van der Waals radius of the appropriate atom external and 

internal respectively [7]. The dnorm values is displayed using a red–white–blue color scheme, 

where red highlights shorter contacts, white is used for contacts around the vdW separation, 

and blue is for longer contacts. In addition, two additional colored representation (shape 

index and curvedness) based on the HS can be specified. 

The Figure III.4 shows the surfaces mapped over dnorm, shape index and curvedness. 

The HS of the Tris(melaminium) monodrogenphosphate dihydrogenphosphate tetrahydrate 

were generated utilizing a standard (high) surface resolution with the 3D dnorm surfaces 

mapped over a fixed color scale of -1.487 Å (red) to +1.368 Å (blue), the shape index mapped 

in the color range of -0.997 Å to +0.999 Å and curvedness was in the range of -4.823 Å to 

+0.772 Å are simulated and plotted with Crystal Explorer software. Very close 

intermolecular interactions were identified by the 3D dnorm surface. The shape index is shown 

with 2D-fingerprint plots; it is sensitive to the very slight surface shape fluctuations. The 

curvedness is a function of the number of forms in the crystal.  
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Figure III.3.    Hirshfeld surfaces (a) dnorm, (b) shape index, (c) curvedness for Tris 

(melaminium) monodrogenphosphate dihydrogenphosphate tetrahydrate. 

In addition, the HS calculations allowed the determination of some quantitative 

measures like Hirshfeld area (SH = 641.11 Å2), Hirshfeld volume (VH = 550.35 Å3), 

asphericity (Ω = 0.194) and globularity (G = 0.653) (Table III.3). The Globularity G is a 

measure of the degree to which the surface area differs from a sphere of the same volume 

and is equal to (36πVH
2)1/3/SH, and it is inferior to 1, it will be 1 for an ideal sphere. The 

value of G indicate that the molecular surface is more structured, not a sphere [9]. The term 

asphericity is a measure of structural anisotropy [10,11], and is calculated by the following 

Formula: 

2

2

1

1
( )

2

n

i j i

i j i

  

−

 

  
−  

  
 Ω =   III.2 

Where: λi are the three principal moments of inertia of the molecule. 

Table III.3. Quantitative measures of HS. 

Molecular volume VH (Å3) Surface area SH (Å
2) Globularity (G) Asphericity (Ω) 

550.35 641,11 0.653 0.194 

For the title crystal material, the HS analysis reveals that the major intermolecular 

contacts interactions are H···H, O···H, and N···H, and having a partial contribution in the 

total contact 39.8%, 26.1%, and 19.3% respectively. In addition, we noted that the HS 

analysis of the molecule showed also H···C/C···H, C···N/N···C, N···N/ N···N and 

C···C/C···C contacts of 3.8; 6.2; 3.5, and 1.1% respectively (Figure III.4 and Figure III.5). 

These results agree well with the XRD analysis.  
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Figure III.4. 2D fingerprint plots showing the percentage contacts of on the total Hirshfeld 

surface. 

All interaction 99% H···H 39.8% H···O / O···H 26.1% 

H···N / N···H 19.3% C···N / N···C 6.2% H···C / C···H 3.8% 

N···N 3.5% 
C···C 1.1% 
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Figure III.5. Percentages of short contacts contributing to the total HS area. 

III.3. Spectroscopic study 

III.3.1. UV-Visible spectroscopy 

 The absorption electronic spectrum (Figure III.6) shows that the title hybrid material 

is transparent in the entire visible and UV near visible domains, in the far UV domain, it is 

characterized by a strong absorption band at 206 nm, that can be assigned to π→π* electronic 

transition, and an absorption band at 235 nm attributed to n→π*. In addition, the gap energy 

(Eg) is an energy width where no electronic levels exist between HOMO and LUMO, and 

gives information about the reactivity of molecules, the Eg value can be calculated form the 

absorption electronic spectrum. According to the Kubelka–Munk formula [12,13], the 

absorption coeffiients “F(R)” can be derived from the reflctance curves “R”: 

( ) ( )
2

  1  / 2F R R R= −   III.3 

Eg considering direct transitions is estimated from the Tauc plots by extrapolating of the 

linear part of the curve ( )( )
2

.F R h versus photon energy (hν) [14.15], as shown in the insert 

(b) of Figure III.6. The Eg was found to be 5.05 eV 
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Figure III.6. UV–Visible absorption electronic spectrum of + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O  

insert (a): magnification around the absorption bands, insert (b): caculation of the gap 

energy Eg. 

III.3.2. FT-IR spectroscopy 

The Figure III.7 shows FT-IR spectrum of + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O material. 

The characteristic vibrational frequencies were assigned to the various functional groups of 

the molecular structure and listed in Table III.4, arising from internal vibrations of 

melaminium cation, monodrogenphosphate and dihydrogenphosphate anions, the water 

molecules and the vibrations of hydrogen bonds. 
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Table III.4. FT-IR vibrationnal wavenumbers (cm-1) and assignements. 

FT-IR (cm-1) Assignments 

3414 O–H stretching of water 

3331 N–H stretching of NH2 

3076 N–H···O, N–H···N stretching 

2823 P–O–H asymmetric stretching of hydroxide group  

2681 P–O–H symmetric stretching of hydroxide group 

2344 O–H···O asymmetric stretching, with water molecules 

2330 Vibrations of hydrogen bonds formed by water molecules 

1723 NH2 bending 

1668 H2O in plane bending 

1615 Ring: quadrant stretching; NCN bending + ring deformation                                                                         

1554 H2O in plane bending 

1513 Side-chain asymmetric C–N stretching 

1485 Ring triazine 

1406 Ring: semi-circle stretching + exogenous C–N contract 

1371 Ring: semi-circle stretching + exogenous C–N contract 

1334 Ring: semi-circle stretching 

1330 Ring: semi-circle stretching 

1265 P=O stretching 

1087 P–O asymmetric stretching 

1033 Triazine ring vibration  

1022 P–O symmetric stretching 

998 Triazine ring N, in phase radial type of vibration 

930 P–O–H deformation  

772 Ring sextant out of plane bending  

543 Symmetric type triazine ring 

 

The bands appearing at 3414, 3331 and 3076 cm-1 are due to O–H vibrations of water 

molecules, NH2 groups and the vibrations of hydrogen bonds respectively [12,16]. The 

medium and broad bands at 2823 and 2681 cm-1 are attributed to P–OH stretching [1,13,16], 

while vibrations of hydrogen bands formed by water molecules appeared at 2344 and 2330 

cm-1 [1,3,14-16]. The two strong bands at 1723 and 1668 cm-1 are attributed to the bending 

mode of N–H [16,17] and OH respectively. In addition, the bands observed in the range of 

1615–1330 cm–1 are due to triazine ring stretching. The medium bands at 1265, 1087 and 

878 cm-1 are assigned to the stretching vibrations of P=O, P–O and P–O(H) respectively, 

these bands indicate the presence of HPO4
- and HPO4

-2 entity in the structure of the material 

[1,16,18]. The band at 1033 cm-1 is assigned to triazine ring breathing mode [17,19], 
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however, the band at 998 cm-1 was attributed to in-plane vibration of the triazine ring [20]. 

The IR band at 930 cm-1 is due to P–O–H deformation vibration. Furthermore, the medium 

band at 772 cm-1 is due to sextant out of plane bending vibration [20]. The IR band at 543 

cm-1 can be attributed to side chain in plane C–N bending vibration. All this assignment 

bands agree well with SXRD results. 

 

Figure III.7. FT-IR spectrum of + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O . 

III.4. Thermogravimetric and Differential Scanning Calorimetry (DSC) studies 

The TGA/DTG curves recorded for the synthesized + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O

material are shown in the Figure III.8. 

 

Figure III.8. (a) TGA-DTA, (b) DCS thermograms of + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O . 
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The TGA curve shows that the decomposition until 30 % of 

+ 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O  occurs in four stages involving dehydration and 

decomposition, noting the absence of melting point. The first decomposition stage was 

observed between 130 and 160 °C, indicating that hydrated water molecules of this hybrid 

material was eliminated with a weight loss of 4.7 %. The second and third stages of 

decomposition take place in the temperature range from 350 to 370 °C and from 410 to 460 

°C, with significant weight loss of 12.31% and 52.06%, and are due to the elimination of 

melaminium cations, these two stages correspond to DTA peaks at 358 °C and 447 °C 

respectively. Generally, thermal decomposition of melamine proceeds in stages and is 

accompanied by the detachment of ammonia. Melamine first decomposes into melam and 

then melon. The NH2 groups in melam can be replaced by other atoms and groups [21]. The 

last stage takes place from 500 to 790 °C suggesting that monohydrogenphosphate and 

dihydrogenphosphate anions are eliminated from the structure of the title compound with 

30.33 % weight loss and a corresponding DTA peak centered at 722 °C. Noting that, the 

compound is thermally stable before and after dehydration until 127 and 340 °C respectively. 

 The DSC thermogram of the title hybrid material (Figure III.8 (b)) exhibits four 

exothermic peaks at 147, 359, 477 and 715 °C. Those peaks are correlated with TGA analysis 

results. 

Conclusion 

In this work, a new hybrid material ionic Tris(melaminium) monodrogenphosphate 

dihydrogenphosphate tetrahydrate + 2- -

3 7 6 4 2 4 23C H N .HPO .H PO .4H O as a single crystal was 

synthesized and its chemical formula, molecular and crystal structures were identified by 

using single crystal X-ray diffraction. The Hirshfeld surface analysis revealed that the H···H 

intermolecular contacts have the major contribution in the stabilization of the crystal 

structure of Tris(melaminium) monodrogenphosphate dihydrogenphosphate tetrahydrate. 

The UV–Vis. spectrum shows a good optical transparence in the entire visible and UV near 

visible domains with an absorption threshold at 235 nm, this low value may be useful for 

opto-electronic applications in the ultraviolet domain. Moreover, vibrational modes were 

studied by FT-IR spectroscopy and correlated to the affined structure. In addition, from the 

thermal analysis, it was found that the synthesized hybrid material divulges a good thermal 

stability better than the pristine melamine. This finding may be helpful in polymer 

processing. 
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In this chapter, we present the synthesis of a new single-crystal hybrid ionic material called 

2,4,6-triamino-1,3,5-triazinium perchlorate monohydrate (Hyb 2) and its complex Cu(II). The 

studies of structure of Hyb 2 by single crystal X-ray diffraction, as well as, the 3D-supramolecular 

structure basing on the SXRD data. Additionally, the studied UV-visible and FT-IR spectroscopies 

have also been studied to establish optical and vibrational properties. The study of thermal 

decomposition of hybrid material was also occurred by TGA/DTG techniques. 

IV.1. Synthesis and crystallization 

The solution of perchloric acid was added drop by drop to the aqueous solution of melamine 

in hot distilled water, in the 1:1 molar ratio. Then the reaction mixture was brought under magnetic 

stirring to reflux for 6 hours. No precipitate was observed; the mixture was allowed to evaporate 

slowly at room temperature. After one day, colorless transparent single crystals are formed; filtered 

and washed with ethanol, and then dried in air. The reaction scheme is shown in Scheme IV.1. 

 

Scheme IV.1. Reaction scheme of the 2, 4, 6-triamino-1, 3, 5-triazinium perchlorate 

monohydrate. 

IV.2.  Structural Characterization  

IV.2.1.  Single crystal study 

The asymmetric unit of the title material is depicted in Figure IV.1. It is made up of a water 

molecule, a single negative charge perchloric acid anion ClO4
-, and a single proton melamine M+ 

cation at N atom of the s-triazine ring. Together, these components give the chemical formula 

C3H7N6
+.ClO4

-.H2O. 
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(a) (b) 

Figure IV.1. Crystal data (a) asymmetric unit, and (b) unit cell, both provided by hydrogen 

bonding system. 

Furthermore, the experimental crystal data and structural refinement parameters are listed 

in the Table IV.1. Two asymmetric units (Z = 2) form the triclinic unit cell, which has space group 

1P−
 and the cell parameters a = 5.6698 (4), b = 7.5566 (6), c = 11.9230 (9) Å, α = 102.738 (2), β = 

94.527 (3), and γ = 110.673 (2). Instead of being centrosymmetric, the unit cell has an identity 

symmetry and an initial center of inversion at the origin (000). In addition, the found triclinic unit 

cell with space group P1 was published for the first time in the crystallography report of M. M. 

Zhao and al. in (2010) [1], and were then confirmed by powder-XRD in (2013) by N. Kangathara 

and al [2]. In addition, the R-factor is less than 0.05 (0.03), and the goodness is close to 1 (S=1.09) 

indicating a high confidence level in the described supramolecular structure [3]. 
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Table IV.1. Crystal data, data collection and structure refinement parameters. 

Empirical formula C3H9ClN6O5 

Crystal system Triclinic 

Molecular weight (g/mol) 244.61 

Space group P1
− 

a (Å) 5.6698 (4) 

b (Å) 7.5566 (6) 

c (Å) 11.9230 (9) 

α (°) 102.738 (2) 

β (°) 94.527 (3) 

γ (°) 110.673 (2) 

V  (Å3) 459.25 (6) 

Z 2 

Crystal size (mm3) 0.60*0.58*0.52 

Crystal color/habit Colourless/Prism 

Dcalc (mg/m3) 1.769 

λMoKα1 (Å) 0.71073 

Temperature (K) 150 

μ (mm-1) 0.44 

F (000) 676 

θ Range (°) 3.0→27.4 

Δ ρmax  (eÅ−3) 0.63 

Δ ρmin (eÅ−3) -0.45 

h -7→7 

k -9→9 

l -15→15 

Measured reflections 10223 

Independent reflections 2080 

reflections with I>2σ(I) 1929 

No. of parameters 502 
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Rint 0.041 

R [F2>2σ(F2)]  0.030 

wR(F2) 0.076 

S 1.09 

Furthermore, SXRD shows that weak bonds, primarily hydrogen ones, preserve the crystal 

structure, producing a type I hybrid material, counting 13 hydrogen bonds per asymmetric unit of 

type N–H∙∙∙N, N–H∙∙∙O, N+–H∙∙∙O, and O–H∙∙∙O, under 3.2 Å as the greatest distance between donor 

and acceptor. The hydrogen bonds of a formal asymmetric unit are listed in Table IV.2 along with 

their properties, including bond lengths, angle measurements, and symmetry codes. 

Table IV.2. Hydrogen-bond geometry and their symmetry codes. 

D—H···A D—H  H···A D···A D—H···A 

N1—H1N···O5 0.87 (2) 1.87 (2) 2.7262 (16) 167 (2) 

N6—H6A···N3i 0.83 (2) 2.26 (2) 3.0867 (17) 174.5 (18) 

N4—H4A···O4ii 0.86 (2) 2.19 (2) 2.9889 (18) 154.2 (19) 

N6—H6B···O2iii 0.82 (2) 2.23 (2) 3.0397 (16) 169.5 (19) 

N5—H5A···O2iv 0.85 (2) 2.23 (2) 2.8923 (16) 134.8 (19) 

N5—H5A···O5 0.85 (2) 2.46 (2) 3.1554 (17) 138.8 (18) 

O5—H5W1···O3iv 0.85 (3) 2.16 (3) 2.9669 (17) 157 (2) 

O5—H5W1···O5v 0.85 (3) 2.63 (3) 3.081 (2) 114 (2) 

N4—H4B···O3vi 0.87 (2) 2.33 (2) 3.0980 (18) 147 (2) 

N4—H4B···O4vii 0.87 (2) 2.53 (2) 3.1197 (18) 126.1 (19) 

O5—H5W2···O1 0.80 (3) 2.18 (3) 2.8919 (16) 149 (3) 

O5—H5W2···O4vii 0.80 (3) 2.46 (3) 2.8733 (16) 113 (2) 

N5—H5B···N2viii 0.85 (2) 2.16 (2) 3.0065 (17) 178 (2) 

Symmetry codes: (i) −x, −y+2, −z+2; (ii) −x+1, −y+2, −z+1; (iii) x−1, y, z+1; (iv) −x+2, −y+1, 

−z+1; (v) −x+1, −y+1, −z+1; (vi) x−1, y, z; (vii) −x+2, −y+2, −z+1; (viii) −x+1, −y+1, −z+2. 
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IV.2.1.1. 3D-supramolecular network 

 The molecules in the self-assembled 3D-supramolecular network of the title material form 

a three-dimensional complex arrangement; the hydrogen bonding system has been proposed as the 

mechanism that organizes molecules in this paragraph. 

 Linear supramolecular chains along the diagonal direction of the plane (Oab) can be seen 

in the melamine molecules, in which every two successive molecules have a point of symmetry, 

they are inverted, attributing consequently a zigzag form to the supramolecular chains. The 

melaminium molecules on the chain are linked by hydrogen bonds of the type N─H∙∙∙N, and the 

distance between donor and acceptor is 3.086 Å (Figure IV.2 (a)). The organic chains are aligned 

parallel to each other with a separation distance of 5.67 Å, which any hydrogen bond can be 

remarked at this distance, and they are bonded indirectly via the inorganic part (Figure IV.2 (b)). 

Regarding the inorganic part, linear supramolecular chains are observed along the direction (Ob), 

these chains are made of an alternation of water and perchlorate anion molecules, and hydrogen 

bonds of type O5─H∙∙∙O4 binds the molecules in the chain, with donor-acceptor distances of 2.462 

Å as depicted in (Figure IV.2 (c)). 

 Moreover, the organic and the inorganic components are mainly interconnected by 

electrostatic interactions and a hydrogen bond between melaminuim molecules and perchlorate 

anions of the type N4─H4∙∙∙O4 and N1─H1N∙∙∙O5, with donor-acceptor distances of 2,989 and 

2,726 Å respectively as shown in (Figure IV.2 (d)). 

Finally, an alternation of the organic and inorganic components is formed, giving the 3D-

supramolecular network a layered structure in the direction (Oc), in which each organic or 

inorganic layer is made up of two supra-molecular sub-layers as illustrated in (Figure IV.2 (e)). 
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(a) (b) 

 

 

(c) (d) 

 

(e) 

Figure IV.2. 3D-supramolecular network (a and b) Linear supramolecular chains along the 

diagonal direction of the plane (Oab) (c) linear supramolecular chains are observed along the 

direction (Ob) in the inorganic part (d) illustration of the interconnection of the organic and the 

inorganic parts (e) 3D-supramolecular network illustrating the layered structure in the direction 

(Oc). 
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IV.2.1.2. Hirshfeld surface (HS) analysis 

 The HS was generated based on the dnorm, shown in Figure IV.3(a). In this illustration, the 

white surface corresponds to contact distances equal to the sum of van der Waals radii. 

Furthermore, interactions are highlighted by colors: red indicates closer contacts (shorter distances 

than van der Waals radii), while blue indicates contacts that are more distinct (longer distances than 

van der Waals radii) [4]. This analysis provides a visual insight into the nature and strength of 

intermolecular interactions present in the crystal of the material. 

The shape index surface is a crucial visual tool for identifying specific stacking modes in 

molecular structures, including planar stacking as well as aromatic interactions such as  

C-H∙∙∙π and π∙∙∙π. The interactions C-H∙∙∙π interactions are specifically represented as  

'red p-holes', signalling electronic interactions between CH groups and the aromatic centers of the 

adjacent molecular rings. This visual representation makes it easier to understand the geometric 

arrangements and electronic interactions within molecular assemblies. In this way, the Figure IV.3 

(b) reveals that material lacks any C-H∙∙∙π interactions. In contrast, the Hirshfeld surface shape 

index persuasively highlights the π∙∙∙π stacking across the adjacent red and blue triangles, 

confirming these interactions for material. 

Furthermore, the curvedness, which reflects the mean square curvature of the surface, the 

green regions (relatively flat) with dark blue edges (high positive curvature). The flat regions 

observed on the curvature surface in Figure IV.3(c) also confirm the presence of π∙∙∙π interactions 

in material. 

 
  

(a) (b) (c) 

Figure IV.3. Views of the Hirshfeld surfaces of the title material plotted over: (a) dnorm, (b) 

shape-index map and (c) curvedness map. 
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The Figure IV.4 (a) presents the overall two-dimensional fingerprint plots, subdivided into 

various interactions crucial for understanding crystal packing. These interactions are detailed in 

Figure II.4 (a to j), illustrating H...O/O...H, H...N/N...H, H...H, N...O/O...N, C...O/O...C, 

H...C/C...H, O…O, N…N, and C...N/N...C interactions, along with their respective contributions 

to the HS [5]. 

Among these interactions, OH…H/H…OH contacts are particularly significant, 

constituting 48.7 % of the overall crystal stacking, depicted by widely dispersed blue points. This 

prevalence is attributed to the substantial hydroxyl content of the molecule, with the end at de = 

1.2 Å, di = 0.8 Å. 

In the presence of C–H…π interactions, distinctive wing-shaped patterns, with tips located 

at the combined distances of de + di = 3.80 Å, are observable in the fingerprint trace enclosed by 

H…C/C…H contacts (Figure IV.4 (g)), contributing 3.2% to the HS. The structural characteristics 

are further emphasized by a notable proportion of H···N/N…H contacts, constituting approximately 

17.4 % of the molecular surface, the corresponding fingerprint plot (Figure IV.4(c)) illustrate the 

shortest H···N contacts as a pair of spikes at de + di ≈ 2 Å.  
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Figure IV.4. 2D fingerprint plots of the material showing the percentages of contacts contributed 

to the total Hirshfeld surface. 
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 IV.3.  Spectroscopy results  

IV.3.1.  UV-Visible spectroscopy 

 The electronic absorption spectrum of the 2, 4, 6-triamino-1, 3, 5-triazinium perchlorate 

monohydrate was recorded in distilled water at room temperature in the range 

200-800 nm and shown in Figure IV.5. It shows two absorption bands, the first one at 210 nm, that 

can be attributed to the π→π* electronic transition of the triazine ring, while the second absorption 

band at 238 nm, that can be assigned to n→π*. This may be due to nitrogen-containing aromatic 

systems or electronic excitation in this region [6-8]. Around the gap, more tightly the valence 

electrons that are closer to the nucleus. A high energy excites the electrons to higher energy bands, 

giving an absorption of the incident light, in opposite, the light with an energy far in the gap is 

unable to rise electrons to next band and pass through the structure without absorption. Over the 

cut-off wavelength λ=252 nm to λ=800 nm corresponding to the near UV and the visible domains, 

the hybrid material is transparent. 

 

Figure IV.5. UV–Visible absorption electronic spectrum of the 2,4,6-triamino-1,3,5-triazinium 

perchlorate monohydrate in water solution. 

 IV.3.2.  FT-IR spectroscopy 

The FT-IR spectrum of the hybrid material was obtained over a 

spectral range of 4000-450 cm-1 (Figure IV.6).   The absorption bands observed in the range 3600-

3120 cm-1 are attributed to the stretching vibration of H2O, NH2 groups and vibrations of hydrogen 

bonds [9-13]. As well as, the bands related to the bending vibrations of NH and OH are located at 

1695 and 1629 cm-1 respectively [9-12]. The combination tone: NH2 symmetric stretch-side chain 

out of plane C-N bonds appeared at 2722 cm-1 and C-N bending vibration observed at 574 cm-1 
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[12].  The IR bands corresponding to the stretching vibrations of the triazine-ring appear in the 

range 1600-1520 cm-1. Moreover, the two absorption bands at 1059 cm-1 and 628 cm-1 are due to 

the asymmetric and symmetric stretching vibration of ClO4
− respectively [14-16]. 

 

Figure IV.6. FT-IR spectrum of the 2, 4, 6-triamino-1, 3, 5-triazinium perchlorate monohydrate 

crystal. 

The most significant infrared adsorption wavenumbers detailed are reported in the Table IV.3: 
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Table IV.3. Most significant FT-IR vibrationnal wavenumbers (cm-1) and their assignements. 

Wavenumber Assignments 

3547 O–H symmetric stretching of water 

3404 NH2 symmetric stretching of vibration 

3363 NH2 asymmetric stretching of vibration 

3121 Vibrations of hydrogen bonds 

2722 Combination tone: NH2 symmetric stretch-side chain out of plane C-N bonds 

1660 H2O in plane bend 

1552 H2O in plane bending 

1476 Side-chain asym C-N stretch 

1059 ClO4
− asymmetric stretching vibration 

628 ClO4
− asymmetric bending type of vibration 

574 C-N bending vibration 

All this assignment bands agree well with single-crystal XRD results, and with our previous 

similar hybrid material [9,10,14,17,18]. 

IV.4.  Thermogravimetric study 

The Figure IV.7 presents the TGA/DTG curves recorded on the 2, 4, 6-triamino-1, 3, 5-

triazinium perchlorate monohydrate crystal. The TGA curve proves that this hybrid is stable until 

117 °C before dehydration and 315 °C after dehydration, while its total decomposition is achieved 

at 800 °C, and occurred in seven stages, involving dehydration and decomposition. The elimination 

of the structural water molecule was observed in the first decomposition stage on the mass loss 

curve between 120 °C and 169 °C, accompanied by a DTG peak at 123 °C. Whereas, the second, 

third, fourth and fifth stages of decomposition took place in the temperature range from 285 to 472 

°C, and are due to the elimination of melaminium moiety, and the corresponding DTG peaks were 

obtained at 300, 370, 384 and 428 °C respectively. The thermal decomposition of melamine occurs 

in multiple stages. Its accompanies by the detachment of ammonia. The melamine decomposes into 

melam and then melon. Other groups can replace the NH2 groups of melam. Whereas, the two last 

stages observed from 676 to 773 °C accompanied by an elimination of perchlorate anion moieties, 

and the corresponding DTG peak were obtained at 713 and 744 °C. In addition, about 30% of the 

residue remains after temperatures surpassing 550°C. For example, this characteristic could 
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potentially improve the thermal properties of organic materials as polymer matrices, as well as other 

related applications [19-24]. 

 

 

Figure IV.7. TGA-DTG curves of C3H7N6
+.ClO4

-.H2O 2, 4, 6-triamino-1, 3, 5-triazinium 

perchlorate monohydrate crystal. 
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V. Study of the electrochemical behavior of the compounds. 

This chapter is devoted to the presentation of the study results electrochemical by cyclic 

voltammetry, potentiodynamic polarization (polarization curves) and electrochemical impedance 

spectroscopy (SIE). 

V.1. Study of the electrochemical behavior of the compound Hyb 2 

In this part of the research work, we present the electrochemical behavior of the synthesized 

compound  
3 7 6 4 2. .C H N ClO H O+ − . The study is carried out by cyclic voltamperometry on a platinum 

electrode in dimethylsulfoxide (DMSO) medium in the presence of lithium perchlorate (LiClO4) 

0.1 M in a potential range from +1600 to -1600 mV/SCE.  

 The domain of electroactivity is represented by the cyclic voltamogram of DMSO in the 

presence of 0.1 M of LiClO4 in the potential range between +2200 to -2200 mV/SCE with an 

acquisition rate of 50 mV/s (Figure V.1).  

 

Figure V.1. Cyclic voltammogram defining the electroactivity domain of the study medium 

(DMSO+LiClO4) 0.1 M, v =50 mV/s. 

 The electrochemical behavior of the 
3 7 6 4 2. .C H N ClO H O+ − H solution at a concentration of 

10-4 M was studied by cyclic voltammetry in a potential range from 0 to -1600 mV/ECS and at 

different scanning speeds (FigureV.2). 
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 In the cathodic field a reduced peak located at Epc= - 1120 mV/ SCE is observed, attributed 

to the reduction of the C=N bond. On anodic scanning, a peak at Epa= -330 mV/ SCE corresponding 

to the reoxidation of the reduced species appears. 

 

Figure V.2. Cyclic voltammograms of 
3 7 6 4 2. .C H N ClO H O+ −  (C=10-4 M) in DMSO/LiClO4 0.1 M 

at different scan speeds. 

 To study the kinetics of the electrochemical reactivity of the hybrid material, we varied the 

scanning speed (v = 25 to 200 mV/s). The corresponding cyclic voltammograms (Figure V.2) show 

that the increase in sweep speed implies an increase in peak current density. A slight shift of peak 

potentials is noted as the scanning speed increases. The electrochemical characteristics of the 

hybrid are summarized in Table V.1.  

Table V.1. Electrochemical parameters of the ligand 
3 7 6 4 2. .C H N ClO H O+ − (C=10-4 M) at different 

scanning speeds in DMSO/LiClO4 0.1 M.  

v 

(mV/s) 

v1/2 

(mV/s) 1/2 

Log (v) 

(mV/s) 

-Epa 

(V/SCE) 

-Epc 

(V/SCE) 

ΔE 

(V/SCE) 

-ipc 

(µA/cm2) 

ipa 

(µA/cm2) 

𝐢𝐩𝐚

𝐢𝐩𝐜
 

25 5 1.39 0.47 1.01 0.54 25.46 5.98 0.23 

50 7.07 1.69 0.35 1.12 0.77 32.42 11.30 0.35 

75 8.66 1.87 0.34 1.15 0.81 42.39 16.23 0.38 

200 14.14 2.3 0.33 1.12 0.71 85.34 35.15 0.41 
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 The evolution of peak current as a function of the scan rate (Figure V.3) and the variation 

of peak potential as a function of log v (FigureV.4) confirm the reduction reaction is controlled by 

pure diffusion and that the charge transfer process is slow. 

 

Figure V.3. Evolution of ipc = ƒ(v1/2) for the reduction of 
3 7 6 4 2. .C H N ClO H O+ −  (10-4M) in 

(DMSO + LiClO4) 0.1 M. 

 

Figure V.4. Evolution of Epc = ƒ(log v) for 
3 7 6 4 2. .C H N ClO H O+ − , 10-4M (DMSO + LiClO4) 0.1M 
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 The cyclic voltammogram of 
3 7 6 4 2. .C H N ClO H O+ −  (C=10-4 M) recorded in a potential range 

of 0 to 1600 mV/ECS in DMSO/LiClO4 0.1 M (Figure V.5) shows no oxidation peaks. 

 

Figure V.5. Cyclic voltamperogram of 
3 7 6 4 2. .C H N ClO H O+ −  (C=10-4 M) in DMSO/LiClO4 0.1 M 

at v =100 mV/s. 

V.2. Study of the corrosion inhibition of carbon steel X48 of hyb 1 and hyb 2 in 

1M HCl medium 

This part is devoted to the study of corrosion inhibition of carbon steel X48 by hyb1 and 

hyb 2 in 1 M HCl medium by varying the concentration and temperature. This study is carried out 

by electrochemical techniques such as potentiodynamic polarization and impedance spectroscopy. 

The thermodynamic parameters of the absorption process were determined from the absorption 

isotherms. To confirm the protective layer, we used atomic force microscopy (AFM). 
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V.2.1. Effect of the concentration of hyb 1 and hyb 2 on the electrochemical behavior of 

carbon steel X48 in HCl medium 1M 

V.2.1.1. Polarization curves 

The anodic and cathodic polarization curves of carbon steel X48 in HCl 1 M, in the absence 

and presence of different concentrations of hyb 1 and hyb 2 after 30 min of immersion and at 

ambient temperature (25°C) are shown in Figure V.6. 

  

Figure V.6. Polarization curves for carbon steel X48 in 1 M HCl in the absence and presence of 

different concentrations of the compounds studied at T = 298 K. 

Electrochemical parameters such as corrosion potential (Ecorr), cathodic and anodic Tafel 

slopes (βa, βc), corrosion current density (icorr) and inhibitory efficiency (EIp (%)) are grouped in 

Table IV.4. The inhibitory efficacy (EIp (%)) is calculated according to the following equation 

0

0

-
(%) 100corr corr

p

corr

EI i i
i

=    V.1 

With: 

iºcorr and icorr represent the corrosion current density values obtained by extrapolating the anodic 

and cathodic Tafel lines, in the absence and presence of the inhibitor respectively, after 30 minutes 

of immersion in 1 M hydrochloric acid medium. 
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Table V.2. Electrochemical corrosion parameters of carbon steel X48 in 1 M HCl in the absence 

and presence of different concentrations of inhibitors. 

Medium C (M) -Ecorr 

(mV/Ag/AgCl) 

i corr 

(mA/cm²) 

βa 

(mV.dec-1) 

-βc 

(mV.dec-1) 

EIp 

(%) 

Hyb 1 

Blank 446 0.786 248.1 95.3 ** 

5*10-6 428.1 0.596 149 98 24.17 

10-5 434.8 0.349 114.4 82.8 55.59 

5*10-5 416.8 0.298 117.4 100.3 62.08 

10-4 414.9 0.248 94.9 95.8 68.44 

Hyb 2 

Blank 446 0.786 248.1 95.3 ** 

5*10-6 436.2 0.374 138.8 109.8 52.41 

10-5 418.7 0.371 124.4 118.8 52.79 

5*10-5 426 0.301 110.7 85.3 61.70 

10-4 429.2 0.287 121.9 115.8 63.48 

  

According to the results obtained, it is noted that the addition of the two hybrids results in 

a decrease in corrosion rate and a shift of the corrosion potential to more positive values. This 

behavior can be attributed to the increase in the protective layer by adsorbed synthesized hybrids. 

Both anodic and cathodic current branches are affected. This confirms the inhibitory action 

of the compounds studied. The cathodic and anodic polarisation curves are straight lines, indicating 

that the hydrogen reduction reaction at the steel surface takes place according to a pure activation 

mechanism: 

22 2H e H+ −+ →  

The action of the inhibitors results in a reduction in the anodic and cathodic currents. This 

result shows that the addition of inhibitors reduces the anodic dissolution of iron and delays the 

evolution of the H+ ion discharge [1]. 
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2 2Fe Fe e+ −→ +  

Corrosion current densities (icorr) decrease as the concentration of inhibitors increases. The 

inhibitory efficacy of both hybrids increases with increasing concentration. The inhibition rates of 

hyb 1 and hyb 2 are 68.44 % and 63.48 % respectively at an optimal concentration of 10-4 M.  Hyb1 

and hyb2 have good inhibitory efficacy against corrosion of carbon steel X48 in HCl 1M medium. 

This is probably due to the presence of heteroatoms in both hybrids. The molecule contains 

heteroatoms like oxygen and nitrogen. The presence of free nitrogen and oxygen electron pairs in 

the inhibitors, which can form bonds with Fe2+ metallic sites [2-4], explains adsorption.  

An inhibitor is considered to be classified as a cathodic or anodic inhibitor if the 

displacement of corrosion potential when the inhibitor is added is greater than 85 mV compared 

with the corrosion potential of the inhibitor-free steel [5]. The inhibitor is considered mixed if this 

displacement is less than 85 mV [6]. From the results grouped in table IV.2 we find that the variation 

of the value of the corrosion potential compared to the potential for white corrosion varies from 10 

mV to 32 mV/Ag/AgCl. This confirms that hyb1 and hyb2 are mixed type inhibitors. 

The analysis of the results obtained clearly shows that hyb1 and hyb2 compounds have 

good corrosion inhibitory properties of carbon steel X48 in medium HCl 1 M. This behavior is 

probably due to the good adsorption of the hyb1 and hyb2 compounds on the metal surface. 

V.2.1.2. Electrochemical impedance spectroscopy 

To further our study, we used the method of electrochemical impedance. The 

electrochemical impedance diagrams of corrosion of carbon steel X48 in the absence and presence 

of different concentrations of hyb1 and hyb2 are illustrated in Figure V.7  
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Figure V.7. Nyquist diagrams of carbon steel X48 steel in 1 M HCl without and with the addition 

of different inhibitors concentrations at 298K. 

 We note that the Nyquist diagrams obtained are semicircular and that their diameters are 

affected by changes in the concentration of the compound studied. It can be seen that the diameter 

of the semicircle increases with increasing concentration. This confirms the adsorption of 

compound molecules on the surface of X48 carbon steel. These results show that the corrosion of 

X48 carbon steel 1 M HCl medium is controlled by the charge transfer process [7]. Nyquist 

diagrams show non-perfect semicircles, this is often due to frequency dispersion resulting from the 

inhomogeneity and roughness of the steel surface of the steel surface. We can notice that 

the addition of inhibitors does not change the profile of the Nyquist plots, which means that the 

inhibitor restrains metallic corrosion by increasing the polarization resistance instead of 

affecting the nature of the corrosion reaction [8]. 

 The relationship below can be used to calculate the inhibitory efficiency (EIz (%)) of X48 

carbon steel from the charge transfer resistance (Rct). 

0(%) 100cti ct
z

cti

EI R R
R

−
=    V.2 

with: 

Rct0 and Rcti are the values of the charge transfer resistance of the steel after immersion in 1 M HCl 

in the absence of an inhibitor respectively. 
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The electrochemical parameters obtained by impedancemetry from the Nyquist diagrams 

are given in Table V.3. 

Table V.3. Electrochemical impedance parameters relating to the corrosion of X48 carbon steel in 

1 M HCl (T=298K) in the absence and presence of different concentrations of the inhibitors. 

Medium Concentration 

(M) 

Rs 

(Ω.cm²) 

Rct 

(Ω.cm²) 

Cdl 

(µF/cm²) 

EIz 

(%) 

Hyb 1 

Blank 1.077 41.58 428.6 ** 

5*10-6 0.890 56.39 395.0 26.26 

10-5 0.836 70.82 283.1 41.28 

5*10-5 0.640 75.24 423.0 44.73 

10-4 1.090 91.44 309.7 54.52 

Hyb 2 

Blank 1.077 41.58 428.6 ** 

5*10-6 0.797 72.47 614.8 42.62 

10-5 1.106 77.14 206.3 46.09 

5*10-5 0.828 90.28 352.5 53.94 

10-4 0.979 109.50 325.4 62.02 

  

Table V.3 shows that increasing the concentration leads to a decrease in the values of the 

double-layer capacitance (Cdl) and an increase in the charge transfer resistance (Rct) and the 

inhibitory efficiency (EIz). This is due to a decrease in corrosion rate when the protective film has 

adequate thickness and morphology. The increase in the values of Rct and EIz (%) indicates that the 

quantity of inhibitor molecules adsorbed on the metal surface of the steel has increased. These 

molecules form a protective layer on the surface of X48 carbon steel. 

 The decrease in the capacitance of the double layer can be attributed to the decrease in the 

local dielectric constant (ε) or the increase in the thickness of the double layer, resulting from the 
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adsorption of the molecule studied onto the metal surface [9] according to the expression of the 

double layer capacitance presented in the Helmotz model: 

0 .
dl

S
e

C
 

=    V.3 

With: 

S: Surface area of the electrode. 

ε: Dielectric constant. 

ε0: Permittivity of the medium. 

e: Thickness of the double layer. 

Bode and phase angle curves for carbone steel X48 in 1 M HCl 

solution with and without inhibitors are displayed in Figure V.8. The absolute impedance Z 

increases at low frequencies. The rise of IE in larger concentrations is attributable to the adsorption 

of hybrid compounds (Hyb 1 and 2) on the steel surface. Furthermore, the negative shift in phase 

angle values indicates that the basic function of compounds is to provide a thin coating on the steel 

surface [10]. 

  

Figure V.8. Bode diagrams of XC48 steel in 1M HCl in the presence and absence 

of different concentrations of Hyb 1 and Hyb 2 at 293 K. 

The equivalent circuit model shown in Figure V.9 was used to analyze the Nyquist curves. 

Nyquist curves. It consists of the double layer capacitance (Cdl), the charge transfer resistance (Rct), 

and the solution resistance (Rs). 
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Figure V.9. Equivalent circuit used to analyze impedance spectra 

The results obtained by impedance are in good agreement with those of potentiodynamic 

polarization. 

V.2.1.3. Adsorption isotherms 

 The interaction between molecules with polar groups or atoms adsorbed on the cathodic or 

anodic sites of the metal surface plays an important role in the adsorption phenomenon. 

To find the most significant adsorption isotherm, several types of Langmuir, Temkin, 

Frumkin, and Freundlich isotherms were tested to fit the recovery rate values ( ( )   % /100EI = ) 

to the standard isotherm. All these isotherm models were compared using the correlation coefficient 

R2 [11]. The isotherms tested are represented by the following equations [12,13]: 

Langmuir adsorption isotherm. 

1inh
inhC

K

C


= +    V.4 

Temkin adsorption isotherm. 

( 2 ) inhExp a KC− =    V.5 

Frumkin adsorption isotherm. 

( 2 )
1

inhExp a KC





 
− = 

− 
  V.6 

Freundlich isotherm 

n

ads inhK C =     0 1n   .  V.7 

with: 
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K: Equilibrium constant. 

θ: Recovery rate. 

n: Degree of non-linearity between θ and Cinh. 

Cinh: Inhibitor concentration. 

a: Interaction constant between adsorbed particles 

 Figures V.10-13 represent the different adsorption isotherms Langmuir, Temkin, Frumkin 

and Freundlich obtained by plotting polarization curves and impedance diagrams. 

 The Cinh/θ curve for hyb1 and hyb2 are linear with correlation coefficient values between 

0.9 and 1 for both methods. We find that the best fit is obtained with the Langmuir isotherm. This 

shows that the adsorption of hyb1 and hyb2 on the surface of X48 carbon steel in 1 M hydrochloric 

acid medium obeys the Langmuir adsorption isotherm. This model assumes that the surface of the 

shelf contains adsorption sites and that each site contains an adsorbed molecule [11]. 

 

Figure V.10. Langmuir adsorption isotherm for X48 carbon steel in 1 M HCl in the presence of 

inhibitors for the two methods. 
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Figure V.11. Freundlich adsorption isotherm for X48 carbon steel in 1 M HCl in the presence of 

inhibitors for the two methods. 

 

Figure V.12. Temkin adsorption isotherm for X48 carbon steel 1 M HCl in the presence of 

inhibitors for the two methods. 



Chapter V 
 

94 

 

 

Figure V.13. Frumkin adsorption isotherm for X48 carbon steel in 1M HCl in the presence of 

inhibitors for the two methods. 

Table V.4 summarizes the values of the adsorption constant (Kads) and standard free energy (Δ Gads) 

calculated from the Langmuir isotherm. According to the following equation, the adsorption 

constant Kads is related to the standard free energy (Δ G°ads). 

1
( )

55.55

ads
ads

G
K Exp

RT

− 
=   V.8 

Table V.4 Thermodynamic parameters of adsorption of Hyb 1 and Hyb 2 on carbon steel X48 in  

HCl 1 M 

Medium Kads 10-4 (M-1) ΔG° (kJ/mol.K) 

HCl *** *** 

Hyb 1 8.65 - 38 

Hyb 2 1.48 - 39.43 

Kads values are characteristic of the strong adsorption of the inhibitor on the steel surface and high 

negative values of standard free adsorption energy (ΔG°ads) are attributed to strong, spontaneous 

interactions between the inhibiting molecules and the metal surface [14]. 

According to the literature, the value of ΔG°ads close to -20 kJ/mol means an electrostatic 

reaction between the charged species and the steel surface (physisorption). Suppose the value of 
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ΔG°ads is close to -40 kJ/mol. This shows a charge transfer between the inhibitory molecules and 

the metal surface by forming either covalent or coordination bonds (chemisorption) [15]. 

In our study, free energy standard of adsorption hybrids ranges from -38 to -39.43 kJ/mol, 

depending on the two techniques employed. This suggests that the products exhibit mixed 

adsorption, or chemisorption and physisorption. Chemical adsorption is more significant than 

physical adsorption because the values of Δ Gads are near -40 KJ/mol [16]. 

V.2.2. Effect of temperature in 1 M HCl medium on the inhibitor 

 The aim of this study is to test the effect of temperature on hyb1 and hyb2 inhibitory 

efficiency by the two electrochemical techniques, namely potentiodynamic polarization and 

impedance spectroscopy. We have undertaken a study in varying the temperature from 298 to 328 

K in HCl 1M in the absence and presence of 10-4 M of the inhibitors and determining the 

thermodynamic parameters. 

V.2.2.1. Polarization curves 

 Figure V.14 shows the polarisation curves for X48 carbon steel in 1 M HCl in the absence 

and presence of the inhibitors at the optimum concentration of 10-4 M and at different temperatures 

from 298 to 328 K after 30 minutes’ immersion time. 
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Figure V.14. Polarisation curves for carbon steel X48 in 1 M HCl in the absence and presence of 

the inhibitors at different temperatures. 

 The values of the inhibitory efficiencies and the electrochemical parameters associated with 

the corrosion of steel in 1M HCl in the absence and presence of 10-4 M of the inhibitors and at 

different temperatures are given in Table V.5. 
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Table V.5. The inhibitory efficiencies and the electrochemical parameters associated with steel 

corrosion in 1M HCl in the absence and presence of 10-4 M of the inhibitors and at different 

temperatures. 

Medium T 

(K) 

-Ecorr 

(mV/Ag/AgCl) 

icorr 

(mA/cm²) 

βa 

(mV.dec-1) 

-βc 

(mV.dec-1) 

EIp 

(%) 

HCl 

298 446 0.786 248.1 95.3 ** 

308 358.1 1.118 101.6 43.8 ** 

318 387 1.588 133.8 63.5 ** 

328 406.1 2.392 157.9 78.6 ** 

Hyb 1 

298 414.9 0.248 94.9 95.8 68.44 

308 414.1 1.118 143 69.2 29.59 

318 421 0.798 106.5 61.0 28.62 

328 399 1.778 127.7 65.7 25.66 

Hyb 2 

298 429.2 0.287 121.9 115.8 63.48 

308 428.1 0.496 106.9 102.5 55.63 

318 441.2 0.57 71.9 78.3 49.96 

328 414.9 1.306 131.1 87.6 45.40 

  

We find that the current densities increase with increasing temperature. The corrosion 

potential (Ecorr) moves to negative values for two hybrids hyb1 and hyb2 while it moves to positive 

values for HCl. We also note that the anodic and cathodic Tafel slopes (βa and βc) vary with 

temperature. The cathodic and anodic Tafel branches show the same mechanism for proton 

reduction at the steel surface and steel dissolution. These results corroborate those in the literature 

[14]. The inhibitory effectiveness of the product decreases with increasing temperature [18-20]. 

The structures of both hybrids are efficient because of the presence of the nitrogen atom and 

oxygen. 
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V.2.2.2. Electrochemical impedance spectroscopy 

Figure V.15 shows the Nyquist impedance diagrams obtained for X48 carbon steel in HCl 

1 M in the absence and presence of 10-4 M of hyb1 and hyb2 at different temperatures. These 

diagrams refer to capacitive loops, their sizes decreasing with the increase of temperature. 

  

 

Figure V.15. Nyquist impedance diagrams obtained for carbon steel X48 in 1 M HCl in the 

absence and presence of 10-4 M of the hybrid at different temperatures. 

TableV.6 shows the electrochemical parameters and inhibitory efficiency (EIz) obtained by 

EIS of corrosion of carbon steel X48 in HCl 1 M in the absence and presence of 10-4 M of hyb1 

and hyb 2 at different temperatures. 
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Table V.6. Electrochemical parameters and corrosion inhibiting efficacy of X48 carbon steel in 1 

M HCl in the absence and presence of 10-4 M of the hybrid at different temperatures. 

Medium T (K) Rs (Ω.cm²) Rct (Ω.cm²) Cdl (µF/cm²) EIz (%) 

HCl 

298 1.077 41.58 428.6 ** 

308 0.822 26.58 670.4 ** 

318 0.734 14.38 349.5 ** 

328 0.881 7.64 370.4 ** 

Hyb 1 

298 1.090 91.44 309.7 54.52 

308 0.912 19.37 205.3 25.73 

318 0.756 09.51 334.4 19.66 

328 0.781 31.76 178.3 16.30 

Hyb 2 

298 0.979 109.50 325.4 62.02 

308 0.837 14.19 125.5 46.15 

318 0.749 23.15 137.4 37.88 

328 0.553 31.82 125.0 16.46 

 According to the results obtained, we find that the charge transfer resistance decreases with 

increasing temperature. The values of the charge transfer resistances of both hybrids are higher 

than those of HCl. The inhibitory efficacy of both hybrids decreases with increasing temperature 

V.2.2.3. Determination of activation energies 

 The corrosion process's activation parameters at different temperatures, in the absence and 

presence of 10-4 M inhibitor, are calculated. The activation energy (Ea) is determined from the 

polarisation curves using Arrhenius law [21]. 

exp( )

o

corr

RT Sa

Nh RT
i


= −    V.9 

The activation enthalpy (ΔHa) and activation entropy (ΔSa) were determined from the 

alternative formula of the following Arrhenius equation [22]: 
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exp( )exp( )

o

a

corr

HRT Sa

Nh R RT
i


= −   V.10 

with: 

icorr: Corrosion current density. 

K: Arrhenius constant. 

R: Gas constant (8.314 J·mol-1 ·K-1). 

T: Temperature. 

N: Avogadro number.  

h: Plank constant. 

 The variation of the corrosion current density logarithm as a function of the reciprocal of 

the absolute temperature is a straight line in the absence and presence of the inhibitor (Figure V.16). 

The activation energy is determined by linear regression. 

 To determine the values of ΔHa and ΔSa, we plotted the variation of ln (icorr/T) as a function 

of the reciprocal of the temperature, this is a straight line with a slope equal to - ΔH°a/R and a y-

intercept equal to ln R/Nh +ΔS°a/R (Figure V.17). 

 

Figure V.16. Arrhenius diagrams in the absence and presence of 10-4 M inhibitor in 1 M HCl at 

different temperatures. 
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Figure V.17. Plots of ln (icorr/T) versus 1/T in the absence and presence of 10-4 M inhibitor in 1 M 

HCl at different temperatures. 

 The values of activation energies (Ea), activation enthalpies (ΔHa), and activation 

entropies (ΔSa) are given in Table V.7. 

Table V.7. Thermodynamic characteristics of the inhibitor on the surface of X48 carbon steel. 

Medium Ea (kJ/mol) ΔHa (kJ/mol) ΔSa (J/mol.K) 

HCl 29.92 27.32 -174.44 

Hyb 1 51.031 48.5 -111.13 

Hyb 2 36.35 33.75 -161.5 

 

According to Radovic's theory [23], we can see that: 

✓ If Ea(inh) > Ea(HCl) the molecules adsorb on the surface by weak bonds (physisorption) 

sensitive to temperature. 

✓ If Ea(inh) < Ea(HCl) the molecules are adsorbed on the surface by strong bonds (chemisorption) 

which increase the protection of the metal against corrosion and become stronger with 

increasing temperature. 
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✓ If Ea(inh) = Ea(HCl) the compounds show no protective power with increasing temperature.  

 The activation energy of the inhibitor is greater than that of hydrochloric acid. This is 

attributed to physisorption of the molecule on the steel surface [24]. 

 The positive enthalpy of activation values (ΔHa) confirms that the dissolution of carbon 

steel X48 is endothermic [18].  

 The negative value of the entropy of activation (ΔSa) for the compound confirms that there 

is a decrease in disorder and the transformation of the reactants into an activated fer molecule 

complex in solution [25]. 

V.2.3. Atomic force microscopy (AFM)  

 The surface of the polished steel appears rather uniform with only tiny scratches [23], 

whereas after 24 h immersion in the 1 M HCl solution, the surface of the steel appears rough, badly 

damaged, and severely corroded. Surface roughness is one of the most important topographical 

parameters that can be derived from the analysis of information obtained by AFM [26-30]. It can 

be seen visually that in the presence of the inhibitors Hyb 1 and Hyb 2, the surfaces are less 

rigorous, the values of the peak to valley are 0.254, 0.03 and 0.284 µm, while the RMS values are 

0.726, 0.369 and 0.330 µm for the pieces without and with Hyb 1and Hyb 2 inhibitors respectively. 

These findings indicate that the Hyb 2 inhibitor is better than the Hyb 1 inhibitor. 
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Figure V.18. AFM results with and without the presence of the inhibitors. 
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General Conclusion  

In this work of this thesis, two new organic–inorganic ionic materials named tris (2,4,6-

triamino-1,3,5-triazinium) monodrogenphosphate dihydrogenphosphate tetrahydrate 

(3C3H7N6
+.HPO4

2-.H2PO4
-.4H2O) and tris (2,4,6-triamino-1,3,5-triazinium) perchlorate 

monohydrate (C3H7N6
+.ClO4

-.H2O) as a single crystal have been synthesized and their 

molecular structures and 3D supramolecular network were affined and discussed via single 

crystal X-ray diffraction and Hirshfeld surface analysis. The complex of Cu (II) with 

C3H7N6
+.ClO4

-.H2O was also synthesized and all the compounds were characterized by FT-IR, 

and UV-Vis spectroscopy. In addition, the thermal behavior was effectuated by TGA/DTG.  

The UV-Vis absorption spectra of these hybrid materials reveal that they are transparent 

in the visible region, and have a good optical transmittance in the entire visible and visible 

domain, and it is characterized by strong absorption in ultraviolet germicidal with an absorption 

threshold at 235 nm and 255 nm respectively, these low values are sufficient for laser doubling 

frequency and other related opto-electronic applications in ultraviolet domain. Whereas the 

UV-Visible spectrum of the copper complex has an absorption band at 430 nm which confirms 

its formation.  

Moreover, the FT-IR spectra show the vibration modes and correlated to the functional 

groups of these hybrid materials single crystal, were studied based on crystallographic analysis 

structures, coherent and provide spectroscopic evidence for the crystal formation, which an 

accordance was found between the FTIR-spectroscopy and XRD data. The appearance, 

disappearance and displacement of peaks in the infrared spectrum of the copper complex 

confirms its formation.  

In addition, the thermal behavior of these compounds divulges that they have a good 

thermal stability and offers better thermal stability than pure melamine which makes them 

suitable for thermal applications. This helps in polymer processing steps and this enables the 

suitability of the crystal, can be used to predict the useful product lifetimes of some polymeric 

materials, such as the coatings for electrical or telecommunication cables. Organic–inorganic 

ionic materials based on melamine are very promising light emitting materials due to their good 

thermal stability. Further research has to be carried out and can be extended to several industrial 

and research applications.  

The electrochemical study by cyclic voltammetry of tris (2,4,6-triamino-1,3,5-

triazinium) perchlorate monohydrate shows that it reduces in a single step. 
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The inhibitory efficacy of both hybrid against corrosion of carbon X48 steel in HCl 1 

M was examined by the use of potentiodynamic polarization and electrochemical impedance 

spectroscopy. The results show that the inhibitory efficacy increases with the increasing 

concentration of hybrid. The two hybrids are mixed type inhibitors. 

The inhibitory efficacy of both compounds decreases with increasing temperature. 

The calculated Δ Go
ads values indicate that these hybrids are chemisorbed on the metal 

surface and the adsorption process follows the Langmuir isotherm. 

 Thermodynamic characteristics such as ΔG°ads, ΔE°a and Kads confirmed that both 

hybrids are effectively adsorbed to the steel surface. 

AFM analysis confirms the adsorption of the two hybrids studied on the surface of 

carbon steel X48 in chlorhydric acid 1M. This is due to the interactions between the inhibitory 

molecules and iron forming a protective layer on steel. 

The results obtained from the two electrochemical techniques used corroborate. 

The compounds tris(melaminium) monodrogenphosphate dihydrogenphosphate 

tetrahydrate and 2,4,6-triamino-1,3,5-triazinium perchlorate monohydrate are promoters for 

reducing corrosion phenomena in industry. 



Abstract 

In this work, two new single-crystals hybrid ionic materials tris(2,4,6-triamino-1,3,5-

triazinium) monodrogenphosphate dihydrogenphosphate tetrahydrate (3C3H7N6
+.HPO4

2-

.H2PO4
-.4H2O) and 2,4,6-triamino-1,3,5-triazinium perchlorate monohydrate (C3H8 N6

+.ClO4
-

.H2O) were synthesized, their structures were affined by single-crystal X-ray diffraction the 3D-

supramolecular structure has been investigated basing on the SXRD data. Moreover, UV-

visible and FT-IR spectroscopy have been used to establish optical and vibrational properties. 

The study of the thermal decomposition of these hybrid materials was also occurred by 

TGA/DTG techniques. These hybrids were examined as corrosion inhibitors using 

electrochemical methods. The electrochemical properties were studied by cyclic voltammetry. 

These inhibitors are effectively adsorbed by a chemisorption process to the steel surface. The 

adsorption of these compounds follows the Langmuir isotherm in the studied medium. The 

results show that these compounds have good reactivity and high inhibition efficiency. 

Keywords: Hybrid ionic material, Melamine, Thermal stability, Corrosion inhibitor, Steel  

 

 الملخص 

  ثلاثي - 1،3،5-أمينو  ثلاثي- 2،4،6)  ثلاثي  هما  جديدتين  البلورات  أحاديتي  هجينتين  أيونيتين  مادتين  تصنيع   تم  العمل،  هذا  في

-O2.4H   الهيدرات  رباعي  هيدروجين  ثنائي  فوسفات  أحادي(  ومآزيني
4PO2H.-2

4.HPO+
6N7H33C ثلاثي  وبيركلورات  

-O)2.Hالهيدرات  أحادي  آزينيوم  ثلاثي -5،3،1-أمينو
4.ClO+

6N 8H3(C ،  أحادية   السينية  الأشعة  بواسطة  بنيتهما  تحديد  وتم 

  الأشعة   استخدام  تم  ذلك،  على  علاوة .SXRD بيانات  على  بناء    الأبعاد  ةيث ثلا  جزيئية  الفوق  البنية  في  التحقيق  وتم  البلورة،

 المواد  لهذه الحراري  التحلل دراسة  تم كما. والاهتزازية البصرية الخصائص  لتحديدتحت الحمراء و والمرئية البنفسجية فوق

  تمت .  الكهروكيميائية  الطرق  تخدامساب  للتآكل  كمثبطات  الهجينة  المواد  هذه  فحص  وتم .TGA/DTG تقنيات  بواسطة  الهجينة

  عملية   طريق  عن  فعال  بشكل  المثبطات  هذه  امتصاص  يتم .  الدوري  الفولتميتر  باستخدام  الكهروكيميائية  الخواص  دراسة

 النتائج تظهر. المدروس الوسط في لانجموير منحنى المركبات هذه امتصاص يتبع. الفولاذ سطح  على الكيميائي الامتصاص

 .عالية تثبيط وكفاءة جيدة تفاعلية لها اتبكالمر هذه أن

الفولاذ  التآكل، مثبط الحراري، الاستقرار الميلامين، هجينة، أيونية مادة: المفتاحية الكلمات  

 

Résumé 

Dans ce travail, deux nouveaux matériaux ioniques hybrides monocristaux, le tris(2,4,6-

triamino-1,3,5-triazinium) monodrogenphosphate dihydrogenphosphate tétrahydraté 

(3C3H7N6
+.HPO4

2-.H2PO4
-.4H2O) et le 2,4,6-triamino-1,3,5-triazinium perchlorate 

monohydraté (C3H8N6
+.ClO4

-.H2O), ont été synthétisés, leurs structures ont été affinées par 

diffraction des rayons X sur monocristal, la structure supramoléculaire 3D a été étudiée sur la 

base des données SXRD. De plus, la spectroscopie UV-visible et FT-IR a été utilisée pour 

établir les propriétés optiques et vibrationnelles. L'étude de la décomposition thermique de ces 

matériaux hybrides a également été réalisée par des techniques TGA/DTG. Ces hybrides ont 

été examinés comme inhibiteurs de corrosion en utilisant des méthodes électrochimiques. Les 

propriétés électrochimiques ont été étudiées par voltamétrie cyclique. Ces inhibiteurs sont 

efficacement adsorbés par un processus de chimisorption à la surface de l'acier. L'adsorption de 

ces composés suit l'isotherme de Langmuir dans le milieu étudié. Les résultats montrent que 

ces composés ont une bonne réactivité et une efficacité d'inhibition élevée. 

Mots clés : Matériau ionique hybride, Mélamine, Stabilité thermique, Inhibiteur de corrosion, 

Acier 

 

  


