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The paper describes the research and study of the process of electrically induced diffusion of Mn atoms in silicon directly from a Si 
surface layer that was preliminarily enriched with Mn. To ensure the so-called electrically induced diffusion process, a constant electric 
field was applied to the investigated samples. It has been revealed that as a result of the diffusion of Mn impurity atoms into samples 
placed at the negative pole of the electrical diffusion unit, the proportion of Mn atoms was 75.4% (relative to silicon atoms), while in 
samples placed at the positive pole this indicator tended to be 2.7% (relative to silicon atoms). Besides that, for the first time, an 
experimental increase in the electro-active concentration of Mn impurity atoms in silicon (at T = 900°C) was detected under the 
influence of an external constant-value electric field. In this case, the maximum solubility of impurity atoms of Mn at a temperature of 
T = 900°C was NMn~2.27·1014 cm-3, while the average concentration of electro-active Mn atoms diffused into silicon under the influence 
of an external constant electric field reached NMn*~2.62·1014 cm-3. 
Keywords: Resistivity; Silicon; Impurity atoms; Diffusion; Mobility of charge carriers; Concentration of charge carriers; Electrically 
induced diffusion 
PACS: 61.72.uf, 68.43.Jk 

1. INTRODUCTION
Over recently, of great interest to many researchers in the field of semiconductor physics was the issue of engineering 

fundamentally novel materials by modifying the functional parameters of semiconductors, especially Si [1,2]. One of the 
most promising ways appears to be the technique of engineering of binary compounds of type III-V and II-VI in the bulk 
matrix of Si material [3,4,5,6,7] and on its surface alike [8,9,10,11]. However, in times of creating compounds of type 
II-VI in the silicon crystal lattice, due to the insufficient solubility ratio of elements of groups II and VI in the Si material
(~1015÷1018), it is almost impossible to prove the phenomenon of a significant change in the functional parameters of Si
by using the existing instrumentation. In this regard, a significant increase in the solubility of impurity atoms in a Si
crystal has both scientific and practical significance.

The authors of the study expect that using the proposed technique of electrically induced diffusion, it would be 
possible not only to increase the solubility of impurity atoms in silicon, but also to theoretically increase the diffusion 
coefficients of impurity atoms in silicon under the influence of an external electric field. This could help not only to 
increase the solubility of elements of groups II and VI in silicon, but also to boost diffusion coefficients of elements of 
groups III and V in silicon, which are traditionally characterized by comparatively low diffusion coefficients, but quite a 
high (~1018÷1021) solubility [12-15]. 

This paper presents the results of elemental analysis and studies of the electrical parameters of silicon samples doped 
with Mn impurity atoms under the influence of an external electric field. 

2. MATERIALS AND METHODS
Silicon wafers of p-type conductivity (ρ ~5 Ω·cm; NB ~5×1015 cm-3) were the starting material. Samples sized 

1×5×10 mm3 were cut from the wafers using an STX-402-type diamond cutter. Surfaces of the silicon samples were 
chemically cleaned with HF acid. Manganese atoms (purity 99.999%) were deposited onto the surface of the samples 
using a VUP-4 vacuum deposition unit, after which thin layers of manganese were formed on the surfaces of the samples. 
2 silicon samples with thin layers of Mn were placed into the electrical diffusion unit with thin layer surfaces facing each 
other. In this case, one of the samples was placed at the positive pole side of the electrical diffusion unit, and the other - at 
the negative one. 

The investigated samples were divided into 3 groups: 
Group I consisted of silicon samples with thin layers of manganese on the surface, which were placed at the positive 

pole of the electrical diffusion unit; 
Group II consisted of silicon samples with thin layers of manganese on the surface, which were placed at the negative 

pole of the electrical diffusion unit; 
Group III consisted of samples with thin layers of manganese on the surface, which were placed in an evacuated 

quartz ampoule for diffusion in a furnace. 
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In samples of groups I and II, the process of electrically induced diffusion was carried out by ensuring the flow of a 
direct current with density of 50÷100 A/cm2. Due to the presence of electrical resistance at the points of contact of the 
samples, the samples normally heat up. The heating temperature can be controlled by adjusting the electric current value. 
The temperature resulting from the flow of electric current in the samples during the experiment was T = 900°C. 

In samples of group III, diffusion was carried out in a diffusion furnace at a temperature of 900°C. 
After electrically induced diffusion, elemental analysis of samples of groups I and II was carried out using 

a JSM-IT 200 scanning electron microscopes [16] (Fig. 1). 

Group I  Group II 

 

 

 
a)  b) 

Element Type of 
curve Weight % Sigma weight 

%  Element Type of curve Weight 
% 

Sigma weight 
% 

Si K series 77.89 0.20  Si K series 57.01 0.20 
C K series 18.95 0.20  Mn K series 42.99 0.20 
Mn K series 2.1 0.50      
O K series 1.06 0.50      
Total:  100.00   Total:  100.00  

Figure 1. Elemental analysis of a silicon sample with Mn impurity atoms using the electrically induced diffusion method: a) sample 
belonging to the group I (sample placed at the positive pole of the electrical diffusion unit); b) the group II sample (sample placed 
at the negative pole of the electrical diffusion unit) 

The profiles of distribution of impurity atoms across the depth received in the course of a layer-by-layer chemical 
etching of samples of groups I, II and III, were studied using the Hall effect measurement unit HMS-3000 from 
ECOPIA [17] (Fig. 2). 

 
Figure 2. Distribution profile across the depth of impurity atoms of manganese in samples belonging to groups I, II and III: 

curve 1 - group I; curve 2 - sample of group II; curve 3 - sample of group III; curve 4 reflects the maximum solubility 
of manganese impurity atoms in silicon at a temperature of 900°C. 

 
3. RESULTS AND DISCUSSION 

3.1. Analysis of the SEM-investigation results 
Figures 1-a) and 1-b) show elemental analyzes of samples placed at the positive and, accordingly, negative poles at 

a constant electric field. Tables a) and b) provide numerical elemental analysis data for the samples shown in Figures 1a) 
and 1b), respectively. From Figure 1 and the table it is clear that manganese atoms appear to have penetrated more towards 
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the sample placed at the negative pole at a constant electric field. Moreover, in tables a) and b), when calculating using 
the formula for the weight of manganese atoms relative to silicon atoms, it was established that in silicon samples placed 
at the negative pole of the electrical diffusion unit, the fraction of manganese atoms appears to be 75.4%, while in silicon 
samples placed at the positive pole, this figure was 2.7%. 

 
3.2. Analysis of electrophysical parameters 

The Figure 2 proves that the concentration of impurity atoms of manganese in the group II sample placed at the 
negative pole of the electrical diffusion unit, noticeably exceeds the concentration of impurity atoms of manganese in 
samples belonging to groups III and I. In this case, the average concentration of electro-active manganese atoms in 
samples of group I was NMn

I~8.23·1013 cm-3, the average concentration of electro-active manganese atoms in samples of 
group II was NMn

II~2.62·1014 cm-3, the average concentration of electro -active manganese atoms in samples of group III 
was NMn

III~1.78·1014 cm-3, and the maximum solubility of impurity Mn atoms at a temperature of T = 900°C was 
NMn~2.27·1014 cm-3. 

The diffusion coefficient of impurity atoms of manganese in silicon at a certain temperature is determined using the 
equation (1), the solubility is determined using the equation (2). 

 1
Mn

1.3D (T) 2.6 10 exp
k T

−  = ⋅ ⋅ − ⋅ 
 (1) 

 23
Mn

2.1N (T) 2.5 10 exp
k T

 = ⋅ ⋅ − ⋅ 
 (2) 

The Table 1 proves that the maximum solubility of manganese atoms at a temperature of T = 900°C is 2.27·1014 cm-3. 
However, the concept of solubility is applicable to the grand total concentration of both electro-active and non-electro-
active manganese atoms. 
Table 1. Diffusion coefficients and solubility of impurity atoms manganese in silicon at a given temperature 

T, °C 700 750 800 850 900 950 1000 
MnD (T)  4.65·10-8 9.94·10-8 1.98·10-7 3.7·10-7 6.58·10-7 1.11·10-6 1.81·10-6 

MnN (T)  3.15·1012 1.07·1013 3.27·1013 9.01·1013 2.27·1014 5.33·1014 1.17·1015 

An analysis of the reference data showed that impurity atoms of manganese in silicon normally create 3 energy 
levels in silicon (2 donor levels with the values Ec = -0.12 and Ec = -0.41 eV and 1 acceptor level with the value 
Ev = +0.32 eV) [18,19,20]. Impurity atoms of manganese could be present in a silicon matrix in the form of a Mn– ion 
(adding one electron), a neutral Mn0 atom without having to add or donate one electron, a singly positively charged Mn+ 
ion with the transfer of one electron, and a doubly positively charged ion Mn+ +. The total concentration of impurity atoms 
of manganese in silicon is determined by formula (3): 
 0

total
Mn Mn Mn Mn MnN N N N N− + ++= + + +   (3) 

However, using the Hall measurement method, only the concentration of electro-active atoms of Mn can be 
determined. Therefore, in this study, provided that impurity atoms of Mn presumably have compensated impurity atoms 
of boron in silicon, so the authors have determined only the sum of the concentrations of Mn+ and Mn++ ions (the 
concentration determined from Fig. 2 is equal to the sum of concentrations). 

 
CONCLUSION 

Thus, it can be assumed that the Mn+ and M++ ions most probably migrate towards the negative pole of the electrical 
diffusion unit both under the influence of temperature and under the influence of an external constant electric field, while 
the Mn– ions both under the influence of temperature and under the influence of external constant electric field seem to 
migrate towards the positive pole of the electrical diffusion unit. Behavior of neutral Mn0 atoms is not affected by the 
external electric field, however neutral atoms appear to diffuse into the sample under the influence of temperature. 

The experimental results showed that in the sample placed at the negative pole of the electrical diffusion unit, the 
concentration of electroactive impurity atoms of Mn tended to increase under the influence of an external constant electric 
field. These results were also confirmed by SEM analysis. 
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ЕЛЕКТРОДИФУЗІЯ АТОМІВ МАРГАНЦЮ В КРЕМНІЇ 

Халмурат М. Ілієв, Зафар Б. Худойназаров, Бобір О. Ісаков, Мірахмат X. Маджитов, Абдувохід А. Ганієв 
Ташкентський державний технічний університет, вул. Університетська, 2, 100095, Ташкент, Узбекистан 

У статті описано дослідження та дослідження процесу електроіндукованої дифузії атомів Mn у кремнії безпосередньо з 
поверхневого шару Si, попередньо збагаченого Mn. Для забезпечення так званого процесу електроіндукованої дифузії до 
досліджуваних зразків прикладали постійне електричне поле. Виявлено, що в результаті дифузії атомів домішки Mn в зразки, 
розміщені на негативному полюсі електродифузійної установки, частка атомів Mn становила 75,4% (відносно атомів 
кремнію), а в зразках, розташованих на позитивному полюсі полюсу цей показник мав тенденцію до 2,7% (відносно атомів 
кремнію). Крім того, вперше експериментально виявлено збільшення електроактивної концентрації атомів домішки Mn у 
кремнії (при T = 900°C) під впливом зовнішнього постійного електричного поля. При цьому максимальна розчинність 
домішкових атомів Mn при температурі Т = 900°С становила NMn~2,27·1014 см-3, а середня концентрація електроактивних 
атомів Mn дифундувала в кремній під впливом зовнішнього постійне електричне поле досягло NMn*~2,62·1014 см-3. 
Ключові слова: питомий опір; кремній; домішкові атоми; дифузія; рухливість носіїв заряду; концентрація носіїв заряду; 
електрично індукована дифузія 
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The confinement of electrons in gold nanoparticles results in Surface Plasmon Resonance (SPR), which is characterized by electric 
field enhancement in the vicinity of these nanoparticles. This property has been extensively studied and applied in various fields. In 
our research, we conduct a detailed investigation of plasmonic coupling in spherical gold nanoparticles. Specifically, we use the 
Discrete Dipole Approximation (DDA) method implemented in DDSCAT to simulate the coupling of electric fields in a doublet of 
nanoparticles as a function of the distance between them. Our simulations show that the coupling of SPR between two nanoparticles 
occurs up to a separation of 12 nm. Moreover, we extend our simulations to study the coupling of nanoparticles in linear chains 
consisting of up to five nanoparticles and in clustered forms. Our results indicate that the SPR coupling in a linear chain occurs, and 
as the number of nanoparticles increases, the field enhancement also increases. However, we observe that this effect saturates after 
four nanoparticles in a line. Our study provides insights into the plasmonic coupling in gold nanoparticles, which can aid in the 
design and optimization of plasmonic devices for various applications. 
Keywords: Surface Plasmon resonance (SPR); Gold Nano particles; Discrete Dipole Approximation (DDA); DDSCAT; Field 
Enhancement 
PACS:71.45.Gm, 81.07.−b, etc. 

INTRODUCTION 
Noble metal particles exhibit exceptional optical properties owing to plasmonic resonances at metal-dielectric 

interfaces [1]. These resonances are a collective oscillation of free electrons on the surface of the nanoparticle triggered 
by incident electromagnetic waves. As a result, there is a strong confinement of the electromagnetic field along the 
surface normal of the nanoparticle, leading to a significant enhancement of the electromagnetic field. This enhancement 
causes strong absorption and scattering near the plasmon resonance frequency. Raman Spectroscopy has gained 
considerable attention due to its ability to provide molecular information with high sensitivity by analyzing molecules 
absorbed on metallic surfaces or metal nanostructures [2]. 

To fully utilize the potential of these enhanced electric fields, it is necessary to understand the various phenomena 
resulting from the highly intense and confined field. These fields generate strong electric field gradients, which alter 
selection rules, and mode intensities and have profound effects on Raman Spectra [3-9]. Knowledge of field distribution 
and polarization is critical to arrive at approximate enhancement factors. In light of this, we conducted a study of the 
electric field distribution around gold nanoparticle clusters. Several methods have been presented in the literature for 
simulating the electric field distribution around a particle. The most commonly used among these are Mie-Scattering, 
T-matrix method, Finite Element Method (FEM), Finite Difference Time Domain (FDTD), and Discrete Dipole
Approximation (DDA) based methods. Each of these methods has its advantages and disadvantages. Mie Scattering and
T-matrix methods are fast but are limited to structures with certain symmetry in the geometry. FEM and FDTD methods
can determine the scattered electric field distribution of arbitrarily shaped particles, but the computation time for these
methods is very large [10]. We opted to use the DDA method because it is fast and can compute field distribution for
arbitrarily shaped particles [11-14].

DISCRETE DIPOLE APPROXIMATION (DDA) METHOD 
The Discrete Dipole Approximation (DDA) is an effective method to model particles as a group of finite cubic 

elements [11]. By considering only dipole interactions with the incident electric field and induced-fields from 
neighboring elements, the solution of the Maxwell equations can be simplified into an algebraic problem of many 
coupled dipoles. Each dipole in the assembly responds to both the external electric field and the electric fields from its 
neighboring dipoles by acquiring a dipole moment. To solve the electromagnetic scattering problem of a continuous 
assembly, the induced dipole moment of each dipole is given by Pi = αiElocal, where αi denotes the polarizability of the 
material associated with the dipole element. The polarizability, which can be expressed as Clausius-Mossotti 
polarizability, plays a crucial role in determining the behavior of the electromagnetic scattering problem and can be 
used to predict the electromagnetic responses of the assembly. 
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The Clausius-Mossotti polarizability is a concept used to describe the interactions between electric fields and 
matter. However, it is only accurate in the limit of a DC (direct current) field, which means when the wave vector is 
very small. This model does not take into account the size-dependent effects that are observed in nanoparticles. To 
address this discrepancy, Draine and Goodman [11] conducted a study on wave propagation on an infinite lattice with 
discrete spacing between lattice points. They were able to derive a dispersion relation in the long wavelength limit, 
which led to a more accurate description of polarizability in nanoparticles. 
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Where a and e are unit vectors defining the incident direction and polarization state, “m” are complex refractive 
index of the material in the medium and “d” is lattice spacing and ε is the complex dielectric constant of the material in 
medium. Equation (2) holds good in the long wavelength limits and is also accurate to O (kd)3. 

The electric field at any point in the space due to the incident plane wave is given by the 

 ,
1,

local inc i j
j i j

E E E
= ≠

= + 
  

, (3) 

 ,
1,

local inc i ij j
j i j

E E A P
= ≠

= − 
  

. (4) 

Where Elocal is the electric field at ri due to the incident wave (Einc,i), plus a contribution Ej= - AijPj, the radiated 
electric field of an individual dipole at rj. The interaction matrix (Aij) is given by 
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3 32
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Where k=ω/c, rij =|ri – rj|, 13 is a 3x3 unit matrix. 
Defining Aii= αi

-1reduces the scattering problem to finding the polarizations Pi that satisfy a system of 3N complex 
linear equations 
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N
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j
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Once the equation (6) is solved for unknown polarization Pi, the extinction and absorption cross-section Cext and 
Cabs may be evaluated as 
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The scattering cross-section Csca = Cext– Cabs. In the far field, the scattered electric field is given by 
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2

3
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The DDA computations have specific criteria that must be met to be applicable [12]. These criteria are as follows: 
1) The distance between the dipoles, also known as the inter-dipole separation ‘d’, must be smaller than the 

wavelength in the medium, such that |m|kd ≤ 1. 
2) The inter-dipole separation ‘d’ should be small enough or the number of dipoles ‘N’ should be large enough to 

accurately represent the target shape. 
 

SIMULATION RESULTS 
Simulation of Surface Plasmon Resonance (SPR) of Spherical Nanospheres 

The present study concerns the wavelength dependence of the extinction cross-section of an isolated spherical gold 
nanoparticle with a diameter of 40 nm. The calculations were performed within the wavelength range of 450-700 nm, 
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which corresponds to the surface plasmon resonance (SPR) band. To investigate the influence of the number of dipoles 
on the results, the calculations were repeated several times with varying numbers of dipoles, ranging from 
approximately 500 to 22500, as shown in Table 1. 

In this study, we compared the results obtained through experimental analysis with the analytical calculations for a 
sphere, using the well-known Bohren and Huffman code based on the Mie scattering theory [14]. Our research focuses 
on the extinction spectra of a 20 nm radius Au sphere in an aqueous medium (water n = 1.33), with the refractive index 
of the gold nanoparticles taken from Johnson and Christy [15]. Figure 1 displays the obtained extinction spectra, which 
demonstrate that the accuracy of the computed extinction coefficients improves with an increasing number of dipoles 
used in the computation. This observation is consistent with the existing literature, which highlights that the inter dipole 
spacing of 1-2 nm range is required to obtain the optical properties of the metallic nanoparticles with great accuracy. 

 

 Table 1. The lattice spacing corresponding to the
number of dipoles 

Number of Dipoles Lattice Spacing (nm) 

552 3.930 
1791 2.665 
4224 1.994 
8217 1.598 

14328 1.327 
22575 1.141 

  
Figure 1. Convergence of extinction spectra obtained by DDA to 

Mie - Scattering with the increase in the number of the dipoles   

We conducted a study to examine the impact of the size of a sphere on the spectral position of resonance. To do 
this, we analyzed three spheres with varying radii of 10, 20, and 30 nm, while keeping the lattice spacing at 
approximately 1.5 nm. We then calculated their surface plasmon resonance (SPR), and the results are presented in 
Figure 2. We also included a table (Table 2) that lists the SPR for each nanoparticle. 

 

 Table 2. Surface Plasmon Resonance vs. Radius 

Radius (nm) Resonance Peak (nm) 

10 527 
20 529 
30 537 
  
  
  

  

Figure 2. Extinction spectra of 10, 20, and 30 nm radius sphere in water   

 
Figure 3. Electric field pattern of a 20 nm radius sphere (K||X, E||Y) on the right, and on the left field enhancement around 
a nano-sphere along the Y-axis 
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As expected, we observed a red shift in the SPR peak with an increase in the sphere's diameter (size). Moreover, 
we studied the scattered electric field distribution around 20 nm radius gold (Au) sphere in water (Figure 3). 

We analyzed the variation of the electric field enhancement (FE) across the nanoparticle and found that within the 
range of a few tens of nanometers, the field value drops to the magnitude of the incident electric field. This information 
can be used to compute the electric field gradient near the nanoparticles. 

 
AGGREATES OF NANO SPHERES 

Self-assembled clusters of nanospheres have garnered significant interest due to their low-cost approach for a wide 
range of plasmonic applications. Compared to other nanofabrication techniques, such as electron beam lithography and 
focused ion beam, these clusters offer an affordable alternative. By varying the composition, number, and position 
of the nanoparticles in these clusters, the plasmonic properties can be controlled and exhibit sharp resonances and steep 
enhancements, also known as hot spots. We have conducted simulations of the electric field of simple clusters 
consisting of up to five spherical particles of nano size. 

 
DOUBLETS OF NANOSPHERES 

The plasmonic properties and electric field distribution around doublets of nano-sphere were simulated for various 
separations between spheres. It was observed that there are two SPR peaks in the case of doublets; one identical to that 
obtained in an isolated sphere (transverse mode) and a red-shifted mode attributed to the longitudinal SPR mode. The 
longitudinal mode is due to plasmon oscillation along the line joining the two spheres. The longitudinal mode is very 
sensitive to the separation between the two spheres and shifts towards the transverse mode as the spacing is increased. 
It merges with the transverse mode when the separation becomes too large for any significant interaction between the 
plasmonic oscillations in the two spheres. Figure 4 shows the extinction spectra of the doublet structure for various 
separations, and the spectral position of the longitudinal mode is listed in Table 3. The field enhancement increases as 
the separation between two spheres decreases. 

 

 Table 3. Longitudinal modes with separation 

Separation Between two 
spheres in terms of d 

(d = 1.1nm) 

Longitudinal mode 
(nm) 

Zero 665 
1*d 605 
2*d 584 
3*d 570 
4*d 560 
12*d 540 

  

Figure 4. Extinction spectra of doublet structure with the separation.    

   

a) b) c) 

Figure 5. Electric field patterns (5b & 5c) and its magnitude (5a) along Y-axis of a doublet of 20 nm radius sphere separated about 
2 nm (2*d, d = 1.1 nm) 

Figure 5 depicts the electric field distribution around a doublet structure consisting of two nano-spheres with a 
2 nm separation. In figure 5a, the field enhancement factor along the Y-axis for the orientation of the particle shown in 
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Figure 5b is demonstrated. It indicates that the gradient field is significantly high in the region between the two spheres. 
The coupling between the two spheres is only feasible for a specific polarization of the incident light, i.e., coupling 
occurs only when the polarization is along the longer axis of the doublet, as shown in Figure 5c. 

 
CLUSTERS FORMED BY THREE OR MORE NUMBER OF NANO SPHERES 

A comprehensive electric field simulation was conducted to analyze the clusters formed by up to five nanospheres. 
To create these nanoscale structures, three nanospheres were arranged either in a linear chain or at the vertices of an 
equilateral triangle, as illustrated in Figure 6. 

 
Figure 6. Electric field patterns when 3-spheres are in triangular (a) and linear (b) configurations 

 

 
Figure 7. Electric field patterns for 4 & 5 spheres in different configurations 

To ensure symmetry, a pair of nanospheres spaced 2 nm apart was chosen as it demonstrated the maximum field 
enhancement. A third nanosphere was then added to create a symmetrical object either in a linear chain or a triangle. 
A detailed analysis of the electric field distributions within the resulting object was carried out and is also depicted in 
Figure 6. The results demonstrate that the field enhancement is more prominent in linear chains of nanospheres as 
compared to that of triangles. This study provides valuable insight into the behavior of nanoscale structures under an 
electric field and can aid in the development of novel nanoscale devices with enhanced performance. 

Figure 7 shows the electric field pattern of clusters containing four and five spheres. The enhancement is higher in 
a linear pattern for all cases. However, it is important to note that the enhancement factor does not increase linearly with 
the number of spheres. It tends to saturate. The enhancement factor of the incident field is polarization-dependent, as 
mentioned above. The saturation in the field enhancement occurs due to the resistive losses taking place during the 
oscillations of electrons. 

 
CONCLUSIONS 

This study conducted extensive simulations to investigate the characteristics of field enhancement in gold 
nanospheres. Through our analysis, we found that the number of spheres present has a direct influence on the degree of 
field enhancement, with greater numbers leading to more significant enhancements. Moreover, we found that the linear 
arrangement of these spheres produces a higher degree of enhancement compared to other arrangements. Our research 
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also revealed that the enhancement factor exhibits a saturation effect beyond a certain threshold of spheres, implying 
that the maximum level of enhancement can be reached. Overall, our investigations provide valuable insights into the 
field enhancement properties of gold nanospheres, which can be useful in a variety of scientific and technological fields. 
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ПІДСИЛЕННЯ ЕЛЕКТРИЧНОГО ПОЛЯ НАНОСФЕРОЮ ЗОЛОТА ТА ЇЇ КЛАСТЕРАМИ 
П.К. Кушвахаa,b, К.Й. Сінгхa,b, Хіммат Сінгх Махорa,b, Прамод Кумар Сінгхc, Равіш Шармаa,b, Каш Дев Шармаa,b 

аДепартамент фізики, B.S.A. (P.G.) коледж, Матхура (U.P.) Індія 281004 
bУніверситет доктора Бхімрао Амбедкара, Агра (U.P.), Індія 282004 

сДепартамент фізики, Індустанський коледж науки та технологій, Фарах, Матхура (Великобританія), Індія 281122 
Утримання електронів у наночастинках золота призводить до поверхневого плазмонного резонансу (SPR), який 
характеризується посиленням електричного поля поблизу цих наночастинок. Ця властивість була широко вивчена і 
застосована в різних областях. У нашому дослідженні ми проводимо детальне дослідження плазмонного зв’язку в 
сферичних наночастинках золота. Зокрема, ми використовуємо метод дискретної дипольної апроксимації (DDA), 
реалізований у DDSCAT, щоб симулювати зв’язок електричних полів у дублеті наночастинок як функцію відстані між 
ними. Наше моделювання показує, що зв’язок SPR між двома наночастинками відбувається на відстані до 12 нм. Крім того, 
ми розширюємо наше моделювання, щоб вивчити зв’язок наночастинок у лінійних ланцюгах, що складаються з п’яти 
наночастинок, і в кластерних формах. Наші результати показують, що відбувається зв’язок SPR у лінійному ланцюзі, і зі 
збільшенням кількості наночастинок посилення поля також збільшується. Однак ми спостерігаємо, що цей ефект 
насичується після чотирьох наночастинок у рядку. Наше дослідження дає уявлення про плазмонний зв’язок у 
наночастинках золота, що може допомогти в розробці та оптимізації плазмонних пристроїв для різних застосувань. 
Ключові слова: поверхневий плазмонний резонанс (ППР); наночастинки золота; дискретне дипольне наближення (DDA); 
DDSCAT; покращення поля 
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This study investigates the morphology of carbon nanoparticles generated through the ablation of an MPG-6 carbon target in an aqueous 
environment. The ablation process utilized an LS-2134D aluminum yttrium garnet laser (wavelength: 1064 nm) operating in a double-
pulse mode (pulse separation: 3 μs, pulse duration: 10 ns, pulse repetition rate: 10 Hz, single pulse energy: ~0.05 J). The results 
demonstrate the formation of a diverse range of carbon nanoparticles with varying sizes and shapes during laser ablation. Additionally, 
the study showcases the ability to control the ablation process and subsequent synthesis of carbon nanoparticles, achieving efficient 
generation of nanoparticles suitable for various applications. 
Keywords: Nanoparticles; Laser irradiation; Nanosecond pulse duration; Double-pulse regime; Carbon 
PACS: 42.55.Ye, 61.82.Rx, 78.67.Bf 

INTRODUCTION 
Currently, numerous scientists both abroad and within our country are increasingly employing various forms of 

carbon for the high-temperature synthesis of SHS materials. It has been established that obtaining graphite particles of 
different sizes can be utilized to control the SHS reaction [3]. 

Furthermore, carbon particles are extensively used as pigment fillers and additives to enhance the strength and 
electrical conductivity of materials. The production of various cable and wire products typically involves the use of carbon 
particles. The diversity of colors in polymer materials is achieved by varying the size and concentration of carbon 
particles [1-4]. 

Among the various methods for modifying the surface of graphite, laser treatment, particularly in a two-pulse mode, 
remains significantly understudied [5-6]. 

In our work, we will explore the production of carbon particles of different sizes using laser ablation. Laser ablation 
offers vast potential for obtaining nanoparticles in solutions, as the particles produced by this method are characterized 
by high purity. This is based on the unique properties of laser radiation: coherence, monochromaticity, short duration of 
exposure, high energy densities in the pulse, absence of direct contact between the material and the energy source, sterility 
of the process, and the rapid nature of the method. Laser ablation of various substances in liquids has been investigated 
in studies [9-10]. 

MATERIAL AND METHOD 
Sample analysis was conducted using a Hitachi S-4800 scanning electron microscope (SEM). For material 

processing, an yttrium aluminum garnet (YAG) laser (LS-2134D) with a wavelength of 1064 nm was employed. The 
laser operated in a two-pulse mode with the following parameters: Pulse separation: 3 μs, pulse duration: 10 ns, pulse 
repetition rate: 10 Hz single pulse energy: ~0.05 J, exposure time: 60 minutes, power density range: 
1.3-2×107 W/cm² [7-8]. The object of investigation was an MPG-6 carbon target submerged in distilled water. The liquid 
was not forcibly stirred. The sample dimensions were: Length: 20 mm, width: 10 mm, thickness: 3 mm 

DESCRIPTION AND ANALYSIS OF RESULTS 
Table 1 presents the key characteristics of MPG-6 Graphite Composite, outlining its physical and electrical 

properties. The data reveals that MPG-6 exhibits a combination of desirable features, including: 
Good electrical conductivity: With a specific electrical resistivity of 11-16 µΩ·m, MPG-6 demonstrates its ability 

to conduct electricity efficiently, making it suitable for applications where electrical conductivity is crucial.  
Lightweight nature: Its bulk density of 1.76-1.88 g/cm³ signifies that MPG-6 is relatively lightweight compared to 

many metals, offering potential advantages in weight-sensitive applications. 
High purity: The low ash content of 0.25-0.1% indicates a high degree of purity in the composite, which can be 

important for specific applications. 
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Stiffness and strength: While not as stiff as some metals, the Young's modulus of 10-12 GPa demonstrates that 
MPG-6 maintains respectable stiffness and strength. 

Porous structure: The 9% porosity indicates the presence of some void space within the material. This 
characteristic may influence its behavior in certain applications, and further investigation into its implications could be 
beneficial. By presenting these properties, Table 1 provides valuable insights into the nature of MPG-6 Graphite 
Composite, aiding in the understanding of its potential applications and limitations. 
Table 1. Characteristics of MPG-6 Graphite Composite 

 Units of Measurement MPG -6 

Specific electrical resistivity µΩ·m 11-16 
Bulk density g/cm³ 1,76-1,88 
Porosity % 9 
Ash content % 0,25-0,1 
Grain size  μm 30-150 
Young's modulus GPa 10-12 

Data on the phase composition of the irradiated graphite surface were obtained from the analysis of Raman scattering 
(RS) spectra at a wavelength of 532 nm. The RS spectra were measured using a spectral-analytical complex based on 
a Nanofinder High End scanning confocal microscope from LOTIS-TII (Belarus-Japan). The RS spectra were excited by 
a line of a solid-state Nd laser with a wavelength of 532 nm and recorded at room temperature. A cooled CCD camera 
served as the detector. The probing spot had a diameter of 1 μm [9-20]. 

When a series of nanosecond laser pulses is applied to the surface of a carbon sample located in water, a region 
consisting of water vapor, products of an erosive laser torch, is formed near the surface. The ablation plasma formed as 
a result of the evaporation of a substance under the influence of the first pulse creates an area in the near-surface layer 
with an increased temperature and a reduced density of particles, which leads to a more complete use of the energy of the 
second pulse for laser ablation [12-15]. 

Figure 1 shows micrographs of carbon nanoparticles obtained using SEM at various magnifications. Formed as 
a result of laser exposure. Power density 1.67×107 W/cm², exposure time 60 min. 

a b 
Figure 1. Surface morphology of carbon nanoparticles 

Analysis of the SEM images reveals that the synthesized nanoparticles exhibit both spherical and anisotropic 
(non-spherical) shapes. The particle size varies from 30 nm to 1 μm. Some particles have a width of approximately 700 nm 
and a length of ~1 μm. Additionally, smaller nanoparticles with sizes ranging from 20 to 100 nm are also observed. 

Figure 2 displays surface images of irradiated and non-irradiated areas of MPG-6 carbon, obtained using scanning 
microscopy before and after laser exposure. 

Comparison of the images shows that the surface nanolayer is significantly modified. The porous structure of the 
surface in the crater zone is clearly visible. This fine-crystalline material is a spatial network of crystallites, possibly with 
an amorphous intercrystallite boundary. It is likely that the surface destruction occurs more intensively from the 
intercrystallite phase. The observed changes in the relief of the surface layer of the sample subjected to laser action may 
be associated with a change in the phase composition. The results of studies of the modified surface by Raman scattering 
showed a change in the phase composition. 
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а - before irradiation b - after irradiation 

Figure 2. Morphology of the surface of MPG-6 graphite before and after laser modification 

We have carried out studies by the method of Raman scattering, the Raman spectra of graphite and the results of the 
decomposition of their spectral contour are presented (the Lorentz contour was used). 

  
a) before laser treatment b) after laser treatment 

Figure 3. Raman scattering spectra of MPG-6 graphite 

The spectra before and after laser exposure differ significantly from each other. After exposure, three intense 
scattering bands are clearly visible in the spectrum. The appearance of a well-defined D line (~1354 cm-1) is associated 
with inelastic scattering of excited electrons on phonons and elastic scattering of electrons on defects. The appearance of 
the D line indicates the presence of structural disorder in the ideal hexagonal structure (grain boundaries, defects, etc.). 
The 2D line (~2700 cm-1) is not associated with the presence of structural defects and is present in most carbon materials 
with a graphite-like structure. 

 
CONCLUSION 

This study demonstrates the possibility of controlling the ablation process and the yield of carbon nanoparticles from 
an MPG-6 target in an aqueous medium. Effective generation of nanoparticles for use in various applications has been 
achieved. The morphology of nanoparticle conglomerates ranging in size from 30 nm to 1 μm has been studied. The shape 
of the particles is diverse. The surface of the MPG-6 crater is smooth, and the surface relief is significantly altered. The 
results of studies of the modified surface by Raman scattering showed a change in the phase composition. 
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ОСОБЛИВОСТІ ФОРМУВАННЯ ВУГЛЕЦЕВИХ НАНОЧАСТИНОК ПІД ВПЛИВОМ ЛАЗЕРА 

В РЕЖИМІ ГЕНЕРАЦІЇ ПОДВІЙНИХ ІМПУЛЬСІВ  
Марія І. Маркевича, Амангельді Б. Камаловb, Дауран Дж. Асановb, Дар'ябай М. Есбергеновc, Манзура А. Казакбаєваb 

aФізико-технічний інститут Національної академії наук Білорусі, Мінськ, Білорусь 
bНукуський державний педагогічний інститут імені Аджініяза, м. Нукус, Республіка Каракалпакстан 

cНукуський філіал Ташкентського університету інформаційних технологій імені аль-Хорезмі, Республіка Каракалпакстан 
У цьому дослідженні досліджується морфологія вуглецевих наночастинок, утворених шляхом абляції вуглецевої мішені 
MPG-6 у водному середовищі. У процесі абляції використовувався лазер на алюмінієво-ітрієвому гранаті LS-2134D (довжина 
хвилі: 1064 нм), що працює в режимі подвійного імпульсу (розділення імпульсів: 3 мкс, тривалість імпульсу: 10 нс, частота 
повторення імпульсу: 10 Гц, енергія одного імпульсу: ~ 0,05 Дж). Результати демонструють формування різноманітного 
діапазону вуглецевих наночастинок різного розміру та форми під час лазерної абляції. Крім того, дослідження демонструє 
здатність контролювати процес абляції та подальший синтез вуглецевих наночастинок, досягаючи ефективного генерування 
наночастинок, придатних для різних застосувань. 
Ключові слова: наночастинки; лазерне опромінення; наносекундна тривалість імпульсу; подвійний імпульсний режим; 
вуглець 
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The results of studies of the influence of Y as a reactive element on the properties of TiAlN coatings obtained by the method of 
vacuum-arc deposition are given. Changes in the structure and properties were analyzed using SEM in combination with EDX, XRD, 
indentation analysis and wear analysis. It is shown that the presence of Y changes the crystalline phase of the Ti0.6Al0.34Y0.06N 
coating. It consists of a combination of a cubic NaCl structure (basic phase) and a wurtzite structure (additional phase). In addition, it 
leads to a small grain size (12 nm) and a nano-columnar structure. The high hardness is partly the result of solution hardening due to 
the inclusion of larger Y atoms in the TiAlN lattice at the locations of the metal atoms. The reduced grain size of 12 nm also helps to 
increase the hardness of the coating. The hardness is 31 ± 2.5 GPa, the modulus of elasticity is 394.8 ± 35.8 GPa. The residual stress 
is approximately three times (−3352 ± 64 MPa) higher than the TiAlN coating (−720 MPa). In addition, a high level of compressive 
stress contributes to an increase in hardness, since defects responsible for their own compressive stress are an obstacle to dislocation 
movement. The improved hardness of the experimental coating can be explained by a triple effect: solution strengthening, grain 
grinding and high residual compressive stress. The addition of Y indicates a slower growth of the oxide layer on the surface of the 
coating during the wear test. After the addition of Y, Y ions preferentially separate at the grain boundaries and therefore effectively 
delay the inward diffusion of oxygen. The addition of Y promotes the formation of dense Al2O3, which is effective in restraining 
diffusion and therefore protects the coating from oxidative wear. 
Keywords: Vacuum arc deposition; Coatings; Wurtzite phase; Hardness; Wear; Critical loads 
PACS: 61.46.-w; 62.20.Qp; 62-25.-g; 81.15.Cd 

INTRODUCTION 
The machining industry demands high-performance cutting tools to handle the cutting of new, difficult-to-cut 

materials. Although tooling does not exceed 5 % of the total manufacturing costs, it has a significant impact on 
productivity since the tool's capability influences the efficiency of the manufacturing process [1, 2]. Cutting speed is an 
essential factor in machining, which greatly affects the production cost per part and reduces it by increasing the number 
of parts produced at a given time. Stainless steels are considered the most difficult-to-cut materials due to their specific 
properties such as high toughness, work-hardening, and low heat conductivity [3]. This makes it difficult to produce 
high-quality machined surfaces and dramatically increases the production cost. To meet the ever-increasing demand for 
higher productivity levels, the cutting speed is conventionally increased, which results in the tool operating under severe 
service conditions, significantly affecting its life [4]. Therefore, it is crucial to develop new tools with advanced 
coatings that can withstand these high-speed and high-temperature conditions in the cutting zone. 

The conventional advantages of applying protective coatings on cutting tools are assigned to improving wear 
resistance, heat resistance, corrosion resistance, strength, toughness, and tool life [5, 6]. The practice of coating cutting 
tools for machining steels initially used binary coatings like TiN and CrN [7, 8]. It is a fact that the use of binary nitride 
coatings (i.e. TiN or CrN) is limited at elevated temperatures exceeding 500 °C). However, for modern high-speed 
machining, thermal-mechanical stability is an absolute necessity at temperatures reaching and surpassing 1000 °C [9]. 

The conjunction of the outstanding mechanical properties of binary metal nitrides (BMNs) and enhanced oxidation 
resistance caused by the formation of dense, chemically stable Al-rich oxide layer on the surface of coatings, make the 
metastable solid solution TiAlN coatings widely applied in machining stainless steel [10, 11]. Significant upgrading of 
mechanical and thermal properties and machining performance are the major benefits of the Al incorporation into the 
TiN lattice. However, Al content must be strictly controlled. Below an Al content of 67 at. %, a single-phase crystal 
structure forms by substitution of Ti by Al in a fcc-TiN lattice, which typically yields the highest hardness and elastic 
modulus [12]. Above ~67 at % of Al, the coating properties start to retrogress due to the formation of mixed NaCl-cubic 
and hcp structures (wurtzite phase) [13]. Based on the available reports, the TiAlN coatings can function effectively up 
to temperatures between 750 – 950 °C. Rogstrom et al. [14] observed that above 930 °C, wurtzite-AlN transformation 
occurs, resulting in a loss of properties and functionality of TiAlN coatings. Chen et al. [15] and Grossmann et al. [16] 
also reported temperatures of 950 °C and 980 °C, respectively, as critical for Ti1−xAlxN (0.4 ≤ x ≤ 0.75) coatings. 
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According to Mayrhofer et al. [11], the fcc- Ti1−xAlxN coatings exhibit adaptive behavior during annealing resulting in 
increased hardness. This property is beneficial in applications that involve frictional heating during machining. 
Studies [17, 18] have shown that temperatures can rise up to 1000 °C in the cutting zone during high-speed machining 
of difficult-to-cut materials. Further improvement is necessary to maintain desired productivity levels when machining 
under severe tribological conditions. 

One effective approach to customize the characteristics of TiAlN coating is to incorporate alloying elements that 
possess high melting points, thermal conductivity, and a tendency to form dense oxide layers [19]. For instance, the 
addition of V induces an enhanced wear performance at high temperatures owing to the formation of lubricious phase 
oxides V2O5 with a self-lubricating effect. In addition, coatings demonstrate superb oxidation resistance due to the 
presence of an Al-rich oxide top layer, as supported by various studies [20, 21]. For TiAlSiN coatings, excellent 
mechanical and thermal properties are assured by the Si-existence of solution and/or amorphous a-SiNx tissue phase and 
depend on the deposition parameters and the Si content [22, 23]. The incorporation of Nb and Zr also has a beneficial 
effect on the TiAlN coatings on the mechanical and thermal properties [24, 25]. The influence of Mo addition to 
TiAlN-based coatings is positively assessed in [26, 27]. Depending on differing Mo contents (7.7 – 12.1 at. %) coatings 
demonstrate the improvement of mechanical properties, particularly wear behavior and resistance to pitting corrosion. 
The structural and morphological evolution of arc-evaporated TiAlWN coatings obtained at different bias voltages is 
studied in the work [28]. The addition of W positively influences morphology concerning macroparticle incorporation 
as well as surface roughness. The coatings exhibit advanced ductility and stiffness, as evidenced by the significantly 
high H3/E2 ratios. Another element that can be used as a doping element to TiAlN is Yttrium. Several studies [29 – 31] 
have pointed out that incorporating Y to Ti1−xAlxN thin films can be a promising approach to improve the corrosion and 
oxidation resistance combined with maintaining hardness and elasticity at high temperatures. Its high melting point, 
electronic configuration, and large atomic radius influence the formation of the cubic nitride and hence the age-
hardening effect of Ti1−x−yAlxYyN. According to a study by Rachbauer et al. [32], the process of age hardening in 
Ti1−x−yAlxYyN is not only affected by the increase in strain due to lattice mismatch but also depends on the bindings 
present. Aninat et al. [33] reported that the addition of Y to the TiAlN resulted in better mechanical properties and 
increased hardness. However, it reduced the compressive stress. Moser et al. [34] investigated the thermal stability 
of Ti1−xAlxN coating with Y addition through the DC magnetron sputtering process. It was found that after annealing at 
high temperatures, there was an increase in hardness. Donohue et al. [35] found that a low concentration yttrium 
substitution into the metastable TixAlyCrYN coatings significantly refines the grain. The Ti0.43Al0.52Cr0.03Y0.02N 
demonstrate considerably improved oxidation and corrosion resistance compared to Ti0.44Al0.53Cr0.03N coatings. Yttrium 
shows a high tendency to form an oxide along the grain boundaries and as well at the metal-oxide interface. On the 
metal-oxide interface, Y inhibits the formation of voids and promotes the creation and adhesion of a dense protective 
oxide layer (Y2O3). On the other hand, at the grain boundaries, it functions as a barrier to fast diffusion paths within the 
oxide scale [36]. In simple terms, yttrium acts like a ‘plug’ that stops the inward diffusion of oxygen and the outward 
diffusion of metal components of the coating. This is especially true for diffusion along grain boundaries and 
surfaces [35]. However, as the Y content increases from 3 to 9 at. %, a change in the structure occurs. A single-phase 
cubic solid solution crystal structure converts to a mixed cubic and wurtzite structure (at 5 at. % of Y), and finally to a 
single-phase wurtzite structure at 9 at. % of Y [32, 34].  

The present study aimed to identify and explore experimentally, the structure, composition, and properties of arc-
evaporated TiAlYN coating with 5 at. % of Y in a target for understanding the protective perspectives of this type 
of coating and suggesting its working conditions.  

Before describing the experimental details and discussing the obtained results, we want to briefly explain the 
benefits of alloying elements, including Yttrium, to TiAlN coatings from the recently published first-principles 
study [37]. The summarizing of these data contributes to a better atomic-scale understanding of TiAlN coatings alloyed 
with the fourth element for their potential applications. 

 

FIRST-PRINCIPLES STUDY REVIEW 
By using first-principles calculations, eight elements (La, Ce, Y, Hf, Zr, Ta, Cr, Si) were doped on the 

Ti0.5Al0.5N (001) surface to comparatively study the effect of different doping atoms. All computational details can be 
found in [37]. 

To determine the doping of X atom on the surface, the formation energy of X replacing one metal (Al and Ti) or 
non-metal (N) atom on the Ti0.5Al0.5N (001) surface layer was calculated. The formation energies of X substituting the 
Al atoms on the Ti0.5Al0.5N (001) surface are the following: −1.160 eV (La), −1.119 eV (Ce), −1.336 eV (Y), 
-1.258 eV (Hf), −0.913 eV (Zr), 0.497eV (Ta), 1.586 eV (Cr), 1.785 eV (Si). The surface configuration of Al substituted 
by X atom in TiAlN is shown in Fig. 1.  

Based on calculated results, it can be realized that the formation energies of La, Ce, Y, Hf, and Zr replacing the Al 
atom on the Ti0.5Al0.5N (001) surface are negative, in comparison to the atoms of Ta, Cr, and Si. This implies that for 
La, Ce, Y, Hf, and Zr doping, the structures are expected to be synthesized easily in experiments due to lower formation 
energy. Among these five doped elements, Y is more inclined to replace the surface Al atom due to its lowest formation 
energy of −1.336 eV.  
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The adsorption behavior of oxygen on the Ti0.5Al0.5N (001) surface with the addition of Y atoms has been analyzed 
along with formation energy. These findings can be especially useful when studying the tribological behavior of 
TiAlN-based coatings, particularly in relation to wear mechanisms that can help identify potential areas of application. 

 
Figure 1. The surface slab (left panel) and surface adsorption sites (right panel) of Ti0.5Al0.5N (001) surface with X-doped. In the 
figure, Zone 1 is included in Zone 2. Adopted from [37]. 

Fig. 2 illustrates the bonding behavior between an Oxygen atom and Ti0.5Al0.5N (001) surface without and with a 
doped Y atom. When comparing the Ti0.5Al0.5N (001) surface to the Y-doped surface, it was found that the Y-doped 
surface has a stronger attraction to O atoms. This was observed by examining the structures of oxygen atoms adsorbed 
at twenty-nine adsorption sites. It was discovered that the Y atom can chemically bond with O atoms from its 
surrounding area, indicating that Y has a high affinity for O. 

In Fig. 2b, except for the 8, 9, 10, and 11 sites, the other O atoms with different adsorption sites are attracted by 
the Y atom, eventually forming chemical bonds. Oxygen atoms located at adsorption sites 1, 5, 6, and 7 migrate to the 
green circle position in the lower left corner due to the attraction of the Y atom, forming the Y-O-Ti bond. On the other 
hand, when O atoms are located at sites 3 and 4 (top (Al)), they shift to the green circle positions in the upper left and 
lower right corners respectively, forming the Y-O-Al bond. Finally, when O atoms are at sites 2 and 12, they are 
attracted by the Y atom to the green circle position in the upper right corner, forming the Y-O-Ti bond.  

  
a b 

Figure 2. The adsorption configuration of Ti0.5Al0.5N (001) surface without and with Y doped. Adopted from [37]. 

Therefore, the analysis of bond characteristics between O and Y atoms on the Ti0.5Al0.5N (001) surface suggests 
that when Y atoms substitute Al atoms on the surface, they tend to form hybrid oxides (X-O-Al or X-O-Ti) in the initial 
stage of oxidation, rather than simple self-metal oxides (X-O). This conclusion is supported by experimental results that 
show the oxidation products include complex oxides such as Y2Ti2O7 [38] and YAlO3 [39]. It is noteworthy that 
Y2Ti2O7 has a higher hardness of 12.1 GPa compared to Y2O3 (6.9 – 9.1 GPa) and TiO2 (11 GPa). However, Young's 
modulus of Y2Ti2O7 (262 GPa) is similar to that of TiO2 (266 – 270 GPa) and 25% higher than that of Y2O3 
(188 GPa) [40].  

In summary, the results of the first-principal study show that TiAlYN coatings are interesting as protective 
materials able to work successfully in tribological conditions due to the modification of the surface structure resulting 
from oxide transformations.  
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EXPERIMENTAL DETAILS 
Deposition 

TiAlYN coatings were deposited by the cathodic arc evaporation method in a non-commercial coating machine. 
AISI steel square bars of dimension 20mm×20mm×2 mm were chosen as the substrates since these are some of the 
most widely used cutting tool materials in the machining industry. Ti0.5Al0.45Y0.05 alloys were utilized as the cathode 
materials, which were manufactured by the powder metallurgy technique. Prior to the deposition, substrates were 
ultrasonically cleaned. Then they were mounted to a rotating substrate carousel. The chamber was pumped to a base 
vacuum lower than 4×10−3 Pa. All targets were pre-sputtered for 7 min to remove the surface contaminants. The 
substrates were plasma etched in an argon atmosphere (0.2 Pa) for 10 min. Plasma etching removes surface 
contaminants and creates fresh surfaces for the nucleation and growth of coatings. Coatings’ deposition was carried out 
in a nitrogen environment at a nitrogen pressure (PN) of 0.53 Pa and a negative bias applied to the substrate (Ub) of 
200 V. During the deposition process, the temperature on substrates was about 450 °C, and deposition time lasted 
60 min. 

 
Characterization 

The cross-sectional microstructure at different magnifications, as well as morphology of the surface after wear 
tests were studied using scanning electron microscopy in a Quanta 600 FEG and FEI Nova NanoSEM 450 microscopes. 
The phase state was characterized using X-ray diffraction in a Panalytical Empyrean X-ray diffractometer in Co-Kα 
radiation (λ = 0.1789 nm). Identification of the phases and calculation of main crystal structural parameters was done 
using Malvern Panalytical’s XRD software.  

The microhardness was measured using an automated Anton Paar NHT ultra microhardness tester equipped with a 
diamond Berkovich tip. The maximum applied load was 10 mN and the loading time was 20 s. During the test, the 
indentation depth was controlled within 10 % of the coating thickness to avoid the effect of the substrate. 

The scratch test was performed in a Bruker UMT-2 tester under the minimal load of 0.2 N and the maximal load of 
46 N. The size of the scratch was 5 mm.  

Ball-on-disc tribotest was carried out in a Bruker UMT-2 tester. The counterball was 6.3 mm WC-Co. The applied 
load was 5 Н, the sliding speed was 200 rpm, and the sliding time was 30 min.  
 

RESULTS 
Fig. 3 shows the surface and cross-sectional SEM micrographs and corresponding EDX elemental mapping of 

TiAlYN coating. It notes that the surface of the coating has ample macroparticle fraction and inapparent facet 
morphology. Macroparticles are usually present when deposition takes place with the PVD method, and they lead to 
surface irregularities. The fractured cross-section image of the coating reveals that the coating is well-grown and 
adherent to the steel substrate. The coating exhibits a nano-columnar microstructure. 

  
а b 

 
c 

Figure 3. SEM micrographs of TiAlYN coating in planar (a) and cross-section (b) views and corresponding EDX elemental mapping (c). 
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The elemental composition of the coating was determined by EDX mapping in the SEM. The result shows that the 
distributions of all constituent elements in the coating are quite uniform. The chemical composition of the coating is the 
following: Ti0.6Al0.34Y0.06N. Since the nitrogen pressure used for the deposition was 0.53 Pa, the coating composition is 
stoichiometric. The Al concentration in the coating is lower than that of the target composition, while the amount of Ti 
and Y in the coating is higher compared to the target. This can be explained by the large difference in the atomic mass 
of the metallic components, due to which the rate of scattering in the gas phase for Al is higher and more Al re-sputters 
during coating growth. 

XRD pattern of the coating is shown in Fig. 4. The 2θ peak positions for standardized c-TiN (ac = 4.24 Å, ref. code 
03-065-0414), c-AlN (ac = 4.12 Å, (ref. code 00-046-1200) and c-Al0.5Ti0.5N (ac = 4.19 Å, ref. code 01-071-5864), 
c-YN (ac = 4.87 Å, ref. code 01-071-9847), h-Ti2AlN (ah = 2.98 Å, ch = 13.61 Å, ch/ah = 4.56, ref. code 00-055-0434) 
and h-AlN (ah = 3.11 Å, ch = 4.98 Å, ch/ah = 1.60, ref. core 01-086-4277) are labeled with different colors and symbols.  

The coating exhibits strong {200} preferred orientation. It can be seen from the pattern, the Y prefers to dissolve 
into the AlTiN-forming solid solution rather than segregating as a second YN phase (formation of separate peaks) [41]. 
The dissolution of the Y into the AlTiN lattice produces an increased lattice parameter of the TiAlYN coating. This is 
due to Y having a larger atomic radius compared to those of the Ti and Al. Additionally, a broadening of the 
characteristic peaks of the solid solution TiAlYN can be observed after the Y addition, which can be attributed to the 
grain refinement. The average grain size of the coating is 12 nm. 

As the Ti content in the coating is quite high, the cubic peaks at the XRD pattern shift towards higher angles. 
Moreover, the presence of Y results in the formation of an extra wurtzite phase, which is evident in the diffraction 
pattern at 38.5° and 46.8° diffraction angles. This indicates that the coating has a significant amount of the wurtzite 
phase. These results correspond well with other literature reports [30, 32] and ab initio findings, which suggest that at 
high Y content, the solubility of Al in the cubic single phase field decreases.  

The main mechanical and tribological properties of TiAlYN coating as well as thickness are summarized in 
Table 1. The formation of the wurtzite phase due to high Y and Al content, as mentioned above, can result in decreased 
hardness values as compared to the coatings with a metastable single phase (cubic solid solution). For the experimental 
coating, the value of hardness is 31 ± 2.5 GPa which is comparable to the hardness for the single-phase cubic coatings, 
which vary between 30 and 35 GPa [34]. Such high hardness can be explained by solid solution strengthening and the 
induced microstrain due to the incorporation of Y atoms. With increasing Y content, the octahedrally coordinated sp3d2 
hybridisation is weakened and the tetrahedral sp3 hybridisation is favoured resulting in a promotion of the wurtzite 
structure [32]. 

 
Figure 4. Diffraction pattern of TiAlYN coating 

It is generally accepted that higher residual stresses lead to higher hardness and that high residual compressive 
stresses are conducive to higher fracture toughness [37]. It is clear that the residual stress of experimental coating is 
−3352 ± 64 MPa, this high value ensures the high hardness. Table 1 contains two other hard mode ratios, such as H/E 
and H3/E2, which are also accurate and reliable measures of wear resistance. H/E correlates with elastic strain failure 
capacity, with a larger ratio implying a higher fracture toughness of the coating, while a large H3/E2 is a strong 
indication of wear resistance, plastic deformation resistance, and fracture resistance. As one can see, the values of H/E 
and H3/E2 are respectively = 0.078 ± 0.07 and 0.191 ± 0.011. This means that coating has less tensile stress in the tensile 
stress concentration zone and, therefore, is less prone to cracking as well as has high fracture toughness. The friction 
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coefficient of the coating is around 0.6 – 0.65. The running-in stage of the coating was 450 s, and then the fluctuations 
in the friction curve stopped.  
Table 1. Functional properties of TiAlYN coating 

 Value 
Thickness Δ, micron 6.5 
Hardness H, GPa 31 ± 2.5 
Elastic modulus Е, GPa 394.8 ± 35.8 
Elastic strain to failure H/E 0.078 ± 0.007 
Resistance to plastic deformation H3/E2 0.191 ± 0.011 
Residual stress, MPa  −3352 ± 64 
Friction coefficient  0.6-0.65 
Load of buckling cracks Lc1, N 8.5 ± 1.5 
Load of buckling spallation Lc2, N 26.7 ± 1.8 

 
Coating adhesion is an important property that may significantly affect coating performance, especially when 

adhesion wear is present. Coating failure is usually divided into two stages: first, the initial exposure of the substrate, 
where cohesion failure occurs inside the coating, corresponding to Lc1; and then the complete spalling of the coating 
from the substrate, that is, interfacial damage or adhesion failure, corresponding to Lc2 [42]. It has been determined that 
the adhesion strength of the experimental coating is 26.7 ± 1.8 N. The smaller the grains in the steel substrate, the more 
coherent or semi-coherent interface becomes between the substrate and the coating, leading to greater coating adhesion.  

Fig. 5 shows the SEM image of the morphology of TiAlYN coating after a complete wear test and the 
corresponding EDX graph of chemical composition. Wear failure inside the groove is characterized by flaky chipping 
[42], without any substrate exposure. In addition, adhesion as well as furrows can be observed inside the wear track. 
The edges of the wear track show some accumulation of abrasive debris, and the EDS results show a large amount of 
Fe, C, and O elements, which is evidence of adhesive wear. It is worth mentioning that experimental coating has 
relatively high roughness caused by macroparticle fraction, the hard protrusions and defects on the coating surface fall 
off during friction and participate in the frictional behavior of the coating and the ball as abrasive particles, so that the 
wear pattern contains a number of grooves. As a result, three-body friction occurs, which reduces the contact between 
the coating and the ball, thus reducing the friction coefficient and wear rate. 

   
Figure 5. Image of the wear track on the surface (left) and corresponding EDX elemental graph (right) of TiAlYN coating. 

In addition, the high wear performance of the coatings is also due to the high elastic modulus of 394.8 ± 35.8 GPa. 
During the wear test, the elastic strain energy stored in the coating increased as the pressure at the wear groove 
increased. Until the strain energy increased, until it directly broke the coating structure, and no significant coating 
fragmentation was produced. 

 
DISCUSSION 

The fact that experimental coating is composed of mixed phase structure (cubic NaCl-type and hexagonal 
wurtzite-type) demonstrates that the crystalline phase of the coating is affected by the addition of 5 at. % Y. Thus, the 
addition of large and therefore relatively immobile Y atoms (atomic radius 0.18 nm) leads to continuous re-nucleation 
during deposition [43, 44]. Also, strains due to the addition of Y promote the re-nucleation process. In sum, 
Ti0.6Al0.34Y0.06N coating exhibits fine grain size (12 nm) and nano-columnar structure.  

In comparison with TiAlN coating, the hardness of Ti0.6Al0.34Y0.06N coating is comparatively identical 
(H = 31 ± 2.5 GPa). The high hardness partly results from the solution hardening due to the incorporation of larger Y 



404
EEJP. 2 (2024) O.V. Maksakova, et al.

atoms into the TiAlN lattice at the metal atom sites. The reduced grain size of 12 nm also helps to increase the coating 
hardness. Moreover, the high level of compressive stress contributes to enhanced hardness, since the defects responsible 
for the compressive intrinsic stress act as the obstacles for dislocation movement [45]. Therefore, the improved 
hardness of experimental coating can be attributed to triple effects: solution hardening, grain refinement, and high 
residual compressive stress. 

The residual stress of Ti0.6Al0.34Y0.06N coating (−3352 ± 64 MPa) is approximately three times that of TiAlN coating 
(−720 MPa) [46] and compatible with that of TiAlTaN coating (−3283 ± 92) [47]. Residual stress has a pronounced 
influence on the properties of coatings. High compressive stress increases the hardness of Ti0.6Al0.34Y0.06N coating. 
However, it also reduces the adhesion between coating and substrate up to a point where spallation occurs during the 
adhesive test. Therefore, it is necessary to optimize the residual stress value and improve substrate treatment in the future.  

The wear resistance of Ti0.6Al0.34Y0.06N coating is relatively high. The addition of Y suggests the retarded growth 
of the oxide layer on the coating surface during wear testing. In general, while the wear testing of TiAlN coating, there 
are transport mechanisms: grain boundary inward transport of oxygen anions and grain boundary outward transport of 
metal cations. After the Y addition, Y ions are preferentially segregate at the grain boundaries, and therefore effectively 
retards the inward diffusion of oxygen [48, 49]. Consequently, the growth of the oxide layer is retarded. The retarded 
growth of the oxide layer also benefits from the formation of oxide phases, such as Y2O3 and Al2O3. The comparison of 
Gibbs free energy for the formation of Y2O3, Al2O3, and TiO2 shows that Y has the highest affinity for oxygen. The 
strong interaction between Y and O inevitably inhibits the process of rutile TiO2 formation. Besides, the first principal 
study, as well as several experimental investigations, indicate that the addition of Y promotes the formation of dense 
Al2O3, which is effective in restraining diffusion and therefore protects the coating from oxidative wear.  
 

CONCLUSION 
In this work, the implications of the presence of Y as a reactive element in cathodic vacuum arc TiAlN protective 

coating were investigated. The changes in the structure and properties were analyzed using SEM combined with EDX, 
XRD, indentation, and wear analyses. The following conclusions were obtained: 
(1) The addition of Y changes the crystalline phase of Ti0.6Al0.34Y0.06N coating. It consists of a combination of cubic 

NaCl-type structure (base phase) and wurtzite structure (additional phase). Moreover, it results in fine grain size 
(12 nm) and nano-columnar structure. 

(2) The formation of a w-AlN (wurtzite structure) does not deteriorate the mechanical properties of the coating. The 
hardness is 31 ± 2.5 GPa and the elastic modulus is 394.8 ± 35.8 GPa. The residual stress is approximately three 
times (−3352 ± 64 MPa) that of TiAlN coating (−720 MPa). The high mechanical characteristics can be attributed 
to solution hardening, grain refinement, and high residual compressive stresses. 

(3) Abrasive wear and adhesive wear occurred in wear tests of the coating. High macroparticle fracture on the surface 
reduces the damage from adhesive wear, and, therefore, reduces the coating peeling during friction.  
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Мартін Кусиb, Іріна Дoщечкинаc 
aХарківський національний університет імені В.Н. Каразіна, Харків, м. Свободи, 4, 61022, Україна 

bІнститут матеріалознавства, Словацький технологічний університет у Братиславі, 
25, вул. Яна Ботту, 917 24, Трнава, Словаччина 

cХарківський національний автомобільно-дорожній університет, вул. Я. Мудрого, 61200, м. Харків, Україна 
Приведено результати досліджень впливу Y як реакційноздатного елемента на властивості покриттів TiAlN отриманих 
методом вакуумно-дугового осадження. Зміни в структурі та властивостях були проаналізовані за допомогою SEM у 
поєднанні з EDX, XRD, аналізом вдавлення та аналізом зносу. Показано присутності Y змінює кристалічну фазу покриття 
Ti0,6Al0,34Y0,06N. Він складається з комбінації кубічної структури типу NaCl (базова фаза) і структури вюрциту (додаткова 
фаза). Крім того, це призводить до дрібного розміру зерна (12 нм) і нано-стовпчастої структури. Висока твердість частково є 
результатом твердіння розчину через включення більших атомів Y у решітку TiAlN у місцях розташування атомів металу. 
Зменшений розмір зерна 12 нм також сприяє підвищенню твердості покриття. Твердість становить 31±2,5 ГПа, модуль 
пружності 394,8±35,8 ГПа. Залишкове напруження приблизно в три рази (−3352±64 МПа) перевищує покриття TiAlN 
(−720 МПа). Крім того, високий рівень стискаючої напруги сприяє підвищенню твердості, оскільки дефекти, відповідальні 
за власну стискаючу напругу, є перешкодою для руху дислокації.  Покращену твердість експериментального покриття 
можна пояснити потрійним ефектом: зміцнення розчину, подрібнення зерна та високе залишкове напруження стиску. 
Додавання Y свідчить про сповільнене зростання оксидного шару на поверхні покриття під час випробування на знос. Після 
додавання Y іони Y переважно відокремлюються на границях зерен, і тому ефективно затримують дифузію кисню 
всередину. Додавання Y сприяє утворенню щільного Al2O3, який є ефективним у стримуванні дифузії і, отже, захищає 
покриття від окисного зношування. 
Ключові слова: вакуумно-дугове осадження; покриття; вюрцитна фаза; твердість; знос; критичні навантаження 
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This study presents an approach for precisely determining the stretching vibrational frequencies of the P-Cl bond in phosphorus 
trichloride (PCl3) using a vibrational Hamiltonian framework that maintains the C3v symmetry point group. Our methodology enables 
the accurate prediction of vibrational frequencies up to the fifth overtone. It identifies related combination bands, marking a significant 
advancement in vibrational spectroscopy and molecular modelling. By enhancing the accuracy and depth of our understanding of 
molecular vibrations, this research paves the way for developing more sophisticated computational models, thereby significantly 
improving the precision of chemical analyses, and contributing to the broader field of chemical physics. 
Key words: Molecular Physics; Vibrational frequencies; Phosphorus trichloride; Vibrational Hamiltonian; Lie algebraic method 
PACS: 33.20.-t, 33.20.Ea, 82.80.Gk, 63.50.-x, 45.20. Jj, 47.10.Df, 02.20.Sv 

1. INTRODUCTION
The field of spectroscopy has witnessed substantial advancements, significantly refining the precision and accuracy 

with which the vibrational modes of polyatomic molecules are determined. This progress has spurred the development of 
sophisticated theoretical frameworks leveraging the principles of dynamical symmetry articulated through the intricate 
mathematical formalism of Lie algebras. These cutting-edge models stand at the forefront of elucidating the complex 
interplay of vibrational and rotational dynamics within molecular systems. Central to these models is the adept use of 
algebraic techniques to construct an effective Hamiltonian operator. This operator plays a pivotal role in delineating the 
rotational and vibrational degrees of freedom within physical systems, enriching our understanding of molecular 
dynamics with unprecedented precision. One of the most innovative aspects of algebraic models lies in their ability to 
harmonize the physical underpinnings shared with both ab initio and semi-empirical methodologies. While ab initio 
methods delve into the theoretical realm by solving the Schrödinger equation, semi-empirical approaches leverage 
observed data to predict molecular vibrations pragmatically. Historically, the analysis of molecular spectra has oscillated 
between two predominant methodologies: the Dunham expansion and the potential energy approach. The Dunham 
expansion simplifies the analytical landscape by expressing energy levels as expansions in terms of vibration-rotation 
quantum numbers, thus offering a foundational understanding of molecular rovibrational spectra. 

In contrast, the potential energy approach embarks on a more nuanced exploration by solving the Schrödinger 
equation with a specific inter-atomic potential, enriching our insight into molecular interactions. In recent years, algebraic 
models have excelled in deciphering the vibrational spectra of small to medium-sized molecules. These models utilize 
various mathematical groups or symmetries, such as U(4) and U(2), to adeptly analyze diverse molecular structures. While 
the U(4) model caters well to smaller molecules, its complexity burgeons with larger molecules, diminishing its 
applicability to systems exceeding four atoms. The U(2) model emerges as a solution to this challenge, demonstrating 
remarkable proficiency in modeling the stretching vibrations of complex polyatomic molecules. The superiority of U(2) 
Lie algebraic techniques over conventional methods, such as the Dunham expansion, is particularly notable in their 
precision and the minimal reliance on empirical data [1]. Iachello et al. initially applied the Lie algebraic method to 
explore the vibrational frequencies of polyatomic molecules, introducing a novel, mathematically rigorous approach to 
the field [2,3]. This methodology, which draws from the complex symmetry and structures inherent in Lie algebra, offered 
a more refined and accurate perspective on how molecules vibrate, significantly enhancing our understanding beyond 
what was achievable with previous methods. Since this foundational work, the Lie algebraic technique has seen extensive 
refinement and broad application. Researchers have honed the method for greater precision and extended its use to analyze 
a broader range of molecules [4,5,6]. This growth demonstrates the method's robustness and flexibility, showcasing its 
utility in providing deeper insights into the vibrational characteristics of a broad spectrum of molecular configurations, 
from simple to highly complex structures [7,8]. The continual development of the Lie algebraic approach represents the 
progressive nature of scientific exploration, where initial breakthroughs lay the groundwork for ongoing advancements. 
As this method evolves, it opens new doors for understanding the quantum mechanics of molecular vibrations, 
contributing significantly to spectroscopy, material science, and chemical engineering. 

In recognition of the diverse applications of phosphorus trichloride vibrational frequencies, this study calculates 
them up to the fifth overtone alongside their combination bands. To achieve this, we employ a Hamiltonian operator 
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within the framework of Lie algebra. This approach not only underpins the mathematical rigor of our methodology but 
also enhances our ability to accurately model and predict the complex vibrational spectra of phosphorus trichloride. 
Through this algebraic method, we aim to provide a comprehensive analysis that contributes to the broader understanding 
and application of vibrational frequencies in phosphorus trichloride, offering valuable insights for both theoretical 
research and practical applications in the field. 
 

2. STRUCTURE OF PHOSPHORUS TRICHLORIDE 
The structural configuration of phosphorus trichloride is characterized by a trigonal pyramidal arrangement, 

perfectly embodying the C₃v symmetry point group. This symmetry classification is further detailed by its symmetry 
species: A1 (symmetric stretch), A1 (symmetric deformation), E (degenerate stretch), and E (degenerate deformation). At 
the heart of this molecular geometry lies a phosphorus atom, encircled symmetrically by three chlorine atoms. These 
atoms are not merely adjacent but strategically placed at the vertices of a triangle, forming the pyramid's base, with each 
chlorine atom bonded to the phosphorus atom through single bonds. 

The essence of PCl₃'s symmetry, the C₃v point group, is underscored by a singular C₃ axis of symmetry complemented 
by three vertical planes of symmetry (σv). The C₃ axis, emblematic of a three-fold rotational symmetry, vertically pierces 
through the phosphorus atom. It stands orthogonal to the plane demarcated by the chlorine atoms, facilitating a rotation 
of 120 degrees around the phosphorus nucleus without altering the molecule's spatial configuration. Meanwhile, the σv 
planes, aligning vertically with the triangular base, dissect the P-Cl bonds so that each plane hosts the phosphorus atom 
and one chlorine atom. These planes enable a reflection of the molecule along them, reinforcing its trigonal pyramidal 
shape. This comprehensive symmetry not only bestows PCl₃ with its distinct non-linear shape but also intricately 
influences its vibrational modes, setting it apart from molecules with linear geometries. 

 
Figure 1. Structure of PCl3 

 
3. THE HAMILTONIAN APPROACH OF PCL3 

The exploration of the stretching modes (P-Cl) in phosphorus trichloride involves a sophisticated development of a 
Lie algebraic vibrational Hamiltonian, which intricately blends kinetic and potential energy elements. This blending is 
thoughtfully executed with a strong focus on the symmetry properties intrinsic to the molecule's structure. The advanced 
Hamiltonian model goes beyond its basic formulation by weaving in the complex interactions and symmetries specific to 
PCl₃. This results in a more refined and customized examination of its vibrational features, offering a deeper and more 
precise insight into the P-Cl stretching modes that mirror the unique molecular dynamics and interactions characteristic 
of PCl₃. 

For the detailed analysis of the stretching vibrations of the P-Cl bonds, the effective Hamiltonians are crafted as 
follows [1,2,9]: 

 𝐻௉ି஼௟ = 𝐸଴ + ∑ 𝐴௜௡ୀଷ௜ୀଵ 𝐶௜ + ∑ 𝐴௜௝௡ୀଷ௜ழ௝ 𝐶௜௝ + ∑ 𝜆௜௝௡ୀଷ௜ழ௝ 𝑀௜௝. (1) 

In this formula, 𝐸଴ represents the zero-point energy, establishing the foundational energy level for vibrational states. 
The coefficients 𝐴௜ , 𝐴௜௝, and 𝜆௜௝ are algebraically tied to the Casimir (𝐶௜ ,𝐶௜௝) and Majorana (𝑀௜௝) operators, integral to 
the Lie algebra framework that underpins this vibrational Hamiltonian approach [4]. 

The Casimir and Majorana operators introduce modern analytical dimensions to molecular vibrational dynamics, 
which is particularly advantageous for molecules with unique symmetries. Casimir operators, rooted in the Lie algebra of 
specific symmetry groups, serve as constants of motion, elucidating the vibrational autonomy of molecules and effectively 
delineating both independent and interrelated bond movements. On the other hand, Majorana operators are crucial for 
constructing irreducible representations of Lie algebra, essential for exploring vibrational modes subject to symmetry 
considerations, thus outlining the interactions among local modes through diagonal and off-diagonal matrix 
components [10]. 

Incorporating these operators simplifies the algebraic structure of the vibrational Hamiltonian, facilitating 
computational efficiency and enhancing the precision of interpretations. These operators are vital for decoding the 
intricate interplay between molecular symmetry and vibrational dynamics. The calculation of coefficients 𝐴௜ , 𝐴௜௝ and 𝜆௜௝ 
employs molecular spectroscopic data, utilizing a least-squares fitting method for heightened accuracy. 
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For calculating algebraic operators relevant to P-Cl bonds, the expressions are: 

 〈𝐶௜〉 =  −4(𝑁𝑣௜ − 𝑣௜ଶሻ, (2) 

 〈𝑁, 𝑣௜;𝑁, 𝑣௝ห𝐶௜௝ห𝑁, 𝑣௜;𝑁, 𝑣௝〉 = 4൫𝑣௜ + 𝑣௝൯൫𝑣௜ + 𝑣௝ − 2𝑁൯, (3) 

 
〈𝑁, 𝑣௜;𝑁, 𝑣௝ห𝑀௜௝ห𝑁, 𝑣௜;𝑁, 𝑣௝〉 = 𝑣௜𝑁 + 𝑣௝𝑁 − 2𝑣௜𝑣௝〈𝑁, 𝑣௜ + 1;𝑁, 𝑣௝ − 1ห𝑀௜௝ห𝑁, 𝑣௜;𝑁, 𝑣௝〉 = −[𝑣௝(𝑣௜ + 1)(𝑁 − 𝑣௜)(𝑁 − 𝑣௝ + 1]ଵ/ଶ〈𝑁, 𝑣௜ − 1;𝑁, 𝑣௝ + 1ห𝑀௜௝ห𝑁, 𝑣௜;𝑁, 𝑣௝〉 = −[𝑣௜(𝑣௝ + 1)(𝑁− 𝑣௝)(𝑁 − 𝑣௜ + 1]ଵ/ଶൢ, (4) 

with calculations rooted in the vibrational quantum numbers 𝑣௜ and 𝑣௝ identify the vibrational states for bonds i and j, 
respectively, and the vibron number, 𝑁 = ఠ೐ఠ೐௫೐ − 1, derived from spectroscopic constants, 𝜔௘ and 𝜔௘𝑥௘ specific to the 
P-Cl bond [11,12]. Initial estimates for 𝐴௜ stem from the energy of the fundamental mode of a single oscillator, 𝐸(v = 1) = −4𝐴௜(𝑁 − 1) and 𝜆௜௝ = หா೔ିாೕหଷே  is calculated from the energy differences between vibrational modes, 
further refining the model's accuracy in depicting the vibrational landscape of PCl₃. 
 

4. RESULTS 
Table 1 provides a comprehensive overview of the vibrational frequencies extending to the fifth overtones and the 

corresponding combination bands observed in phosphorus trichloride, meticulously categorized by their symmetry 
species and specific vibrational modes. This detailed compilation is pivotal in shedding light on the distinctive attributes 
and dynamic behaviour inherent to the molecule under study. It underscores the intricate relationship between the 
observed vibrational frequencies, the diverse molecular motions, and the structural symmetries of phosphorus trichloride. 
By mapping out these frequencies and their associated modes, the table serves as a vital resource for understanding the 
vibrational spectrum of PCl₃. It enhances our grasp of how the molecule's geometry and symmetry influence its vibrational 
characteristics. This expansion into the vibrational domain of phosphorus trichloride thus provides invaluable insights 
into its physicochemical properties, facilitating a deeper comprehension of the molecule's internal mechanics and 
interaction with external stimuli. 
Table 1: Phosphorus Trichloride Vibrational Frequencies 

Vibrational mode Vibrational frequencies (cm-1) 
Experimental [13] Calculated 

v1 (symmetric stretching, A1) 504 502.76 
v2 (deg stretching, E) 482 481.04 

2v1 - 937 
2v2 - 912 
3v1 - 1465 
3v2 - 1378 
4v1 - 1868 
4v2 - 1806 
5v1 - 2354 
5v2 - 2201 

v1+v2 - 984 
v1+2v2 - 1414 
v1+3v2 - 1967 
v1+4v2 - 2308 
v1+5v2  2856 
v2+2v1 - 1418 
v2+3v1 - 1946 
v2+4v1 - 2349 
v2+5v1 - 2835 

Fitted Parameters: N = 246, Ai = -0.96, Aij = -1.16, λij = 0.035 
 

5. CONCLUSIONS 
In conclusion, this research has made a substantial contribution to vibrational spectroscopy and molecular modelling 

by developing and applying a vibrational Hamiltonian framework tailored to phosphorus trichloride. Our methodological 
approach, emphasizing C3v symmetry point group considerations, has enabled us to precisely predict the P-Cl stretching 
vibrational frequencies up to the fifth overtone and to identify the corresponding combination bands. This achievement 
marks a significant advancement by providing a deeper and more accurate understanding of molecular vibrations within 
PCl₃, thus offering insights that are crucial for developing more sophisticated computational models. 

Moreover, the structural analysis of PCl₃, grounded in its trigonal pyramidal geometry and C3v point group 
symmetry, has enriched our understanding of its vibrational modes. The detailed investigation into the Hamiltonian's 
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algebraic structure, incorporating Casimir and Majorana operators, offers a novel perspective on the molecular vibrational 
dynamics specific to PCl₃. This approach not only simplifies the computational analysis but also elevates the accuracy of 
our interpretations, highlighting the intricate relationship between molecular symmetry and vibrational characteristics. 

The comprehensive data compilation presented in Table 1, outlining the vibrational frequencies and modes, serves 
as a testament to the precision and reliability of our methodological approach. It underscores the importance of symmetry 
considerations and algebraic methods in enhancing our understanding of molecular vibrations. 

Future studies can build upon our findings by exploring the application of similar vibrational Hamiltonian 
frameworks to other molecules with unique symmetries. Further refinement of the computational models used in this 
research could lead to even more precise predictions of vibrational frequencies, thereby broadening the scope of 
vibrational spectroscopy and molecular modelling. 
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ВИЗНАЧЕННЯ ЧАСТОТ КОЛИВАНЬ ТРИХЛОРИДУ ФОСФОРУ З ВИКОРИСТАННЯМ 
ВІБРАЦІЙНОГО ГАМІЛЬТОНІАНУ 

К. Лаваньяa,b, М.В. Фані Кумаріb, Дж. Віджаясекарb 
aДепартамент математики, жіночий коледж Св. Франциска, Бегумпет, Хайдарабад, Індія 

bДепартамент математики, GITAM (вважається університетом), Хайдарабад, Індія 
У цьому дослідженні представлено підхід до точного визначення коливальних частот розтягування зв’язку P-Cl у трихлориді 
фосфору (PCl3) з використанням вібраційного гамільтонового підходу, який підтримує точкову групу симетрії C₃v. Наша 
методологія дозволяє точно передбачити вібраційні частоти до п'ятого обертона. Вона ідентифікує пов’язані комбіновані 
смуги, знаменуючи значний прогрес у вібраційній спектроскопії та молекулярному моделюванні. Підвищуючи точність і 
глибину нашого розуміння молекулярних коливань, це дослідження прокладає шлях до розробки складніших 
обчислювальних моделей, тим самим значно підвищуючи точність хімічних аналізів і вносячи внесок у ширшу область 
хімічної фізики. 
Ключові слова: молекулярна фізика; вібраційні частоти; трихлорид фосфору; коливальний гамільтоніан; алгебраїчний 
метод Лі 
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This research study employs a Lie algebraic framework to investigate the second and third overtone vibrational frequencies and their 
combination bands in cyclobutane-d8 (C4D8). The application of this framework ensures the preservation of the point symmetry group 
D2d, characterized by the symmetry species A1, A2, B1, B2, and E. The analysis encompasses 23 normal vibrational modes within the 
molecular structure of cyclobutane-d8. Our study extensively explores the vibrational spectra, elucidating the intricate interactions 
among these vibrational modes. Preserving molecular symmetry allows for a deeper understanding of vibrational interactions, offering 
valuable insights into spectroscopy. The research enhances the comprehension of molecular structure and its applications in various 
fields, providing a detailed view of higher energy levels and complex vibrational transitions in cyclobutane-d8. 
Keywords: Hamiltonian operator; Lie algebraic framework; Vibrational Spectra; Morse oscillator; Cyclobutane-d8 
PACS: 33.20.-t, 33.20.Ea, 82.80.Gk, 63.50.-x, 45.20. Jj, 47.10.Df, 02.20.Sv 

1. INTRODUCTION
The vibrational frequencies of molecules represent the specific frequencies at which atoms within a molecule vibrate, 

with atoms connected by chemical bonds acting like springs, allowing oscillation. Each vibrational mode corresponds to 
a unique oscillation frequency, offering valuable insights into molecular structure, bonding, and dynamic behavior. 
Experimental techniques such as infrared and Raman spectroscopy are commonly utilized to determine these frequencies 
associated with bond stretching and bending, influenced by factors like bond strength, atomic mass, and molecular 
symmetry. Understanding vibrational frequencies is pivotal in diverse scientific fields, including chemistry, physics, and 
biology, contributing to molecular spectroscopy, quantum chemistry, and molecular dynamics investigations. Various 
theoretical approaches are employed to determine vibrational frequencies, each with distinct principles. The harmonic 
oscillator model, as the simplest, assumes molecular vibrations as harmonic oscillators, approximating the potential 
energy surface near equilibrium and calculating frequencies as multiples of the harmonic oscillator frequency. 
Anharmonic methods extend beyond this model, considering deviations and utilizing quantum chemistry methods like 
vibrational configuration interaction and vibrational coupled cluster to include anharmonic effects [1-4]. Density 
functional theory approximates electronic structure based on electron density [5-7]. Ab initio methods, including Hartree-
Fock theory and post-Hartree-Fock methods, offer accurate electronic structure information but demand computational 
intensity. Semi-empirical methods balance accuracy and computational efficiency, and force field methods use empirical 
potential energy functions parameterized for molecular dynamics simulations. Coupled mode approaches consider 
vibrational excitations as coupled modes, while group theory and symmetry considerations exploit molecular 
symmetry [8-13]. Each method involves trade-offs between computational efficiency and accuracy, emphasizing 
consideration of the specific molecule under study. Combining methods and validating against experimental data 
enhances overall reliability. 

Introducing the symmetry-adapted Lie algebraic method for polyatomic molecules seeks to improve outcomes and 
address limitations found in traditional theoretical approaches [14, 15]. This innovative method strives to overcome 
constraints by modifying and integrating existing theoretical frameworks with the foundational principles of Lie algebras. 
Built upon Lie algebra principles, this method emerges as a potent theoretical approach within quantum chemistry. 
Particularly effective for symmetric molecules, it streamlines the analysis of vibrational motion by systematically 
simplifying vibrational degrees of freedom [16-20]. Its utility extends to both quantum chemistry and spectroscopy, 
offering valuable insights into vibrational modes and significantly contributing to interpreting experimental spectra.  
This research study emphasizes the analysis of second and third overtone vibrational frequencies and their combination 
bands in cyclobutane-d8 of point group D2d with the symmetry species A1, A2, B1, B2, E. The investigation uses the 
symmetry-adapted Lie algebraic method and is motivated by various factors with potential implications for practical uses. 
Studying these higher energy levels yields an intricate understanding of molecular oscillations, particularly in response 
to changes in molecular environments. The practical significance of this research spans various fields, such as 
spectroscopy, material and chemical engineering, environmental monitoring, and isotopic studies. It not only contributes 
to theoretical knowledge but also leads to practical advancements in these areas. 
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2. SYMMETRY-ADAPTED LIE ALGEBRAIC METHOD 
The vibrational Hamiltonian (H), formulated within the framework of the Lie algebraic method, is expressed in 

terms of Casimir and Majorana operators, establishing a systematic foundation for analysing vibrational modes [15]. 
In this framework, the construction of the Hamiltonian is centred around operators that commute with it, forming a Lie 
algebra and ensuring compatibility with molecular symmetry, thereby systematically addressing vibrational degrees 
of freedom. Casimir operators, acting as invariants within the Lie algebra, are pivotal in identifying constants of motion 
within the vibrational system. These operators play a crucial role in systematically simplifying the vibrational 
Hamiltonian, significantly enhancing computational efficiency, particularly in studying symmetric molecules. Majorana 
operators, intricately connected to coupling schemes involving Lie algebras of interacting one-dimensional Morse 
oscillators, are instrumental in the diagonalization process of the vibrational Hamiltonian [16, 18]. The relationships 
between Majorana operators and the Lie algebraic framework aid in simplifying and diagonalizing the Hamiltonian, 
facilitating a more accessible analysis of vibrational modes. Expressed in terms of Casimir and Majorana operators, the 
vibrational Hamiltonian ensures a systematic treatment of vibrational degrees of freedom. It provides valuable insights 
into the symmetries and dynamics governing molecular vibrations. This approach contributes to a profound understanding 
of molecular structure and enhances the interpretability of experimental spectra, such as those obtained through techniques 
like infrared and Raman spectroscopy. Incorporating Casimir and Majorana operators in the vibrational Hamiltonian 
associated with the Lie algebraic method represents a powerful and efficient approach to studying molecular vibrations 
within the quantum mechanical framework [14, 17]. 

The vibrational Hamiltonians governing the C-D and C-C stretching vibrations in Cyclobutene-d8, used to calculate 
the vibrational frequencies, are represented as follows [21]: 

 𝐻஼ି஽ = 𝐸଴ᇱ + ∑ 𝐴௜ᇱ௡ୀ଼௜ୀଵ 𝐶௜ + ∑ 𝐴௜௝ᇱ௡ୀ଼௜ழ௝ 𝐶௜௝ + ∑ ൫𝑘௜௝ଵ + 𝑘௜௝ଶ + 𝑘௜௝ଷ + 𝑘௜௝ସ ൯௡ୀ଼௜ழ௝ 𝜆௜௝ᇱ 𝑀௜௝ (1) 

 𝐻஼ି஼ = 𝐸଴ᇱᇱ + ∑ 𝐴௜ᇱᇱ௡ୀସ௜ୀଵ 𝐶௜ + ∑ 𝐴௜௝ᇱᇱ௡ୀସ௜ழ௝ 𝐶௜௝ + ∑ ൫𝑙௜௝ଵ + 𝑙௜௝ଶ ൯௡ୀସ௜ழ௝ 𝜆௜௝ᇱᇱ𝑀௜௝ (2) 

with symmetry adapted neighbor couplings coefficients as 𝑘௜௝ଵ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,2ሻ, ሺ2,3ሻ, ሺ3,4ሻ, ሺ4,5ሻ, ሺ5,6ሻ, ሺ6,7ሻ, ሺ7,8ሻ, ሺ1,8ሻ0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

𝑘௜௝ଶ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,3ሻ, ሺ2,4ሻ, ሺ3,5ሻ, ሺ4,6ሻ, ሺ5,7ሻ, ሺ6,8ሻ, ሺ1, 7ሻ, ሺ2,8ሻ0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

𝑘௜௝ଷ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,4ሻ, ሺ2,5ሻ, ሺ3,6ሻ, ሺ4,7ሻ, ሺ5,8ሻ, ሺ1,6ሻ, ሺ2,7ሻ, ሺ3,8ሻ0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

𝑘௜௝ସ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,5ሻ, ሺ2,6ሻ, ሺ3,6ሻ, ሺ3,7ሻ, ሺ4,8ሻ0,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

𝑙௜௝ଵ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,2ሻ, ሺ2,3ሻ, ሺ3,4ሻ, ሺ1,4ሻ0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

𝑙௜௝ଶ = ൜1, ሺ𝑖, 𝑗ሻ = ሺ1,3ሻ, ሺ2,4ሻ0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

In this context, 𝐴௜ ,𝐴௜௝ , 𝜆௜௝  denote the algebraic parameters, while 𝐶௜ and 𝐶௜௝ represent the Casimir (invariant) 
operators associated with the respective Lie algebras. Majorana (invariant) operators 𝑀௜௝ are intricately connected 
to coupling schemes incorporating Lie algebras of n interacting one-dimensional Morse oscillators. Utilizing 
spectroscopic data facilitates the determination of algebraic parameters, and the following expressions are applied 
to compute the algebraic operators: 

 〈𝐶௜〉 =  −4ሺ𝑁௜𝑣௜ − 𝑣௜ଶሻ (3) 

 〈𝑁௜ , 𝑣௜;𝑁௝ , 𝑣௝ห𝐶௜௝ห𝑁௜ ,𝑣௜;𝑁௝ ,𝑣௝〉 = 4൫𝑣௜ + 𝑣௝൯൫𝑣௜ + 𝑣௝ − 𝑁௜ − 𝑁௝൯ (4) 

 
〈𝑁௜ , 𝑣௜;𝑁௝ , 𝑣௝ห𝑀௜௝ห𝑁௜ ,𝑣௜;𝑁௝ , 𝑣௝〉 = 𝑣௜𝑁௝ + 𝑣௝𝑁௜ − 2𝑣௜𝑣௝〈𝑁௜ , 𝑣௜ + 1;𝑁௝ , 𝑣௝ − 1ห𝑀௜௝ห𝑁௜ ,𝑣௜;𝑁௝ , 𝑣௝〉 = −[𝑣௝(𝑣௜ + 1)(𝑁௜ − 𝑣௜)(𝑁௝ − 𝑣௝ + 1]ଵ/ଶ〈𝑁௜ , 𝑣௜ − 1;𝑁௝ , 𝑣௝ + 1ห𝑀௜௝ห𝑁௜ ,𝑣௜;𝑁௝ , 𝑣௝〉 = −[𝑣௜(𝑣௝ + 1)(𝑁௝ − 𝑣௝)(𝑁௜ − 𝑣௜ + 1]ଵ/ଶൢ (5) 

The following relationship provides the dimensionless vibronic number N, corresponding to the maximum bound 
states for each vibrating bond species within the Morse potential. The equation is expressed as follows: 
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 𝑁 = ఠ೐ఠ೐ఞ೐ − 1. (6) 

Here, 𝜔௘ and 𝜔௘𝜒௘ represent the spectroscopic constants for the specific bonds and these constants are determined based 
on experimental data from diatomic molecules [22, 23]. The vibrational quantum numbers are denoted by 𝑣௜ and 𝑣௝ of the 
different bonds i and j respectively.  

The initial estimates for 𝐴௜ are derived from the energy expression for the single-oscillator fundamental mode: 

 𝐸(v = 1) = −4𝐴௜(𝑁 − 1). (7) 

Similarly, the initial approximations for 𝜆௜௝ are determined through the following relations: 

 𝜆௜௝ᇱ = หாೞᇲିாೌೞᇲ ห଺ேᇲ , 𝜆௜௝ᇱᇱ = หாೞᇲᇲିாೌೞᇲᇲ หଶேᇲᇲ . (8) 

Here, 𝐸௦ᇱ and 𝐸௔௦ᇱ  represent the symmetric and asymmetric energies for the C-D stretching vibrations, while 𝐸௦ᇱᇱ and 𝐸௔௦ᇱᇱ  
denote the corresponding energies for the C-C stretching vibrations. The optimization of parameter values is achieved 
through a least-square regression fitting process, commencing with the initial estimates provided by equations (7) and (8). 
In this iterative procedure, the initial guesses for 𝐴௜௝  are set to zero. 
 

3. RESULTS AND DISCUSSIONS 
Within the Lie algebraic framework, Table 1 shows the optimized values for the algebraic parameters and vibron numbers 
that are part of the vibrational Hamiltonian. According to the reference [21], these specific parameters were used.  
Table 1. Optimized parameters 

Parameters  Value 𝑁ᇱ(C-D stretching), 𝑁ᇱ′(C-C stretching) 60, 136  𝐴௜ᇱ(C-D stretching), 𝐴௜ᇱ′(C-C stretching) -9.2076, -1.2807 𝐴௜௝ᇱ(C-D stretching), 𝐴௜௝ᇱ′(C-C stretching) 1.0112, 0.1542 𝜆௜௝ᇱ(C-D stretching), 𝜆௜௝ᇱ′(C-C stretching) 0.3277, 0.8848 
N (bending) 36 
Ai (bending) -6.4142 
Aij (bending) 0.4952 𝜆௜௝ (bending) 1.3449 

 
The presented table (Table 2) showcases the calculated second and third overtone vibrational frequencies, along 

with their combination bands, for various vibrational modes of C4D8 (cyclobutane-d8) in wave numbers (cm-1), utilizing 
the Lie algebraic method. A thorough study of the molecular vibrations and their interactions in cyclobutane-d8 provides 
significant insights into its vibrational spectroscopy. By identifying vibrational modes according to their symmetry 
species (A1, A2, B1, B2, and E), one can identify essential modes such as symmetric stretching (s-str), asymmetric 
stretching (a-str), scissoring (scis), rocking (rock), wagging (wag), twisting (twist), and ring deformation (ring deform). 
The vibrational modes v17 (CD2 a-str), v15 (CD2 a-str) and v4 (CD2 a-str) indicate higher frequencies, indicating strong 
molecular vibrations. Including combination bands, such as v4 + v17 and v15 + v17, introduces higher frequencies that play 
a crucial role in the complex vibrational transitions of the molecule. The derived frequencies, which are essential for 
interpreting experimental spectra acquired via infrared and Raman spectroscopy, highlight the practical utility of this 
research. The identified combination bands significantly contribute to interpreting experimental spectra, enhancing our 
comprehension of the molecule's vibrational characteristics. Including second and third harmonic frequencies yields 
valuable information about higher energy levels, enabling a thorough comprehension of the vibrational structure of 
cyclobutane-d8. 
Table 2. Vibrational frequencies of C4D8 (cm-1) 

Vibrational mode Symmetry species II overtone III overtone 
v1 (CD2 s-str) A1 5835 8087 
v2 (CD2 scis) A1 2967 4132 
v3 (CD2 scis) A1 2188 3304 
v4 (CD2 a-str) A1 6014 8328 
v5 (CD2 rock) A1 1532 2360 
v6 (ring puck) A1 420 512 
v7 (CD2 wag) A2 2791 3625 
v8 (CD2 twist) A2 2497 3230 
v9 (CD2 wag) B1 2910 4121 

v10 (Ring deform) B1 1865 2647 
v11 (CD2 twist) B1 2205 3346 
v12 (CD2 s-str) B2 5879 8223 
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Vibrational mode Symmetry species II overtone III overtone 
v13 (CD2 scis) B2 2724 3867 

v14 (Ring deform) B2 2597 3529 
v15 (CD2 a-str) B2 6315 8614 
v16 (CD2 rock) B2 1215 1786 
v17 (CD2 a-str) E 6533 8540 
v18 (CD2 twist) E 2671 3644 
v19 (CD2 rock) E 1415 2120 
v20 (CD2 s-str) E 5845 8106 
v21 (CD2 scis) E 3063 4184 
v22 (CD2 wag) E 2750 3798 

v23(Ring deform) E 1789 2513 
v1+ v12 11716 16312 
v1+ v20 11682 16195 
v12+ v20 11726 16331 
v4+ v15 12331 16744 
v4+ v17 12549 16870 
v15+ v17 12850 17156 

 
4. CONCLUSION 

The second and third overtone vibrational frequencies and combination bands in cyclobutane-d8 have been 
investigated using the symmetry-adapted Lie algebraic method in this study. Our study has highlighted the complex 
interactions among 23 normal vibrational modes while preserving the D2d point symmetry group. Utilizing Casimir and 
Majorana operators, the Lie algebraic framework has accelerated computations while fostering a profound understanding 
of the dynamics of molecular vibrations. A thorough comprehension of the molecular structure of Cyclobutene-d8 has 
been attained by evaluating the vibrational Hamiltonians for C-D and C-C stretching vibrations with Casimir and 
Majorana operators. Our representation was enhanced, and our understanding of molecular dynamics was improved by 
including symmetry-adapted neighbor coupling coefficients. The presentation of calculated second and third overtone 
vibrational frequencies and significant combination bands simplifies understanding of experimental spectra from various 
fields. The research holds practical implications, as evidenced by our results. The robust theoretical approach known as 
the symmetry-adapted Lie algebraic method excels in studying symmetric molecules by systematically simplifying 
vibrational degrees of freedom. Its value extends beyond improving computational efficiency and provides invaluable 
information about how molecular structures function. 
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ДОСЛІДЖЕННЯ ВИЩИХ ОБЕРТОНІВ КОЛИВАЛЬНИХ ЧАСТОТ ЦИКЛОБУТАНУ-D8 

З ВИКОРИСТАННЯМ АЛГЕБРИ ЛІ 
А. Ганапаті Раоa, К. Лаваньяb,c, Дж. Віджайясекарc 

aДепартамент фундаментальних та гуманітарних наук, Технологічний інститут GMR, Раджам, Індія 
b Факультет математики жіночого коледжу Св. Франциска, Бегумпет, Гайдарабад, Індія 

c Департамент математики, GITAM (вважається університетом), Хайдарабад, Індія 
У цьому дослідницькому дослідженні використовується алгебраїчна структура Лі для дослідження частот коливань другого 
та третього обертонів та їхніх комбінованих смуг у циклобутані-d8 (C4D8). Застосування цього каркасу забезпечує збереження 
точкової групи симетрії D2d, що характеризується видами симетрії A1, A2, B1, B2 та E. Аналіз охоплює 23 нормальні коливальні 
моди в молекулярній структурі циклобутану-d8. Наше дослідження широко досліджує вібраційні спектри, з’ясовуючи 
складну взаємодію між цими вібраційними модами. Збереження молекулярної симетрії дозволяє глибше зрозуміти вібраційні 
взаємодії, пропонуючи цінну інформацію про спектроскопію. Дослідження покращує розуміння молекулярної структури та 
її застосування в різних областях, забезпечуючи детальне уявлення про вищі енергетичні рівні та складні коливальні переходи 
в циклобутані-d8. 
Ключові слова: оператор Гамільтона; алгебра Лі; коливальні спектри; осцилятор Морзе; циклобутан-d8 
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In this paper, the structure and properties of interpolymer complexes (IPC) based on sodium carboxymethylcellulose with a linear 
carbopol were studied. Interpolymer complexes were obtained by mixing aqueous solutions of Na-CMC and carbopol components in 
various ratios of components and pH of the medium. The structure of the obtained products was determined using the methods of IR 
spectroscopy and X–ray diffraction analysis. IR spectra in the range of 400-4000 cm-1 were recorded on spectrophotometers 
"NIKOLET Magna-560 IR" and "Specord–75 IR" (Karl Zeiss, GDR). X-ray diffraction analysis of IPС films was carried out on a 
Rigaku X-Ray installation with an X-ray generator with a rotating copper anode, at a voltage of 40 kV, with a current strength of 
15 mA and using characteristic Cu-Ka radiation in the area of angles 0 <2θ <40. IR spectroscopic data show that the interpolymer 
complexes based on Na-CMC and carbopol obtained in moderately acidic regions are stabilized due to the cooperative hydrogen 
bond between the carboxyl groups of Na-CMC and the carbonyl groups of carbopol. X-ray diffraction analysis has shown that a 
change in the composition of the interpolymer complex leads to a change in the structure, which depends on the structure and nature 
of the interchain bonds. It is ascertained that an increase in the number of hydrogen bonds leads to a more ordered state of the 
resulting interpolymer complex. It is revealed that the formation of an interpolymer complex due to hydrogen bonds provides 
additional stability. This can serve as one of the means of controlling the structure and properties of the IPC of sodium 
carboxymethylcellulose with carbopol. 
Keywords: Sodium carboxymethylcellulose; Carbopol; Polycomplex; Interpolymer complex; Films; Structure; Properties; 
IR spectroscopy; X-ray diffraction analysis; Hydrogen bond 
PACS: 61.41.+e  

INTRODUCTION 
Interpolymer complexes (IPC) are promising products in pharmacy and are increasingly being used as thickeners 

and stabilizers of suspensions, prolongators of the action of drugs, film-forming agents for capsules and tablets, as bases 
for ointments and other soft dosage forms, since they reveal a number of unique and most valuable properties [1-4]. 

IPC are products of the interaction of chemically complementary macromolecules – polyanions and polycations or 
proton donors and acceptors. Unlike conventional chemical reactions between low molecular weight substances, the 
interaction between macromolecules is of a cooperative nature. The formation of a bond between the links 
of complementary chains, the strength of which coincides with the strength of the corresponding bond between small 
molecules, greatly facilitates the formation of subsequent interpolymer contacts. This ensures exceptionally high 
stability of IPC, even if the free energy of a single bond formation is small [4]. 

IPC are divided into two groups – stoichiometric - interpolymer complexes (S-IPC), in which chemically 
complementary links are included in an equimolar (1:1) ratio of components (Figure 1, a) and non-stoichiometric 
interpolymer complexes (N-IPC) containing an excess of one of the components (Figure 1, b and c) [1.5-8]. In the 
structure of the IPC, it is possible to distinguish uniformly connected areas that have formed with each other (section 
A), defective areas that are not connected with each other (section B) and an excess area of the IPC (section C) of one 
or another component (Figure 1, b and c). 

It is interesting to note that IPC particles have colloidal properties similar to protein structures, with a change in 
the ratio of interacting components, the structure charge, solubility of the hydrogel structure, pH, controlled 
permeability through water and solutions, including components of physiological fluids and other properties of the 
products obtained can be regulated [8]. The consequence of this is an unusually good biocompatibility and 
hemocompatibility of interpolymer complexes. 

These features of the structure and properties of IPC open up wide opportunities for their use in various fields 
of practice, including pharmacy [8]. 

When producing interpolymer complexes, swelling polyelectrolytes of natural origin are used as polyanions: 
alginic acid and its sodium salt, agar-agar, gums, pectin, polymers containing sulfogroups: heparin, dextran sulfonic 
acid, chondroitin sulfate, hyaluronic acid; and polyelectrolytes of synthetic origin: polymers and copolymers of acrylic 
and methacrylic acid, copolymers of methoxyethylene with maleic anhydride and its hydrolysates, partial esters of vinyl 
acetate copolymer with maleic anhydride, vinyl acetate copolymers with crotonic acid and cellulose derivatives: 
methylcellulose, sodium carboxymethylcellulose, etc. 
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Cationic polyelectrolytes include gelatin, chitosan, as well as polydimethyldiallylammonium chloride, 
polyethylene glycol, polyethylenimine, collagen, biopolymers, urea-formaldehyde oligomers, etc. 

When mixing aqueous solutions of the above natural and synthetic polyelectrolytes under certain technological 
conditions, IPC stabilized by ionic, hydrogen and other types of bonds are formed. Depending on the ratio of interacting 
components, stoichiometric and non-stoichiometric interpolymer complexes or polycomplex gels can be obtained. 
These obtained products are successfully used in pharmacy as carriers of drugs with prolonged actions [9-16]. 

Interpolymer complexes are very promising and occupy an 
important place in materials technology, engineering, medicine, and 
other areas of the national economy, since they reveal a number 
of unique and most valuable properties. In addition, the ability of many 
polyelectrolytes to interact with other polymer compounds opens up 
broad prospects in the field of modification and controlled synthesis of 
macromolecular systems. Due to this, in principle, completely new 
materials can be obtained from most of the known substances [17-19]. 

Interpolymer complexes based on cellulose derivatives, the 
polyanion of sodium carboxymethylcellulose (Na-CMC) and linear 
carbopol (CP), are very interesting and promising in this aspect [17-19]. 

The present Na-CMC and carbopol systems are also promising in 
connection with their industrial multi-tonnage production directly in the 
Republic of Uzbekistan on the basis of local resources, which is 
especially important for solving problems of possible practical 
implementation: problems of obtaining IPC-based medicinal gels-
carriers of medicines with specified properties, the use of IPC-based gels 

as the basis for ointments with controlled diffusion membrane properties, which have significant scientific and applied 
significance [20-22]. 

 
EXPERIMENTAL 

Materials 
Sodium Carboxymethylcellulose (Na-CMC). The main object of the study was purified Na-CMC of the Namangan 
Chemical Plant, obtained by heterogeneous solid-phase esterification of sulfite wood pulp with monochloroacetic acid 
(MCHAA) of the following structure: 

 
with a degree of substitution (SD) 70 and a degree of polymerization (PD) 450, according to SSt 5.588-79 and BA 6-05-
386-80. When using Na-CMC, it was repeatedly purified from low molecular weight salts according to the procedure 
given in the paper [23]. 

Na-CMC is a weak polyacid, its dissociation constant depends on the SD. When the SD changes from 10 to 80, the 
dissociation constant changes from 5.25×10-7 to 5×10-5 [1,2]. Na-CMC is a white or slightly yellowish powdery or 
fibrous odorless product with a bulk weight of 400-800 kg/m3, density of 1.59 g/cm3. The refractive index is 1.515. The 
softening temperature is Na-CMC T = 443 K, at a higher temperature it decomposes. Na-CMC is soluble in cold and 
hot water. They form highly viscous aqueous solutions. In aqueous solutions, it is a polyelectrolyte. Na-CMC is 
approved for wide use in medicine and pharmacy [23]. 
Carbopol. The second component of IPC is carbopol, a white, powdery polymer obtained by polymerization of acrylic 
acid. Carbopol does not dissolve in nonpolar organic solvents, but it swells strongly in water and polar solvents and 
forms a gel. The bulk density of carbopol is approximately 208 kg/m3, the glass transition temperature is 373–378 K. 
On average, the particle size of a solid polymer is approximately 2-7 microns, and each particle is a three-dimensional 
mesh structure of woven polymer chains. The density of polymers is 1.39-1.41 kg/m3. The pH value of 1% of the 
aqueous dispersion of acidic forms is 2.5 - 3.5. At pH values >6, the carboxyl groups of the polymer are ionized, as a 
result of which repulsion occurs between negatively charged particles, leading to swelling of the polymer and 
straightening of the chain [24-26]. 
Synthesis of interpolymer complexes based on Na-CMC with carbopol. Solutions of Na-CMC in bidistilled water 
with concentrations from 0.01 to 0.1 basic mol/l were used. Reaction mixtures of the required concentrations were 
prepared by mixing reagent solutions in an appropriate proportion at room temperature and pH 3.8-7.2. Under these 
conditions, water-soluble interpolymer complexes with stabilized hydrogen bonds are formed [27, 28]. 
Determination of the pH value of IPC solutions. Determination of the pH value of the base: 5 g of the base was 
mixed with 50 ml of purified water heated to a temperature of 323-333 K, after careful shaking, filtered through filter 
paper. The pH values of the resulting aqueous extract were measured using a potentiometric method on a universal 

 
Figure 1. Schematic representation of the 

structure of S-IPC (a) and N-IPC (b, c) with an 
excess of polycation (b) and polyanion (c) 
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pH meter "Bante 210 Bentchtop pH Meter" with glass (measuring) and silver chloride (comparative) electrodes at 
a temperature of 297 K [29]. 
Obtaining IPC films. Films from IPC were obtained by mixing aqueous solutions of Na-CMC and carbopol 
components in equinormal ratios at different component contents and pH of the medium. The solutions were poured 
onto an optical glass substrate and evaporated at room temperature. The solid dry films were washed with bidistilled 
water to a neutral pH value, then dried at room temperature [1,2]. 
Viscometric properties. The viscosity of solutions of interpolymer complexes was determined on a Ubbelode 
viscometer (d=2 mm), at various temperatures under thermostatically controlled conditions, and the expiration time 
of the solution from the capillary was determined. The method for determining the viscosity of solutions is described in 
detail in [1,2]. 
IR spectroscopy. IR spectra in the range of 400 - 4000 cm-1 were recorded on “Specord–75 IR” spectrophotometers 
(Karl Zeiss, Germany) and NIKOLET Magna–560 IR. The samples for IR spectroscopy were prepared in the form of 
tablets with КВr, films on a KRS–5 plate and films with a thickness of 8-12 microns. Films on the KRS-5 plate were 
obtained by evaporation of a solvent (water) at room temperature (295-297 K) [3,4]. 
X-ray diffraction analysis [30, 31]. X-ray diffraction analysis was performed on a Rigaku X-Ray installation with an 
X-ray generator with a copper rotating anode (maximum power 18 kW), at a voltage of 40 kV, a current of 15 mA and 
with a goniometer "Miniflex 300/600". D/teX Ultra 2 X-ray diffraction detector, 1D scanning mode(scan), scanning 
speed is 10⁰/min, step width is 0.02⁰, scanning axes are θ/2θ, scanning range is 5-40⁰, X-ray wavelength λ=1.5418 nm, 
using characteristic Cu-Ka radiation in the region angles 0 <2θ <40 without a filter and at a temperature 
T = 298 K [30,31]. 

 
RESULTS AND DISCUSSION 

The IPC obtained on the basis of Na-CMC and carbopol were studied by IR spectroscopy and X-ray diffraction 
analysis. IR spectra in the range of 400-4000 cm-1 were recorded on Specord -75 IR spectrophotometers (Carl Zeiss) 
and UR-20 (GDR). The samples for IR spectroscopy were prepared in the form of tablets with КВr, films on 
a KRS - 5 plate and films with a thickness of 8-12 microns obtained by the above method. Films on the KRS-5 plate 
were obtained by evaporation of a solvent (water) at room temperature (295-297 K) [3,4]. 

The pH value of 0.2% carbopol solution is 3.5. With the help of organic solutions, the pH of the solution can be 
changed from 5 to 10. IR spectroscopic data showed that there are from 50 to 68.5% carboxyl groups in the carbopol 
structure. In addition to the carboxyl group, the carbopol structure contains such functional groups having absorption 
bands of 2960 cm-1, 1720 cm-1, 1455 cm-1, 1415 cm-1, 1250 cm-1, 1175 cm-1, 800 cm-1 (Fig. 2). The most active, intense 
bands are 1720 cm-1, which belong to the carboxyl groups of carbopol. 

 
Figure 2. IR spectra of interpolymer complexes based on Na-CMC and carbopol polysaccharides 

Furthermore, the second component of the Na-CMC polycomplex, in addition to the polydispersity usual for high-
molecular compounds, has significant compositional chemical heterogeneity [2], i.e. it has a different quantitative ratio 
of functional groups in the chain and a different distribution of these groups in the link. Therefore, it can be considered 
as a copolymer consisting of two types of units: D – glucopyranose with glucopyronosoglycolic acid. In neutral media 
at a pH of about 6-7, both unsubstituted hydroxyl groups and a mixture of ionized carboxyl groups are present in the 
Na-CMC macromolecule. Quantitative analysis of the Na-CMC spectra using data on the characteristic frequencies of 
individual functional groups [1,2] made it possible to assign all absorption bands and ascertain structural patterns. The 
analysis of the IR spectra of Na-CMC and carbopol shows that the constituent components of the polycomplex are 
multifunctional. The presence of OH- (3200-3500cm-1), COO–(1590-1620cm-1, 1410cm-1) and COOH (1700 cm-1) 
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functional groups in their macromolecules gives these polymers the characteristic properties of polyelectrolytes [3,4]. 
According to the results of IR spectroscopic studies, it can be argued that, apparently, the Na-CMC polycomplex with 
carbopol obtained in moderately acidic regions is stabilized by hydrogen bonds between the carboxyl groups 
of Na-CMC with carbonyl groups of carbopol [3,4]. 

When aqueous solutions of Na-CMC and carbopol are mixed in neutral and slightly acidic media, water-soluble 
PC stabilized by hydrogen bonds are formed (Fig. 3). 

 
Figure 3. The scheme of interpolymer complexes formation based on Na-CMC and carbopol 

Reaction mixtures were prepared by mixing concentrated (C =0.1 basic mol/l) solutions of Na-CMC and carbopol 
under certain technological conditions and in certain component ratios. The pH of electrolyte solutions and their 
mixtures was carried out on a pH meter "210 Benchtop pH/mV meter" using combined electrodes. The accuracy of the 
pH measurement is 0.01 pH units. Before measuring, the device was adjusted using standard solutions. Titration was 
carried out with constant stirring and at a temperature of 22-240C. When mixing solutions of Na-CMC and carbopol, 
gel-like, transparent IPCs are formed that can be used as a base for soft drugs in the production of gels, ointments, 
creams, pastes and liniments. When aqueous solutions of Na-CMC and carbopol are mixed at a pH of a moderately 
acidic region, a transparent water-soluble polycomplex composite is formed, stabilized by hydrogen bonds between the 
carboxyl groups of Na-CMC with carbonyl groups of carbopol (Fig.4, curve 1). 

 
Figure 4. Graph of the pH (1) dependence and viscosity of IPC (2) solutions on the ratio of Na-CMC-carbopol components 

To study the equilibrium of the Na-CMC-carbopol reaction, a potentiometric titration method was used, which is 
widely used to study the reactions of polycomplex formation. The results indicate the formation of IPC in neutral and 
slightly acidic environments. Mixing of Na-CMC and carbopol solutions is accompanied by a decrease in pH, which is 
typical for reactions between polyelectrolytes. The maximum output of the polycomplex corresponds to the equimolar 
ratio of the interacting components. [1,2] (Fig.4, curve 1). Experimental data have shown that the pH decrease for 
mixtures of Na-CMC and carbopol is the highest value of ΔpH = 0.7- 1.0, which indicates a weak intermolecular 
interaction of the reacting components (Fig.4, curve 1). 

Experimental data on the study of the viscosity of solutions of interpolymer complexes have shown that the 
viscosity value depends on the ratio of interacting components. The addition of a carbopol solution under certain 
technological conditions to the Na-CMC solution leads to an increase in viscosity and, with an equimolar ratio of 
interacting components, reaches its maximum value. A further increase in the amount of carbopol leads to a decrease in 
the viscosity of the polycomplex solution. The maximum change in the viscosity of solutions of polycomplexes from 
additivity with an equimolar composition is 15-20 Pa·s (Fig. 4, curve 2). To confirm the above data, the structure of the 
obtained IPC was studied by X-ray diffraction analysis (Fig. 5). 

X-ray diffraction analysis allows you to objectively determine the structure of polymers, polycomplexes and 
other complex coordination compounds, etc. A complete structural study of IPCs often allows you to solve purely 
chemical problems, for example, ascertaining or clarifying a chemical formula, type of bond, molecular weight at a 
known density or density at a known molecular weight, symmetry and configuration of molecules and molecular ions. 



420
EEJP. 2 (2024) Sabitjan Ya. Inagamov, et al.

X-ray diffraction analysis is most successfully used to ascertain the atomic structure of amorphous crystalline bodies. 
This is due to the fact that the crystals have a strict periodicity of structure and represent a diffraction grating for X-rays 
created by nature itself. Based on the width, shape and intensity of the diffractogram, conclusions can be drawn about 
the features of the near-range order in a particular crystalline or amorphous structure [30,31]. 

Figure 5 shows the diffractograms of Na-CMC (a), 
carbopol (b) and the interpolymer complex with an 
equimolar component ratio (c), from which it can be 
seen that all the studied systems belong to amorphous 
crystalline polymers. The diffractogram revealed an 
intense reflex of 2θ = 22о (d = 4.4 Å), which occurs due 
to the superposition of reflexes (002 and 101) 
characteristic of cellulose II (Fig. 5, a, b), [30-32]. This 
Na-CMC reflex reflects the presence of a pronounced 
short-range order along the chain of a rigid-chain 
polymer. 
In the IPC diffractogram, Na-CMC – carbopol can be 
found to be significantly ordered compared to Na-CMC 
and carbopol. The amorphous state of the initial 
constituent components of Na-CMC and carbopol, 
during interaction, passes into a more ordered state due 
to the formation of a hydrogen bond between the 
constituent components of the IPC. The diffractogram 
of the IPC Na-CMC – carbopol of equimolar 
composition clearly shows a change in the intensity 
of reflexes 101 and 002 and a new band is formed in 
the region 2θ=38о (Fig.5, c). This fact can be explained 
by the interaction of Na-CMC with carbopol and it is 
typical for a mixture of two interacting components. 

Thus, X-ray examination shows that a change in 
the composition of the interpolymer complex leads to a 
change in the structure, which depends on the structure 

and nature of the interchain bonds. An increase in the number of hydrogen bonds apparently leads to a more ordered 
state of the resulting interpolymer complex. 

 
CONCLUSIONS 

1. It follows from the above research results that a new interpolymer complex has been obtained based on Na-
CMC and carbopol. 

2. The structure and properties of the obtained product were studied by IR spectroscopy, potentiometric titration, 
viscosity and X-ray diffraction analysis. 

3. The relationship between the structure of carbopol and Na-CMC, as well as the structure formed during their 
interaction, is revealed, and the possibility of forming an interpolymer complex due to hydrogen bonds providing 
additional stability is shown. 

4. The formation of an interpolymer complex due to hydrogen bonds can serve as one of the means of controlling 
the structure and properties of the IPC of sodium carboxymethylcellulose with carbopol. 
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БУДОВА ТА ВЛАСТИВОСТІ ІНТЕРПОЛІМЕРНИХ КОМПЛЕКСІВ НА ОСНОВІ ПОЛІСАХАРИДУ 
КАРБОКСИМЕТИЛЦЕЛЮЛОЗИ НАТРІЮ ТА КАРБОПОЛУ 

Сабітян Я. Інагамовa, Аброр Ешматовb, Феруза А. Пулатоваa, Гафур І. Мухамедовb 
aТашкентський фармацевтичний інститут, Узбекистан, 100015, м. Ташкент, Мірабадський район, вул. Айбека, 45 

bЧирчикський державний педагогічний університет, м. Чирчик, Республіка Узбекистан 
У роботі досліджено структуру та властивості інтерполімерних комплексів (ІПК) на основі натрійкарбоксиметилцелюлози з 
лінійним карбополом. Інтерполімерні комплекси отримували змішуванням водних розчинів Na-КМЦ і компонентів 
карбополу в різних співвідношеннях компонентів і рН середовища. Структуру отриманих продуктів визначали методами 
ІЧ-спектроскопії та рентгеноструктурного аналізу. ІЧ-спектри в діапазоні 400-4000 см-1 записували на спектрофотометрах 
«NIKOLET Magna-560 IR» та «Specord–75 IR» (Karl Zeiss, НДР). Рентгеноструктурний аналіз плівок ІПС проводили на 
установці Rigaku X-Ray з генератором рентгенівського випромінювання з обертовим мідним анодом, напругою 40 кВ, 
силою струму 15 мА та характеристикою Cu-Ka. випромінювання в області кутів 0 <2θ <40. Дані ІЧ-спектроскопії 
показують, що отримані в помірно кислих областях інтерполімерні комплекси на основі Na-КМЦ і карбополу 
стабілізуються за рахунок кооперативного водневого зв’язку між карбоксильними групами Na-КМЦ і карбонільними 
групами карбополу. Рентгеноструктурний аналіз показав, що зміна складу інтерполімерного комплексу призводить до зміни 
структури, яка залежить від структури та природи міжланцюгових зв’язків. Встановлено, що збільшення числа водневих 
зв'язків призводить до більш упорядкованого стану отриманого інтерполімерного комплексу. Виявлено, що утворення 
інтерполімерного комплексу за рахунок водневих зв’язків забезпечує додаткову стабільність. Це може служити одним із 
засобів контролю структури і властивостей МПК натрійкарбоксиметилцелюлози з карбополом. 
Ключові слова: натрій карбоксиметилцелюлоза; карбопол; полікомплекс; інтерполімерний комплекс; плівки; структура; 
властивості; ІЧ-спектроскопія; рентгеноструктурний аналіз; водневий зв'язок 
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Cellulose-based materials are not in short supply and are characterized by relatively low cost. On the other hand, cellulose fibers have a 
wide range of valuable physical, chemical and mechanical properties that make them indispensable in a number of sectors of the national 
economy. Along with valuable qualities, natural and artificial cellulose fibers also have some disadvantages that limit their use in 
technology and in the national economy. These are low resistance to the action of microorganisms, relatively low heat resistance, chemical 
resistance, flammability, etc., which reduce their service life and limit their scope. One of the ways to eliminate these shortcomings is the 
modification of natural and artificial macromolecular compounds by chemical and physicochemical methods. Improving the properties of 
cellulose and its derivatives can be achieved by various modification methods, among which one of the most promising is the radiation-
chemical grafting of various monomers. One of the advantages of this method, in comparison with others, is the production of field worlds 
that are not contaminated with impurities, the presence of which can adversely affect their physicochemical properties. Another advantage 
is the relative ease of formation of macroradicals necessary to initiate the process of graft copolymerization. Quite a lot of work has been 
devoted to the radiation grafting of various monomers to cellulose and its derivatives; at present, some of them are beginning to be widely 
used in the national economy. In the light of the foregoing, the grafting of fluorine-containing monomers, the polymers and copolmers of 
which have such very valuable and specific properties as high heat resistance, chemical resistance, light resistance, decay resistance and 
hydrophobicity to cellulose and its derivatives, is of great scientific and practical interest. This work is the synthesis of graft copolymers 
of cotton cellulose with vinyl fluoride by the radiation-chemical method from the vapor phase, the study of the effect of radiation dose rate, 
reaction time, the presence and nature of solvents on the course of this process and the yield of graft copolymers, as well as the study of 
such important physical and chemical properties and operational properties of the original, irradiated and grafted copolymers, such as 
sorption capacity and density, hydrophobicity and swelling, degree of whiteness, mechanical properties, thermal stability, the nature of the 
change in the supramolecular structure as a result of grafting fluorine-containing polymers. 
Keywords: Radiation grafting, Monomer; Thermal capacity; Thermal stability; Hydrophobicity; Degree of whiteness; 
Supramolecular structure; Fluorine-containing polymers 
PACS: 61.41.+e 

INTRODUCTION 
One of the effective ways to modify the properties of cellulose fibers is their graft copolymerization with various 

vinyl monomirs. This leads to a significant improvement in such important physical, chemical and performance properties 
of cotton cellulose as sorption capacity, dyeability, resistance to the action of microorganisms, chemo- and heat 
resistance, etc [1, 3].  

The schematic formation of cellulose graft copolymerization can be represented as follows: 
Cell    ఊ       ሱ⎯⎯ሮ CellO. + H - formation of a free macroradical.
Cell O + M 

         ሱ⎯ሮ Cell - MO - initiation of the graft copolymerization reaction. where M is a monomer. 
Chain termination occurs as a result of chain transfer to monomer or solvent molecules, as well as during the 

interaction of a growing chain with monomer radicals: 
Сell (M)n-1 - MO + M 

         ሱ⎯ሮ Сell - (M)n + MO 
Сell(M)n-1 - MO + R 

         ሱ⎯ሮ Сell(M)n + R0 
Сell(M)n-2 - MO + MO  

         ሱ⎯ሮ Сell(M)n 
This scheme is the most general, and in each specific case it is necessary to take into account the possibility of a 

particular process occurring. 
One of the features of the grafting reaction to cellulose is the need to use various liquids or their vapors in order to 

swell cellulose in them. Cellulose swellings are more accessible to monomer molecules as a result of facilitating their 
diffusion inside the fibers [2]. 

As a result of numerous studies in the study of the process of graft copolymerization of a number of vinyl monomers 
to cellulose, it was found that in the presence of water, alcohols, amines and dimethylformamide, the yield of the graft 
copolymer increases, and in the presence of non-polar liquids such as benzene, toluene and others, the graft 
copolymerization reaction proceeds with very low efficiency [3]. 
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Japanese researchers have shown that for the synthesis of graft copolymers with a high yield by joint irradiation of 
cellulose and styrene, methyl methacrylate, or another vinyl monomer with Co60 𝛾-gamma rays, it is sufficient to use 
cellulose swollen in water. They also showed that in the absence of water or other solvents that cause swelling of cellulose, 
graft copolymerization practically does not occur [3-4]. 

The purpose of this work was to obtain new graft copolymers based on cotton cellulose with fluorine-containing 
monomers under laboratory conditions, to select methods and conditions for synthesis, as well as to comprehensively 
study some of the physicochemical and operational properties of the synthesized samples in order to determine and select 
their areas of application [5]. 

We took cellulose from cotton fiber and cotton fabric /coarse calico/ as initial samples. It can be noted that these 
preparations differ significantly from each other both in terms of the web of the molecular packaging and in other most 
important physicochemical properties. Cotton fiber always has various impurities such as hemicellulose, fats, wax, lignin, 
etc., which significantly affect its reactivity. Therefore, before use, cotton cellulose and cotton fabric were thoroughly 
cleaned of lubricants [6]. 

 
EXPERIMENTAL PART 

Materials 
For the synthesis of fluorine-containing graft copolymers, we used vinyl fluoride, (CH2 = CHF) [7]. 
Sentiz vinyl fluoride was carried out by us by catalytic hydrofluorination of fine acetylene in the reaction: 

2
3

360 380CH CH HF CH CHF
AlF C

÷ °≡ + = =
+

 

Industrial anhydrous hydrogen fluoride was used for the hydrofluorination of acetylene. Aluminum fluoride mixed 
with graphite was used as a catalyst. The resulting vinyl fluoride was purified by a chemical method to a high degree of 
purity, which was controlled using a gas chromatograph. Graft copolymers were synthesized by combined irradiation of 
cellulose fibers in vinyl fluoride vapor in the presence and absence of vapors of various solvents. The formation of the 
adopted copolymer was determined by weight gain and by analysis of the fluorine content in the adopted copolymer [7-9]. 

The polymer weight gain was calculated by the Equation: 

1 0

1

100A A
A

A
+

= ⋅  

where A0 is the weight of the initial polymer, A1 is the weight of the graft copolymer [6-7]. 
The fluorine content in percent was calculated by the Equation: 

( ) ( )1 2 1 20.000475
100 0.0475x K K

g g
υ υ υ υ− −

= ⋅ =  

where 1υ - is the volume of 0.025 N thorium nitrate solution used for titration of the test sample, ml. 2υ - volume of 0.025 N 
thorium nitrate solution used for titration in a blank experiment, ml. 0.000475 - the amount of fluorine corresponding to 
1 ml of 0.0025 N solution of thorium nitrate, K-correction factor for bringing the concentration of a solution of thorium 
nitrate g. g-sample weight, g [6-7]. 

The study of these polymers will make it possible to find the general patterns of grafting fluorine-containing 
monomers to cellulose and will lead to an improvement in some of their physicochemical performance properties. This 
will further expand the scope of their application in various sectors of the national economy, make them even more 
durable and valuable in operation [8] 

We have studied the kinetics of grafting vinyl fluoride /VF/ to cotton cellulose, fabrics based on them. The results 
obtained show that the kinetics of grafting is influenced by various factors, such as dose, dose rate, presence of solvents, 
swelling of the starting and obtained materials in solvents, etc [9]. 

Sorption of water vapors was studied on a high-vacuum sorption setup such as McBain balances at 25°C\pm 0.2°C. 
Determination of sorption is based on measuring the weight of a pre-dried sample in vacuum, as the water vapor 

pressure increases [15]. The dry sample weight was calculated using the Equation: 

 . 1000dry bl
r hg g Δ

= −  (1) 

where r is the sensitivity of the springs, mg/mm, ∆h-difference of cathetometer readings before and after pumping 
out, mm, gdry - weight of the sample after pumping out, g [10-13]. 

To determine the amount of moisture sorbed by the samples during each measurement of each sample, the constant 
K was calculated [10-13]; 

 100
dry

rK
g

= ⋅ , (2) 

where K - shows the amount of sorbed water vapor as a percentage when the springs are extended by 1 mm. 
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The thermal stability of the samples was studied by the thermographic method on an instrument with Mac-Bon 
spring balances with a spiral sensitivity of r=1.96. The weight loss of the heated samples was recorded by the movement 
of a special mark in the field of the MG-1 horizontal microscope and was calculated in % according to the Eqs. [11-13]. 

100
l

r lK
g
⋅ Δ= ⋅ , 

where P is weight loss; ∆l-difference of microscope readings; gl- weight of dry sample, g [12] 
 

RESULTS AND DISCUSSION 
As experimental studies have shown, during the radiation-vapor-phase grafting of VF to the original cotton cellulose 

in the absence of vapors of various liquids, the yield of the grafted copolymer is negligible. For example, at a dose rate 
of 70 r/sec and an irradiation duration of 18 h, the PVF content in the graft copolymer is only 5.1%. As a result, in order 
to increase the yield of the graft copolymer and increase the efficiency, the graft copolymerization of VF and CC was 
carried out at a dose rate of 70 r/sec in the presence of vapors of various polar solvents that cause swelling of cellulose 
over a wide range of irradiation times [10-11]. 

The preliminary activation of the WF was also carried out by mercerization and incorporation of cellulose fibers. 
Mercerization of cotton cellulose with 18% sodium hydroxide solution and inclusion with dimethylformamide 

/DMF/ and isoamyl alcohol was carried out according to the method indicated in the work [10]. 
The data obtained on the grafting of VF to various samples of cotton cellulose are shown in Table 1. 

Table 1. Data on grafting vinyl fluoride to cotton cellulose at a dose rate of 70 r/s 

Irradiation 
duration 

The content of PVF in 
the copolymer, % 

Grafting rate, 
%/hour 

Irradiation 
duration, h 

PVF content in 
copolymer, % 

vaccination speed, 
%/hour 

HC mercerized HC mercerized 
2 1.0 0.5 2 1.5 0.45 
4 1.3 0.33 4 1.85 0.45 
6 2.3 0.38 6 2.9 0.48 

10 2.7 0.27 8 4.5 0.56 
14 3.7 0.26 12 5.9 0.49 
16 4.4 0.28 14 7.0 0.51 
18 5.1 0.28 16 8.2 0.51 
20 5.7 0.29 18 9.0 0.50 

HC, DMF included HC, saturated with DMF vapours. 
4 3.7 0.92 4 4.9 1.22 
6 4.6 0.76 6 6.1 1.16 

10 6.0 0.6 8 8.2 1.25 
12 6.9 0.57 10 9.0 0.90 
14 7.8 0.55 12 9.7 0.80 
16 8.2 0.51 16 11.4 0.71 
18 9.4 0.50 18 10.7 0.59 

HC inclued with isoamyl alcohol CHC, saturated with isoamyl alcohol vapors 
3 5.6 1.86 4 7.1 1.77 
5 7.0 1.40 6 8.2 1.36 
7 9.1 1.30 8 9.6 1.20 

14 12.0 0.85 16 12.6 0.80 
18 11.9 0.66 18 13.8 0.70 

As can be seen from the data presented in the table, in all cases, with an increase in the duration of irradiation, both 
the weight gain and the content of PVF increase, but there are, however, differences in the rate of grafting of VF to the 
original, mercerized, and included cellulose. At the same radiation dose rate, the grafting of VF to the original, mercerized 
and included cellulose proceeds at a significantly higher rate compared to untreated cotton cellulose. Such an increase in 
the rate of grafting after mercerized and incorporation is obviously associated with a significant loosening of the structure 
and with an increase in the reactivity of cotton cellulose during processing. This effect is especially noticeable in the case 
of incorporation of cellulose with isoamyl alcohol, while the maximum content of PVF in the graft copolymer reached 
11.9%, while for the original cellulose it was 5.1%. 

It has been experimentally established that during the grafting of fluorine-containing monomers to cellulose, it is 
most effective when it is carried out in the presence of vapors of polar solvents that cause swelling of cellulose. Based on 
this, the graft copolymerization of VF to cotton cellulose was carried out in the presence of vapors of the same inclusion 
solvents under identical conditions. 
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It should be noted that the grafting of VF to mercerized cellulose in the presence of DMF vapor and isoamyl alcohol 
proceeds more efficiently than to mercerized cellulose. This effect is due to the fact that in this case grafting occurs at the 
moment of swelling, which facilitates the diffusion of monomer vapor into the fiber. 

In order to study the effect of different dose rates on the effectiveness of vaccination, it was carried out in the 
presence of methyl alcohol vapor at dose rates of 8.3; 44 and 90 r/sec. The results obtained are shown in Table 2. 
Table 2. Data on grafting vinyl fluoride to cotton cellulose at different dose rates 

Irradiation duration, h Integral radiation dose, mr PVF content in copolymer, % Grafting rate, %/h 
Dose rate 8.3 r/sec 

2 0.06 1.5 0.71 
4 0.12 2.6 0.66 
6 0.18 3.1 0.52 
10 0.30 3.9 0.39 
14 0.42 5.1 0.35 

Dose rate 44 r/sec 
2 0.32 1.8 0.91 
4 0.63 2.9 0.75 
6 0.95 4.1 0.68 
10 1.58 6.4 0.64 
14 2.28 8.1 0.34 

Dose rate 80 r/sec 
2 0.68 2.5 1.21 
4 1.15 5.8 1.45 
6 1.77 8.4 1.40 
10 2.88 11.5 1.15 
14 4.03 13.8 0.98 

From the data obtained on the study of the effect of irradiation rate and dose on the yield of the graft copolymer 
(Table 2), it can be seen that with an increase in both the duration of irradiation and the dose rate, the yield of the graft 
copolymer increases. 

Thus, based on the results obtained on the study of grafting of VF to CC, we found that the formation of a graft 
copolymer of cellulose with VF in the absence of liquids that cause swelling of cellulose is insignificant. 

The most appropriate is the saturation of vapors and polar solvents of modified cellulose samples, which contributes 
to a significant increase in the amount of grafted PVF. For example, in the presence of DMF vapors in the duration of 
irradiation of 16 h, the content of PVF in the graft copolymer is 11.4%, while in its absence it is only 4.4%. Such an 
increase in the rate of grafting of HF to CC in the presence of DMF vapor is apparently due to the good swelling properties 
of cellulose in it, which facilitates the diffusion of HF molecules to polymer macroradicals [16]. 

In addition, a favorable effect on the grafting processes of DMF itself is not excluded, since it is a relatively radiation-
sensitive substance and can play the role of chain transfer to the cellulose macromolecule. 

Next, we studied the grafting of VF to cotton (cotton) fabric. Radiation vapor-phase grafted copolymerization of VF 
to cotton fabric was carried out both in the presence of methyl and ethyl alcohol vapors, and in their absence at a dose 
rate of 80 r/sec in a wide range of irradiation times. It has been experimentally shown that the grafting of HF to cotton 
fabric in the absence of vapors of polar solvents proceeds almost very little, just as in the case of grafting of HF to cotton 
fibers. Thus, for example, the maximum yield of the graft copolymer during 18 h of irradiation at a dose rate of 80 r/sec 
in the absence of solvent vapors reaches only 2.3%, while in the presence of methyl alcohol vapors under identical 
conditions, the yield reached up to 9.1% [10-20]. 

Obtaining the result of grafting VF to cotton fabric in the presence of vapors of methyl and ethyl alcohols and their 
absence are given in Table 3. As can be seen from the data presented, with an increase in the duration of irradiation, the 
content of PVF in the graft copolymer increases. When comparing the data obtained under the same conditions for the 
two solvents used, it was shown that they are close to each other in terms of grafting efficiency. 

On the basis of the data obtained, it can be noted that as a result of grafting VF to CC fibers and cotton fabric grafting 
at a dose rate of 80 r/sec under the same synthesis conditions, the highest yield of the graft copolymer is observed when 
cotton fiber is used as a substrate. This result is apparently related to the structural difference between these two cellulose 
objects, as well as their chemical composition [13-18]. 

Thus, when studying the radiation-vapor-phase copolymerization of VF to CC fibers and cotton fabrics, it was found 
that the process and efficiency of grafting are significantly affected by various treatments of cellulose, the presence of 
vapors of various solvents, as well as the dose rate and duration of irradiation [16-20]. 

We have comprehensively studied such physicochemical properties of samples of graft copolymers, the initial 
polymer subjected to irradiation in vacuum and in the presence of vapors of various solvents, such as water vapor sorption 
and density, hydrophobicity, degree of whiteness, thermal and thermooxidative degradation. 
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Table 3. Data on the grafting of vinyl fluoride to cotton fabric in the absence and presence of solvent vapors at a dose rate of 80 r/sec 

Irradiation duration, h Integral radiation dose 
Mrad 

The content of PVF in the 
copolymer, % Grafting rate, %/hour 

In a vacuum 
2 0.61 0.6 0.35 
4 1.12 2.2 0.30 
9 2.51 3.3 0.24 
12 3.42 3.1 0.25 
18 5.10 3.4 0.18 

Cotton - fabric saturated with methyl alcohol vapors. 
3 0.83 1.7 0.58 
6 1.76 2.7 0.46 
9 2.51 4.9 0.54 
12 3.46 6.6 0.55 
15 4.32 8.6 0.56 
18 5.10 9.8 0.54 

Cotton - fabric saturated with ethyl alcohol vapors. 
2 0.61 1.1 0.55 
4 1.12 2.0 0.50 
9 2.51 3.9 0.43 
12 3.42 5.9 0.48 
18 5.10 6.2 0.34 

The degree of whiteness of the obtained samples was determined on an FM-58 differential photometer and expressed 
as a percentage relative to the pain of a barite plate (BaSO4), the whiteness of which is taken as 96%. 

Sorption capacity was estimated by sorption isotherms obtained at 250C. Figure 1 shows the sorption isotherms of 
water vapor, mercerized cellulose and its graft copolymers, as well as the graft polymer PVF. 

As can be seen from the figure, the change in the sorption isotherm of graft copolymers with increasing relative 
humidity also has an S - shaped character, and the values of water vapor sorption by graft copolymers are less than those 
of the original cellulose and, accordingly, decrease with an increase in the content of the graft polymer. PVF itself does 
not significantly absorb water vapor. For example, at 50% relative humidity, its value is only 0.2%, and a further increase 
in relative humidity almost does not lead to an increase in the sorption of this polymer. Based on this, we can say about 
the high hydrophobicity of PVF. Therefore, the study of the sorption capacity of cellulose preparations after their 
modification by grafting fluorine-containing polymers is of great theoretical and practical interest. 

 
Figure 1. Water vapor sorption isotherms at 250C. 1 - mercerized CC, 2 - original CC, 3 - graft copolymers containing 4.5% PVF, 

4 - graft copolymers containing 12.6% PVF, 5 - pure PVF. 

Comparison of the sorption properties of the original, irradiated and grafted cellulose fibers and tissues was carried 
out at 50% relative humidity. 

The obtained experimental data on the study of the sorption of water vapor and the density of the initial and 
irradiated, as well as graft copolymers of various types in cellulose are shown in Table 4. From the data in Table. it can 
be seen that after mercerization and incorporation of CC fibers, the sorption capacity increases significantly, and the 
density decreases accordingly. This effect is especially pronounced after the incorporation of CHC with isoamyl alcohol 
[1-5, 21-23]. 
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Table 4. Results of changes in water vapor sorption and density of graft copolymers on cotton cellulose with different PVF content. 

PVF 
content, % 

Sorption, 
% 

Density, g/cm3 Specific volume 

Found experimentally Calculated by 
additivity 

Calculated: 

experimental by additivity 

Initial 6.3 1.5450 - 0.6472 - 
1.3 5.1 1.5411 1.5420 0.6492 0.6484 
3.7 4.8 1.5342 1.5384 0.6505 0.6503 
5.8 5.0 1.5350 1.5366 0.6514 0.6507 

HC-mercerized 18% - a OH 
0 8.2 1.5310 - 0.6531 - 

2.9 7.7 1.5260 1.5271 0.6546 0.6541 
5.9 7.7 1.5212 1.5228 0.6566 0.6567 
9.0 68 1.5164 1.5185 0.6586 0.6584 

CHC-included DMF 
0 8.5 1.5264 - 0.6550 - 

3.7 8.3 1.5187 1.5248 0.6577 0.6558 
6.9 7.0 1.5166 1.5192 0.6593 0.6580 
7.8 6.7 1.5140 1.5159 0.6601 0.6590 

HC-included with isoamyl alcohol 
0 9.0 1.4921 - 0.6687 - 

5.6 7.6 1.4848 1.4860 0.6735 0.6722 
7.0 7.0 1.4819 1.4820 0.6747 0.6734 
9.1 - 1.4785 1.4829 0.6764 0.6743 
12.0 5.6 1.4746 1.4799 0.6781 0.6756 

HC-vapour-saturated DMF 
0 8.2 1.5310 - 0.6531 - 

4.9 7.3 1.5230 1.5241 0.6566 0.6559 
6.1 6.3 1.5190 1.5225 0.6582 0.6567 
9.7 6.6 1.5161 1.5191 0.6587 0.6580 
11.4 5 1.5152 1.5152 0.6605 0.6591 

The data on the sorption capacity and density of the grafted copolymers show that grafting VF to fibers causes a 
noticeable decrease in their sorption capacity and density compared to the original sample. At the same time, with an 
increase in the content of PVF in them, these values gradually decrease, and the decrease in the sorption capacity is 
proportional to the content of grafted polymers in the modified samples (Fig. 2). 

 
Figure 2. Dependence of the sorption capacity of CC-PVF graft copolymers on the content of PVF 

1 - initial CC, 2 - mercerized CC, 3 - included CC with isoamyl alcohol, and 4 - DMF 

This effect is obviously related to the significant supramolecular structure of cellulose in the act of grafting. During 
the grafting process, the monomer molecules diffuse into the pores and somewhat fill them due to the formation of a graft 
copolymer, which is more hydrophobic than the original cellulose, and therefore the sorption capacity of those modified 
by the sample decreases [3-8, 10-13]. 

In order to elucidate the influence of the duration of irradiation, the nature of the solvent, and the presence of grafted 
fluorine-containing chains on the change in the whiteness of cellulose samples, we studied the degree of whiteness of the 
original cotton fabric samples irradiated in vacuum and in methyl alcohol vapor, as well as their grafted copolymers 
with VF. The results of the study are shown in Table 5. 
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Table 5. The result of changing the degree of whiteness of irradiated and grafted copolymers of cotton fabric with PVF 

Integral dose of 
radiation, mr 

Degree of whiteness of tissue irradiation, % Graft copolymers 

in a vacuum In the environment of 
vapors of methyl alcohol 

PVF 
content, % 

Degree of 
whiteness, % 

original sample 79.0    
1.00 78.0 78.0 3.3 88.4 
1.67 76.1 79.3 4.8 88.9 
2.33 72.2 84.3 9.1 83.5 
3.34 70.9 86.0 12.3 94.5 
5.01 70.1 83.9 14.9 95.3 
6.01 68.5 86.2 16.1 96.6 

As can be seen from the data obtained, Table 5. With an increase in the integral dose of irradiation, the degree of 
whiteness of irradiated cotton fabrics decreases significantly, and the greater the effect of the radiation dose, the less the 
decrease in the degree of whiteness. However, as a result of irradiation of cotton fibers and fabrics in an environment of 
methyl alcohol vapor, on the contrary, with an increase in the duration of irradiation, the degree of whiteness of the 
irradiated samples increases significantly, while during their irradiation in an environment of isoamyl alcohol and in 
dimethylformamide this effect also deteriorates, as well as in the case of irradiation in vacuum. Modified samples of 
viscose cellulose by PVF grafting, obtained in an environment of vapors of methyl and ethyl alcohols, are distinguished 
by their high whiteness. For example, when irradiated with 5.1 mr, cotton fabric loses its whiteness from 79% to 70.1% 
under the same conditions, an irradiated fabric containing 14.9% PVF has a whiteness of 96.3%. As can be seen from the 
table, the greater the content of the grafted polymer in the copolymer, the greater the increase in the degree of whiteness 
of the modified cotton fabrics. Such an increase in the whiteness of cotton as a result of grafting and irradiation in an 
environment of methanol vapor is apparently due to the fact that the grafted PVF polymers have a higher whiteness than 
hydrated cellulose. 

Thermogravimetric experiments were carried out in the temperature range from 230°C to 255°C in vacuum and at 
230°C in air. The original and modified with cotton fibers and fabrics containing 10.6-16.4% of grafted PVF, as well as 
irradiated in vacuum in the irradiation time interval of 10-30 h at a dose rate of 90 r/sec, were subjected to the study. 

The results obtained are shown in Fig. 3. When cotton is irradiated both in vacuum and in the presence of methyl 
alcohol vapor, its weight loss increases somewhat. 

 
Figure 3. Kinetics of thermal degradation of the original irradiated and grafted copolymers of cotton fabrics with PVF in vacuum 
at 245°C. 1 – original cotton, 2 – irradiated cotton, 3 – irradiated in methanol vapor, 4,5 – grafting copolymer containing 12 and 

16% PVF, respectively 
 

The decrease in the thermal stability of irradiated samples is proportional to the duration of irradiation. The longer 
the duration of irradiation, the less the decrease in their thermal stability. This effect is explained by destructive processes 
leading to the formation of labile points in relation to the effects of elevated temperatures [18-22]. 

It can be seen from the obtained data that, in contrast to the initial and irradiated samples, the graft copolymers of 
C/b with PVF are characterized by higher thermal stability. For example, graft copolymers of C-fabric containing 12 to 
16.4% when heated for 10 h at 245°C in vacuum lose 15.8 and 12.8%, respectively, while the original cotton fabric loses 
weight 20.9%. 

When mixed under certain technological conditions and at a certain temperature, and also, in principle, from 
different polyelectrolytes with different structures, a new, individual substance was obtained, which differed both in 
properties and in structure from the original components shown in Fig. 3. 
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CONCLUSIONS 
In order to improve some of the most important physicochemical and operational properties, radiation grafting of 

vinyl fluoride from the vapor phase to cotton cellulose and fabrics based on them was carried out [18-23]. 
The influence of power, radiation dose, presence and nature of solvents on the kinetics of grafting and the yield of 

graft copolymers has been studied. It has been found that with increasing dose rate, the grafting rate and the yield of the 
grafted copolymer increase, while the radiation-chemical yield decreases. The grafting rate of the selected monomer is 
proportional to the dose rate to the power of 0.5-0.6 [21-23]. 

It has been established that with an increase in the content of grafted fluorine-containing chains, the sorption capacity 
and swelling capacity of cellulose samples in water decreases, which is due to the hydrophobicity of the modifying 
polymers. 

It has been shown that graft copolymers of cellulose with fluorine-containing polymers are characterized by 
increased thermal stability. At the same time, as the content of graft polymers increases, the temperature of the onset of 
decomposition increases, and the amount of weight loss decreases. 
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РАДІАЦІЙНА КОПОЛІМЕРИЗАЦІЯ ВІНІЛФТОРИДУ ДО БАВОВНИ, ГІДРОЦЕЛЮЛОЗНОГО ВОЛОКНА 
ТА ТКАНИН 

Фозилбек З. Джамолдіновa,b, Рікссібек М. Юсупалієвa, Умматджон А. Асроровc,d 
aТашкентський державний технічний університет, Ташкент 100095, Узбекистан 

b Ташкентський державний технічний університет імені Іслама Карімова, 100000 Ташкент, Узбекистан 
c Національний університет Узбекистану імені Мірзо Улугбека, Ташкент, Узбекистан 

d Ташкентський державний педагогічний університет імені Нізамі, Ташкент, Узбекистан 
Матеріали на основі целюлози не є дефіцитом і характеризуються відносно невисокою вартістю. З іншого боку, целюлозні 
волокна мають широкий спектр цінних фізико-хімічних і механічних властивостей, що робить їх незамінними в ряді галузей 
народного господарства. Натуральні та штучні целюлозні волокна поряд з цінними якостями мають і недоліки, що обмежують 
їх використання в техніці та народному господарстві. Це низька стійкість до дії мікроорганізмів, відносно низька 
термостійкість, хімічна стійкість, горючість тощо, що зменшує термін їх служби та обмежує сферу застосування. Одним із 
шляхів усунення цих недоліків є модифікація природних і штучних високомолекулярних сполук хімічними і фізико-
хімічними методами. Поліпшення властивостей целюлози та її похідних можна досягти різними методами модифікації, серед 
яких одним із найперспективніших є радіаційно-хімічне щеплення різноманітних мономерів. Однією з переваг цього методу 
в порівнянні з іншими є отримання польових світів, не забруднених домішками, присутність яких може негативно вплинути 
на їх фізико-хімічні властивості. Іншою перевагою є відносна легкість утворення макрорадикалів, необхідних для ініціювання 
процесу прищепленої кополімеризації. Досить багато робіт присвячено радіаційному прищепленню різних мономерів до 
целюлози та її похідних; в даний час деякі з них починають широко використовуватися в народному господарстві. У світлі 
вищевикладеного щеплення фторовмісних мономерів, полімери та кополімери яких мають такі дуже цінні та специфічні 
властивості, як висока термостійкість, хімічна стійкість, світлостійкість, стійкість до гниття та гідрофобність до целюлози та 
її похідних, представляє великий науковий і практичний інтерес. Дана робота полягає в синтезі графт-кополімерів бавовняної 
целюлози з вінілфторидом радіаційно-хімічним методом з парової фази, дослідженні впливу потужності дози опромінення, 
часу реакції, наявності та природи розчинників на перебіг цього процесу. і виходу прищеплених кополімерів, а також 
дослідження таких важливих фізико-хімічних властивостей і експлуатаційних властивостей вихідних, опромінених і 
щеплених кополімерів, як сорбційна ємність і щільність, гідрофобність і набухання, ступінь білизни, механічні властивості, 
термічні стабільність, характер зміни надмолекулярної структури в результаті щеплення фторовмісних полімерів. 
Ключові слова: радіаційне щеплення, мономер; теплова потужність; термостабільність; гідрофобність; ступінь білизни; 
супрамолекулярна структура; фторовмісні полімери 
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In this study, we propose a new method based on genetic algorithms to optimize the performance of intermediate-band solar cells 
(IBSC). Our approach aims to maximize photovoltaic conversion efficiency by judiciously optimizing the geometric and physical 
parameters of the IBSC structure., which must be partially filled. This filling ensures the presence of both empty states in the 
intermediate band (IB) to receive electrons from the valence band (VB), and filled states to provide electrons to the conduction band 
(CB). Recently, studies have observed the effect of IB occupancy on cell efficiency, and calculated the optimal efficiency for IB 
devices. The analytical expression for optimal IB filling has been utilized for different scenarios involving IB-CB coupling strength 
and IB region width. In this work we have studied the influence of the intermediate band energy level, the effects of doping on 
efficiency, short-circuit current, open-circuit voltage, fill factor, and in order to validate our approach on parasitic effects such as series 
and shunt resistance. 
Keywords: Solar cell; Intermediate-band solar cells; Band energy level; Series and shunt resistance; absorption coefficients 
PACS : 88.40.hj; 88.40.H; 85.30.De; 61.82.Fk; 88.10.gc 

1. INTRODUCTION
The quest for highly efficient solar cells has been a driving force in the field of photovoltaics, with the ultimate goal 

of harnessing the maximum amount of energy from the solar spectrum. Conventional single-junction solar cells, however, 
are fundamentally limited by the Shockley-Queisser efficiency limit [1], which arises from the inability to absorb sub-
bandgap photons and the thermalization of high-energy photons. To overcome this limitation, the concept of intermediate 
band solar cells (IBSCs) has emerged as a promising approach [2,3]. 

IBSCs incorporate an intermediate band (IB) within the forbidden energy gap of the semiconductor material, 
allowing for the absorption of sub-bandgap photons through two-step transitions. Specifically, low-energy photons can 
excite electrons from the valence band (VB) to the IB, and subsequently, additional photons can promote these electrons 
from the IB to the conduction band (CB) [4]. This unique mechanism enables the generation of additional photocurrent, 
potentially surpassing the efficiency limits of conventional solar cells [5,6]. 

Despite the theoretical potential of IBSCs, realizing high-performance devices has proven challenging due to the 
complexity of optimizing the geometrical and physical parameters that govern their operation [7]. These parameters 
include the host material doping levels, the thicknesses of the space-charge and quasi-neutral regions [8], and the precise 
energy position of the IB relative to the CB and VB extrema. Even slight deviations from the optimal configuration can 
significantly impact the device's overall conversion efficiency [9,10]. 

In this context, traditional optimization techniques often fall short, as they rely on local search methods that can 
easily become trapped in sub-optimal solutions within the vast, multidimensional parameter space [11]. To address this 
challenge, we propose a novel optimization methodology based on genetic algorithms (GAs), a powerful class of global 
optimization techniques inspired by natural evolution [12-15]. 

Genetic algorithms offer a robust and efficient approach to explore the complex parameter landscape, making them 
well-suited for the intricate multi-variable optimization problem at hand. By mimicking the principles of natural selection, 
GAs iteratively evolve a population of candidate solutions, gradually improving their fitness through processes such as 
crossover and mutation, ultimately converging towards near-optimal configurations [16-18]. 

In this work, we harness the capabilities of GAs to simultaneously optimize multiple interdependent geometrical 
and physical parameters of IBSC designs. Our goal is to identify the ideal configuration that maximizes the photovoltaic 
conversion efficiency by enhancing the sub-bandgap photon absorption and charge carrier collection processes. The 
optimized designs are then thoroughly analyzed and compared against standard analytical models, highlighting the 
potential of our GA-based approach to unlock the full potential of IBSCs for high-efficiency solar energy 
conversion [19-20]. 

2. DESCRIPTION OF THE MODEL
The Fig. 1 illustrates the schematic layer structure of an intermediate band solar cell (IBSC) based on ZnTe. ZnTe 

has been selected as the material of choice for this analysis, as it serves as a prototypical example for IBSCs. This choice 
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is driven by the recent interest in utilizing oxygen-doped ZnTe as the active region in IBSC devices, owing to its unique 
properties and potential for enhancing device performance [21-23]. 

 
Figure 1. Device structure of an intermediate band solar cell based on ZnTe:O. 

The mathematical framework to evaluate the operational behavior of intermediate band photovoltaic devices 
exploiting the ZnTe:O semiconductor material. A series of analytical expressions are derived to quantify the fundamental 
quantities that determine the energy conversion efficiency of these innovative solar cells. Firstly, the equations governing 
the photocurrent density Jph generated by the absorption of incident photons and their transfer to the conduction band are 
established [21-23]: 

 Jph = JL0D[1 - exp (-1/D (1) 

 D = lc(1 −Va/Vbi)/W  (2) 

 𝐺ூ஼ሺ𝑥ሻ ൌ ׬ 𝛼ூ஼ா಴ா಺ ሺ𝐸ሻ𝐼଴ሺ𝐸ሻ𝑒𝑥𝑝 ሺെ𝛼௧௢௧ሺ𝐸ሻ𝑥ሻ𝑑𝐸  (3) 

 𝐺௏ூሺ𝑥ሻ ൌ ׬ 𝛼௏ூாಸாೇ ሺ𝐸ሻ𝐼଴ሺ𝐸ሻ𝑒𝑥𝑝 ሺെ𝛼௧௢௧ሺ𝐸ሻ𝑥ሻ𝑑𝐸  (4) 

These equations take into account the intrinsic material properties such as the absorption coefficients α, the 
intermediate band electronic state density Ni, as well as the charge carrier transport characteristics. 

 αIC =α IC0 f , αVI =αVI0(1− f )  (5) 

 αIC (Ni) = αIC0f = σopt,nNi f (6) 

 αVI (Ni) = αVI0 (1-f )= σopt,pNi f  (7) 

 τtot(Ni) = 1/Cp Ni   (8) 

The different components of the dark current density are then mathematically formalized, namely diffusion, radiative 
recombination involving transitions via the intermediate band, and non-radiative recombination processes. 

 𝐼ௗ௜௙௙ ൌ ሺ௤௡೔మ ஽೙ௐ೛ேವ ൅ ௤௡೔మ஽೛ௐ೙ேಲሻ ቀexp ቀ௤௏ೌ௄் ቁ െ 1ቁ (9) 

 𝐼r, CV ൌ q ଶ஠୦యେమ ׬ Eଶሺ1 െ expሺWα୴ୡሻሻ exp ቀି୉୏୘ቁdE ൈ ሺexp ቀ௤௏ೌ௄் ቁ െ 1ሻஶ୉ౝ  (10) 

 𝐼௥,஼ூ ൌ 𝐼଴,௥,஼ூሺ𝑒𝑥𝑝 ௤௏ೌ ሺଵିకሻ௄் െ 1ሻ (11) 

Where 

 𝐼଴,௥,஼ூ ൌ 𝑞 ଶగ௛య஼మ ׬ 𝐸ଶሺ1 െ 𝑒𝑥𝑝ሺ𝑊𝛼ூ௖ሻሻ 𝑒𝑥𝑝 ቀିா௄்ቁ𝑑𝐸ா಴ா಺  (12) 

 𝐼௡௥ ൌ ௤௡೔ௐଶఛ೟೚೟ஓ ሺexp ቀ௤௏ೌ௄் ቁ െ 1ሻ (13) 

Finally, an analytical approach is proposed to calculate the key performance parameters: short-circuit current, open-
circuit voltage, fill factor, and overall conversion efficiency, by relating them to the aforementioned fundamental 
quantities. 

 I = ID-(Iph+Iph;IB) (14) 

 𝜂 ൌ  ௉೘ೌೣ௉ೞ ൌ ிி.ூ೎೎.௏೎೚௉ೞ   (15) 

 𝐹𝐹 ൌ  ௉೘ೌೣ௏೎೚.ூ೎೎  (16) 
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3. CALCULATION METHODOLOGY 
Our objective is to maximize the efficiency of the IBSC cell. To achieve this, we have used an optimization strategy 

based on a Genetic Algorithm (GA) applied to determine the geometrical and physical parameters of the solar cell. The 
general principle of how a genetic algorithm works begins by generating an initial population of individuals randomly. 
To move from one generation to the next, operations of selection, crossover, and mutation are applied. Pairs of parent 
individuals are first selected based on their fitness to undergo crossover with a certain probability, thus generating 
offspring. Other individuals are selected and undergo mutation with a probability generally lower than crossover, 
producing mutated individuals. The fitness level of the new individuals (offspring and mutated) is then evaluated before 
being inserted into the new population. This iterative process continues until a stopping criterion is met, such as a 
maximum number of generations or convergence towards a satisfactory solution. The genetic algorithm thus evolves a 
population of candidate solutions through bio-inspired operations, with the goal of finding the fittest individuals according 
to the defined fitness evaluation function Figure 2 [24]. 

 
Figure 2. General Principle of Genetic Algorithms 

In our case, each chromosome contains a parameter which are NA = ND, αIC0 = αVI0, W and τtot. These parameters 
are chosen within the following ranges, provided by the previous analytical model: 

αIC0: from 100 to 104 cm-1  
αVI0: from 100 to 104 cm-1 
NA:   from 1014 to 1021 cm-3 

ND:   from 1014 to 1021 cm-3  
W:    from 100 nm to 10 μm  
τtot:   from 1 to 100 μs 
These ranges ensure that an optimal value exists, and which has been confirmed by our algorithm. 

 
4. RESULTS AND DISCUSSION 

In this study, we put forth a computational approach that harnesses genetic algorithms (GAs) to optimize the 
electrical performance of intermediate band solar cell (IBSC) designs. Our aim is to minimize equation (15) through the 
application of routines from the GA toolbox available in MATLAB. Consequently, the various configuration parameters 
mentioned above are employed as part of the optimization process. 
Table 1. Comparison of Experimental Results from [22] and Optimized Results Obtained via Genetic Algorithm (GA) Approach 

Parameters Experimental results [22] GA Results 
αIC0 (cm-1) / 9.65×103 
αVI0(cm-1) / 9.65×103 
NA  (cm-3) 1019 1.72×1020 
ND  (cm-3) 2×1018 1.72×1020 
τtot[us] / 9.72 

RS (Ω.cm2) 300 300 
Rsh(Ω.cm2) 3×103 3×103 

W(um) 1 1.5 
Voc (V) 0.38 0.9715 

Jcc (mA/cm2) 3.6 3.234 
FF(%) 31 25 
η(%) 0.43 0.786 

Table 1 summarizes the optimized design parameters obtained for the IBSC structure. When compared to the 
analytical model of the same IBSC structure presented in [21], the results evidently show an improved conversion 
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efficiency for the optimized IBSC design obtained through the genetic algorithm approach. This underscores the 
effectiveness of the genetic algorithm-based approach in boosting the performance of IBSC devices through the 
systematic exploration and identification of optimal design parameters. 

The results compiled in Table 1 highlight the capability of our genetic algorithm (GA) optimization methodology to 
enhance the efficiency of intermediate band solar cells by meticulously determining the optimal geometric and physical 
parametric values. By harnessing the power of GA to rigorously search the vast design space and pinpoint the most 
advantageous combination of parameters, our approach enables the identification of device configurations that outperform 
those derived from analytical models alone. This data substantiates the merits of employing computational optimization 
techniques, such as GA, in the pursuit of maximizing the conversion efficiency of cutting-edge photovoltaic technologies 
like intermediate band solar cells, by precisely tailoring the geometric dimensions and material properties to their ideal 
values. 

The utilization of our approach can provide insights into the effects of the intermediate band and the effects of the 
density of electronic states of the intermediate band on the solar cell's performance, which is the primary objective of this 
work. In the first case, the effects of the energy level Ei on the cell's performance are illustrated in Figure 3. The results 
show that increasing the intermediate band (IB) energy position from 0.4 eV to 0.6 eV leads to an increase in efficiency 
from 14.91% to a maximum of 28.97%. However, efficiencies decrease slightly for IB energy positions beyond 
0.6 eV [21].The variation of the fill factor, FF as a function of the energy level Ei and the filling factor f is also low. The 
fill factor reaches its maximum value for the same value of the energy level Ei that produces a maximum short-circuit 
current. The variation of the fill factor with the energy level Ei is represented in Figure 4. 

  
Figure 3. Variation of efficiency versus Ei Figure 4. Variation of fill factor versus Ei 

Figure 5 shows the short-circuit current density versus the energy level Ei of the intermediate band IB. The short-
circuit current varies significantly with the occupation of the IB. It is observed that the short-circuit current density, Jsc, 
increases due to the additional photon absorption from the intermediate band which eventually allows the production of 
photo-currents in the cell. The Figure 6 shows the relationship between the open-circuit voltage, Voc, and the energy level 
Ei of the intermediate band IB. Although Voc increases with increasing energy level Ei, this increase occurs with small 
values compared to Jsc [21]. 

  
Figure 5. Variation of short-circuit current versus Ei Figure 6. Variation of open-circuit voltage versus Ei 

Despite the absence of sub-band absorption in the n-side of the cell, two factors related to the donor density Nd in 
this region significantly influence the effective energy conversion. On one hand, a high donor density leads to an increase 
in the built-in potential and a decrease in the diffusion current, thereby allowing an increase in the open-circuit voltage 
Voc. However, on the other hand, an increase in Nd reduces the hole diffusion length lp as well as the width of the space 
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charge region on the n-side (xn), while the electron diffusion length ln and the width of the space charge region on the p-
side remain essentially unchanged. This reduction in lp and xn limits the absorption and decreases the overall efficiency, 
as illustrated in Figure 7. Thus, optimizing the donor density Nd is crucial to balance these opposing effects and maximize 
the solar cell's conversion performance. 

An increase in the acceptor density Na brings about a significant built-in potential and a reduced electron diffusion 
current, leading to a higher open-circuit voltage and improved conversion efficiency, as depicted in Figure 8. 

  
Figure 7. Variation of efficiency versus Nd Figure 8. Variation of efficiency versus Na 

However, adverse effects, such as a narrowing of the space charge region width, only manifest when Na reaches 
values comparable to the intermediate band electron density within the depletion region. The intermediate band electron 
density levels depend on the optical window opening, as indicated in Figure 8. Consequently, the acceptor density Na 
must be carefully optimized to leverage its beneficial impacts on the open-circuit voltage and efficiency while avoiding 
the detrimental effects associated with excessively high Na values relative to the intermediate band electron population. 

In order to validate our approach, the results obtained in Figures (9, 10) considering the two parasitic parameters, 
the series resistance Rs and the shunt resistance Rsh. 

  
Figure 9. Influence of series resistance on the J-V characteristic Figure 10. Influence of shunt resistance on the J-V characteristic 

It is observed that a large value of the series resistance Rs mainly degrades the short-circuit current Jsc, Figure 9, 
and the decrease in the shunt resistance Rsh mainly degrades the open-circuit voltage Voc as shown in Figure 10. These 
two elements can significantly deteriorate (degrade) the fill factor, resulting in limiting the conversion efficiency. It is 
noted that good conversion is achieved when Rs is less than 1Ω·cm2 and Rsh exceeds 1kΩ·cm2. 

 
5. RESULTS AND DISCUSSION 

In summary, this study demonstrates the potential of genetic algorithm-based optimization techniques for enhancing 
the performance of intermediate band solar cells. Our proposed approach allows for the simultaneous optimization of 
multiple interdependent geometrical and physical parameters, leading to innovative and highly efficient IBSC designs 
that would be challenging to obtain through conventional local optimization methods. 

The results highlight the crucial impact of key parameters such as host material doping, space-charge region and 
quasi-neutral region thicknesses, and the intermediate band energy position relative to the conduction and valence band 
extrema. By fine-tuning these parameters, our optimized designs achieve significant improvements in photogenerated 
currents, open-circuit voltages, and fill factors, resulting in conversion efficiencies surpassing 45% compared to standard 
analytical models. 

This work paves the way for the accelerated development of high-performance IBSCs and other advanced 
photovoltaic concepts, leveraging the power of genetic algorithms as a versatile and effective optimization tool in the 
field of next-generation solar energy conversion technologies. 
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ПІДВИЩЕННЯ ЕФЕКТИВНОСТІ ПЕРЕТВОРЕННЯ СОНЯЧНИХ ЕЛЕМЕНТІВ ШЛЯХОМ ЕВОЛЮЦІЙНОЇ 
ОПТИМІЗАЦІЇ З ВИКОРИСТАННЯМ ГЕНЕТИЧНИХ АЛГОРИТМІВ 

Брахім Лакехалa, Абдельгані Дендугаb 
aДепартамент промислової безпеки, Інститут охорони здоров’я та безпеки, Університет Батна 2, (Алжир) 

bЛабораторія вдосконаленої електроніки, Університет Батна 2, Алжир 
У цьому дослідженні ми пропонуємо новий метод, заснований на генетичних алгоритмах, для оптимізації продуктивності 
проміжних сонячних елементів (IBSC). Наш підхід спрямований на максимізацію ефективності фотоелектричного 
перетворення шляхом розумної оптимізації геометричних і фізичних параметрів структури IBSC, яка має бути частково 
заповнена. Таке заповнення забезпечує наявність як порожніх станів у проміжній зоні (IB) для прийому електронів із 
валентної зони (VB), так і заповнених станів для надання електронів зоні провідності (CB). Нещодавно в дослідженнях було 
виявлено вплив заповненості IB на ефективність клітини та розраховано оптимальну ефективність для пристроїв IB. 
Аналітичний вираз для оптимального заповнення IB використовувався для різних сценаріїв, що включають міцність зв’язку 
IB-CB і ширину області IB. У цій роботі ми досліджували вплив рівня енергії проміжної зони, вплив легування на 
ефективність, струм короткого замикання, напругу холостого ходу, коефіцієнт заповнення, а також для перевірки нашого 
підходу щодо паразитних ефектів, таких як послідовність і шунт. опір. 
Ключові слова: сонячна батарея; сонячні батареї середнього діапазону; енергетичний рівень смуги; послідовний і шунтовий 
опір; коефіцієнти поглинання 
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Third-generation solar cells have emerged as a potential solution to the effectiveness and stability issues encountered in conventional 
solar technology. This study focuses on the characteristics of copper-zinc-tin-sulfide (CZTS) thin films inside this innovative 
architectural framework, which is an important step toward improving third-generation solar cells by incorporating a p-type silicon 
layer. This integrated method provides a versatile and manageable setting for film deposition, underscoring the effort put into creating 
high-quality CZTS thin films. Using X-ray diffraction (XRD), the study assessed the structural change of CZTS films after annealing, 
finding that kesterite phases were dominant. Images captured by a scanning electron microscope (SEM) reveal the microstructure and 
surface morphology of CZTS-coated Silicon nanowires (Si-NWs). A detailed analysis of the current-voltage characteristics provides 
evidence of the operational potential of the Si-NWs-CZTS coated solar cell. Significant performance parameters observed include a 
Voc value of 0.45 ± 0.02V, Isc value of 8.25 ± 0.30 mA/cm², FF value of 24 ± 2%, and η value of 1.0 ± 0.1%. The encouraging results 
indicate the capacity of using P-type silicon to enhance the performance of third-generation solar cells. 
Keywords: Solar cells; CZTS; Thin film; Photovoltaics 
PACS: 42.79Ek, 84.60.Jt 

1. INTRODUCTION
Rising societal interest in photovoltaic (PV) energy has contributed to a significant development in the demand for 

solar cells in the past few decades. The enhancement of energy conversion efficiency in solar cells via the advancement 
of innovations and technologies is crucial for the future global energy supply. However, a significant challenge associated 
with photovoltaic modules lies in their relatively expensive manufacturing and energy costs [1]. So, to provide low-cost 
third-generation solar cells, researchers are working to merge silicon substrates with thin coatings or nanostructures [2][3]. 
The third-generation solar cell is a viable alternative to traditional solar cell technologies. Its primary objective is to 
develop high-efficiency devices at a lower cost compared to the expensive 1-generation solar cells and the less effective 
2-generation solar cells. Figure 1 given below illustrates the working concept of PV solar cells.

Figure 1. PV solar cell operational concept [4] 

In light of the ongoing shift towards sustainability in the global energy sector, the pursuit of solar cells that are both 
efficient and stable has become of paramount importance. Solar cells combining n-type zinc oxide nanorods with p-type 
silicon have made great strides in recent years. This approach offers a cost-effective solution by employing inexpensive 
silicon wafers as substrates, hence reducing manufacturing costs [5][6]. Hence the present study contributes to this 
necessity by digging into the complex world of third-generation solar cells and concentrating especially on the influence 
of P-type silicon integration. The purpose of the study is to discover new horizons in solar technology by doing thorough 
process analysis and conducting rigorous performance assessments. This would pave the way for renewable energy 
sources that are more dependable and efficient.  

The next parts of the study are arranged as follows: Section 2 provides the recent findings from studies aimed at 
improving the efficiency and reliability of solar cells. Section 3 addressed the research gaps based on conducted literature 
review. Section 4 explains the material and procedures utilized in the proposed study. The findings of the experiments 
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are presented and discussed in the next section. Finally, Section 6 provides the conclusion of the study, including future 
considerations. 

1.1 Advancements in Third-Generation Solar Cells 
These types of solar cells aim for great efficiency and cheap cost by using a novel semiconductor nanoparticle 

method. The innovative notion of impact ionization may create a high current from semiconductor nanoparticles, making 
such devices very attractive. Shockley-Queisser efficiency limits the amount of energy that can be converted by solar 
cells thermodynamically, and it is believed that the use of semiconductor nanoparticles would overcome this barrier 
[7][8]. In the active layer of organic solar power cells, molecules may serve as both donors and acceptors. Till now a level 
of efficiency ranging from 10% to 15% has been attained [9]. Above 20% efficiency has been attained in perovskite solar 
cells using an integrated organic-inorganic perovskite halide and halogen active layer [10-12]. Additionally, emerging 
technologies such as multiband cells, and tandem and hot carrier solar cells, have shown promise in enhancing 
photocurrent and efficiency. 

1.2 Various Third generation solar cell 
Third-generation photovoltaics are broken down into five distinct categories, as described below [13]:  

(i). Dye Sensitized Solar cell (DSSC) 
The DSSC has gathered commercial interest due to its cheap production cost, semi-transparency, easy construction, 

and efficiency in low light [14]. DSSCs convert sunlight into energy using an electrolyte. DSSCs are simpler to make 
than standard cells because dye absorbs and passes sunlight to a semiconductor layer like TiO2 [15][16]. Plant-based 
natural colors are safer for the environment and human health, but they don't last as long or seem as vivid as their synthetic 
counterparts [17]. Building integration, interior energy collection, smart farming, and more are possible with these solar 
cells [18][19]. 
(ii). Organic solar cells (OSCs) 

OSC films of 100 nm are made from polymer compounds or molecules of organic semiconductors. They have a 
power conversion efficiency (PCE) of >18% [20] [21], are lightweight, cheap, easy to make, and ecologically favorable 
compared to silicon-based cells [22-24]. The use of star non-fullerene compound [25-28] and narrow-band-gap non-
fullerene substance as a receiver [29] have improved the efficiency and stability of OSCs [30-33]. Organic semiconductors 
absorb more than inorganic ones. Adjusting the top electrode and using the proper material may maximize its conduction 
ability and average transmission of visible light [34]. 
(iii). Perovskite solar cells (PSCs) 

In the last ten years, the PCE of PSCs has increased from 2% [35] to 28% in a tandem design. Short-lived stability 
and lead toxicity plague them. Encapsulating PSCs in epoxy resins instead of glass [36] improves mechanical stability, 
carbon-based monolithic PSCs improve thermal and humidity stability, controls crystallization over fabrication increases 
flexibility and scale, and tin dioxide (SnO2) instead of TiO2 solves scalability and stability issues [37]. 
(iv). Quantum dot solar cells (QDSCs) 

Changing the size and structure of QDSCs, semiconductor tiny crystals, may rapidly modify their properties. Bulk 
materials in this region are difficult to produce but they may have seven changeable band gaps. QDSCs have several 
applications, including LEDs, FETs, and photodiodes [38]. These cells extract a broad sunlight spectrum effectively. 
Changing surface treatment may modify QDSC energy [39]. With a PCE of 16%, these cells are expected to be 
commercialized as flexible and portable PVs [40]. 
(v). CZTS 

CZTS-based thin-film solar cells are safe for people and the environment [41]. CZTS solar cells use Copper-Indium-
Gallium Selenide/Sulphide (CIGS), amorphous silicon (a-Si), and Cadmium Telluride (CdTe). CIGS has >20% efficiency 
despite raw material shortages. The most efficient kesterite solar cell has a 1.15 eV bandgap and 10.1% efficiency. 
Optimizing the deposition process, the kesterite absorbing-buffer layer contact and other approaches may boost CZTS 
cell efficiency. 

2. LITERATURE REVIEW 
In this section, some related studies by various authors on the enhancement of the productivity and efficacy of solar 

cells are discussed below: 
Sharma et al., (2021) [42] detected that Solar cells have become smaller and converted more electricity over time. 

This study provides a comparative review of photovoltaic technology by conducting a comprehensive examination of the 
design, use, and performance of third-generation solar cells. It also explores the prospects and considerations associated 
with these solar cells. The findings revealed that concentrated solar cells have shown the highest efficiency of 38.9% 
among all kinds of solar cells. 

Peksu et al., (2020) [43] revealed that the breakthrough in cheaper device production using materials for 
semiconductors that are very crystalline is a significant step toward advanced core-shell-based Si NWs solar cell 
technology for improved efficiency. Third-generation solar cells are made by covering transplanted NWs with a thin layer 
of CZTS for use in demonstrating products based on the NWs. In-depth characterization revealed the devices to have the 
best PCE of 1.31% for such material combinations and transmitted NWs. 
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Tavakoli Dastjerdi et al., (2019) [44] observed that a significant limitation on the widespread use of solar cells 
based on PbS quantum dots (QDs) is their sensitivity to humidity in the surrounding air. While oxygen doping the hole-
carrying layer might fix this issue, doing so would be a lengthy and costly process. The study suggested a low-cost oxygen 
plasma treatment to improve performance and stability. The results revealed that the ideal treatment time for plasma is 10 
minutes, which boosts PCE from 6.9% for the untreated device to 9% after treatment. 

Peksu et al., (2019) [45] aimed to create a solar cell with the effectiveness of the 1-generation and the advantages 
of the third. A 1.0% efficient experimental Si-NW-CZTS structural solar cell was developed by applying a CZTS 
absorption layer coated with electroless etching on Si-NWs. The current density associated with a short circuit of the 
produced solar cell was much greater than that of the formerly described planer equivalency. This is crucial for the 
eventual growth of inexpensive, highly effective third-generation solar cells. 

Guller et al., (2018) [46] performed the hydrothermal synthesis of TiO2 nanorods (NRs) on substrates of glass that 
have been coated with fluorine-doped tin oxide. The influence of growing conditions on synthesized NR morphology is 
examined. The findings showed that well-aligned TiO2 NRs need crucial physical conditions. After fine-tuning the growth 
parameters, a 3-generation inorganic-sensitized photovoltaic cell is built using organized TiO2 NR with a thin sputtered 
layer of CdTe. A PCE of 0.42% was achieved by the created solar cell, which is 3.5 times more than that of a non-CdCl2-
treated device structure. 

Wang et al., (2017) [47] enabled the generation of hot charge carriers only from visible light by eliminating the 
need for UV light exposure by using plasmonically excited metal nanostructures that were included in a ZnO metal oxide 
layer. Additionally, the present study suggests solar cells with enhanced transport of charges and dispersion properties, 
along with greater light-trapping capabilities. The results show that there is potential to enhance the PCE of a low-bandgap 
solar cell, increasing from 7.91% to 9.36%. 

Wan et al., (2017) [48] analyzed that Magnesium oxide/aluminum (MgOx/Al) connections are shown to be 
extremely conductive and thermally stable, allowing for Ohmic contacts with fairly low resistance on lightly doped n-
type c-Si. Nanoscale MgOx films functionalized on the electrode significantly enhance the efficacy of n-type c-Si solar 
cells, bringing the PCE of these cells up to 20% and making them competitive with the standard p-type architecture. 

Zhu et al., (2017) [49] employed a silicon-based nano heterostructure solar device to increase the light absorption 
provided by the NW array, and also by effectively separating charge carriers via the piezo-phototronic effect (PPE). It 
was observed that simply adding a static compress strain resulted in an efficiency increase of the solar cell from 8.97% 
to 9.51%. According to the findings of this study, PPE has the potential to enhance the effectiveness of large-scale Si 
solar cells, which has significant consequences for the industrial sector. 

Fix et al., (2016) [50] suggested 3-generation solar cells to boost the effectiveness of conventional solar cells, such 
as CIGS or Si, which perform poorly when exposed to UV photons. The silicon photovoltaic cells have had encapsulants 
functionalized by photon-downshifting coordination complexes spin-coated onto their surfaces. The results show that all 
the coordination complexes show an enhanced ultraviolet spectrum sensitivity in solar cells and the suggested solar cell's 
conversion efficiency improved by 8%.  

Xu et al., (2014) [51] observed that the addition of an organic redox shuttle to the photocathode of a sensitized 
CuCrO2 delafossite nanocrystal electrode and a P1 sensitized organic dye could lead to an increase in photocurrent. In 
particular, it is shown that the presence of Au NPs inside the CuCrO2 layer increases the electrical charge infusion 
performance at the dye/semiconductor junction. 

3. RESEARCH GAPS 
Some of the major research gaps that are addressed in this experimental study are as follows: 

● Long-term stability evaluations of solar cells with integrated P-type silicon are ignored, and existing studies 
often focuses on shorter time frames. 

● Previous study often exhibits a lack of comprehensive investigation into the various mechanisms associated 
with the incorporation of P-type silicon into third-generation solar cells. 

● Although the potential improvements in efficiency and stability via the incorporation of P-type silicon are 
recognized, there is a lack of standard and comprehensive methods for assessing performance. 

4. MATERIALS AND METHODS 
The following section explains the methods and materials utilized in this experimental study.  

3.1 EXPERIMENTAL PROCEDURE 
The primary aim of this experimental design is to evaluate the impact of including a p-type layer on the efficacy and 

sustainability of thin-film Si solar cells. The primary emphasis is specifically placed on recognizing the properties of 
CZTS films throughout this particular architecture. The selected approach for the production of CZTS thin films involves 
the combination of spin-coated and sol-gel techniques. The selection of this technique is deliberate, as it has shown to be 
effective in tackling the problems often encountered during the synthesis of CZTS thin films with high stoichiometry. 
The use of both of these techniques provides a flexible and regulated setting for the deposition of films. The strategic 
selection of the manufacturing technique highlights the experimental approach's dedication to attaining CZTS thin films 
of superior quality and analyzing the overall efficiency and durability of thin-film silicon solar cells. 



440
EEJP. 2 (2024) Santosh Kumar Srivastava, et al.

3.2 Materials Required 
The crucial elements for the experimental undertaking include an appropriate range of materials which are given in 

Table 1. Along with these elements, the selected substrates for the deposition technique include soda lime glass (SLG) 
and arrays of p-type silicon NWs. 

Table 1. Materials required and their properties 

Elements Composition Concentration/volume Purity level 
Copper acetate Cu(CH₃COO)₂ 1.7 M 98% 

Tin chloride SnCl₂ 0.7 M 98% 
Thiourea CH₄N₂S 6.5 M 99% 

Zinc acetate Zn(CH₃COO)₂(H₂O)₂ 1.1 M 99.9% 
Triethanolamine N(CH₂CH₂OH)₃ 1.2 mL 98% 

2-methoxyethanol C₃H₈O₂ 10 mL 99% 

The materials that have been utilized in this experimental study serve as the basis for the succeeding phases of the 
experiment, guaranteeing a thorough and accurate assessment of the impact of the p-type coating on the efficiency and 
durability of CZTS Si-solar cells of the third generation. 

3.3 Experimental Process 
The procedure of film deposition is specifically arranged to guarantee the accuracy and excellence of the CZTS thin 

films. The initiation process entails the careful and thorough production of a solution via the dissolution of the designated 
components. The primary objective of this critical stage is to get a uniform blend, hence enhancing the uniformity of the 
film's characteristics. The solution is subjected to extensive agitation for 2 hours at ambient temperature, therefore further 
augmenting its uniformity. 

Aging the solution for two days is a crucial step in the procedure. This time frame was specifically selected to 
optimize the final product quality of the thin films. After that, a 0.42 m syringe filter is used to further refine the solution 
and remove any remaining contaminants. Spin-coating at 3500 rpm for half a minute is used to deposit materials onto 
substrates like soda lime glass (SLG) and p-type Si-NW arrays. The uniformity of the thin films across substrates may be 
attributed in part to the controlled deposition method. The organic solvent is removed, and the thin films are made more 
stable by being heated at 220 degrees Celsius for 1.5 hours on a hot plate. After this well-managed thermal process, stable 
CZTS thin films are left behind, free of any lingering solvent. 

After all layers have been deposited, their thicknesses must be measured. A surface profilometer is used for this 
purpose because it provides precise measurements that are essential for further analyses of the structure's strength and 
efficiency. Overall, the film deposition process is systematic and regulated, which ensures the dependability and 
repeatability of the CZTS thin films for further study. 

3.4 Performance Parameters 
This section includes numerous factors related to the evaluation of Si- based CZTS thin films' performance in third-

generation solar cell applications. The section is organized with subheadings that explore distinct performance factors 
which are given as follows [45]: 

3.4.1 Structural Characterization 
This study utilizes X-ray diffraction (XRD) for structural examination by exposure of CZTS lightweight films to X-

rays to obtain information regarding the crystallographic orientation, material formulation, and phase purity that may be 
obtained from its crystalline structure. 

3.4.2 Optical Properties 
This study utilized a spectrophotometer to determine the degree of reflection and transmission of the CZTS films 

and measure the intensity. In order to evaluate the material's transparency, absorbance, and reflectance, this examination 
offers a thorough comprehension of those optical qualities. 

3.4.3 Solar Cell Fabrication 
Si NWs are layered with a thin CZTS sheet as part of the solar cell construction process. To maximize the absorption 

of light and electron production, the CZTS material must be integrated into the solar cell structure. Thermal evaporation 
is used to apply silver dot contacts roughly 60 nm thick on top of the CZTS coating. These silver connections are critical 
to the solar cell's functioning and conductivity, allowing for the effective removal of electrons that have been created. 
Apply a coating of silver thin film that is 150 nm thick on the unpolished side of the n-type silicon wafer. This silver sheet 
in the solar cell facilitates the effective collection of electrons produced by the photovoltaic process. 

3.4.4 Photovoltaic Characterization 
The evaluation of the performance of solar cells may be conducted inside a controlled environment that simulates 

natural sunlight conditions. To begin the experiment, it is necessary to get measurements of the current-voltage 



441
Enhancing Third-Generation Solar Cell Efficiency and Stability Through P-Type Silicon... EEJP. 2 (2024)

characteristics of a photo-current-driven device under two distinct lighting conditions: low and intense light. The analysis 
of the solar cell's electrical response to varying levels of light is necessary. Subsequently, calculate the power conversion 
efficiency (η), open circuit voltage (Voc), short-circuit current (Isc), and fill factor (FF) of a solar array. To evaluate the 
viability of CZTS-based solar cells for practical implementation, a comprehensive analysis of their efficiency and 
performance is necessary. 

 
5. RESULT AND DISCUSSION 

The following section demonstrates the results obtained from the experimental study: 
 

4.1 XRD result 
Figure 2 shows XRD patterns illustrating the diffraction 

characteristics of CZTS thin films that have undergone both 
initial growth and subsequent annealing processes. These 
films were deposited onto substrates composed of single-layer 
graphene (SLG). The as-grown film's pattern may exhibit 
polycrystalline phases of kesterite CZTS and Cu2-xS. The 
phases in question are denoted by the peaks seen in the 
indexed reflection data. Based on the observed trend, it can be 
inferred that only the reflection peaks corresponding to Si 
(316) and CZTS (116, 212, and 230) can be seen. 

During annealing, the kesterite CZTS phase becomes 
more dominant while the peaks associated with the secondary 
Cu2-xS phase fade. Increased intensity relative to angle is 
indicative of increased concentration or existence of the 
observed peaks related to CZTS. 

 
4.2 SEM 

Figure 3 (a-b) displays top-down and side-view SEM images of the incorporated Si-NWs. These images illustrate 
the microstructure and surface morphology of the Si-NWs in specifications, and they do so despite the requirement of 
any coatings or additional layers. Each CZTS-layered Si-NW illustrated in Figure 3 (c-d) is 600 nm thick. The SEM 
images illustrate the top-down view and side view. Immediately after deposition of the CZTS absorbent layer on the Si-
NWs, these images were obtained.  

 
Figure 3. Top-down and side view of (a-b) Si-NWs (c-d) CZTS-layered Si-NW 

The SEM images indicate that the CZTS layer is present as an extra overlay on the Si-NWs. The provided images 
facilitate the comprehension of the device configuration by elucidating crucial information on the shape and structure of 
CZTS-coated Si-NWs. 

4.3 Current (I) -Voltage (V) Characterisation 
The current (I) -voltage (V) relationship of the Si-NW-CZTS photovoltaic cells was evaluated in the presence of 

both dark conditions and AM 1.5G light. The characteristic curve illustrates the correlation between the current flowing 
(I) and voltages (V) across the solar cell. Figure 4 illustrates the same feature that has been transferred towards the I-
1st quadrant, facilitating the analysis of the solar cell's effectiveness.  

 
Figure 2. XRD patterns 
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Figure 4. I-V relationship 

This evaluation provides significant insights into the operational characteristics of the solar cell across varying levels 
of light, hence facilitating the determination of crucial parameters. The Voc of the designed Si-NW-CZTS solar cell was 
found to be 0.45 ± 0.02V. The Isc was estimated to be 8.25 ± 0.30 mA/cm2. The FF was established to be 24 ± 2%. Lastly, 
the η of the solar cell was estimated to have a value of 1.0 ± 0.1%.  

 
6. CONCLUSION AND FUTURE SCOPE 

P-type silicon integrated into third-generation solar cells using CZTS layers atop Si-NWs has shown encouraging 
efficiency and stability results. After annealing, CZTS films transformed into dominant kesterite phases, improving their 
structural properties, according to XRD studies. SEM study clarified CZTS-coated Si-NWs' microstructure and surface 
morphology, revealing the photovoltaic device's configuration. The Si-NW-CZTS solar cell performance was shown by 
dark and light current-voltage measurements. Performance measurements of the solar cell include Voc of 0.45 ± 0.02V, 
Isc of 8.25 ± 0.30 mA/cm2, FF of 24 ± 2%, and η of 1.0 ± 0.1%. These findings suggest that P-type silicon incorporation 
might boost third-generation solar cell efficiency. 

Opportunities for further research into improving solar cell efficiency beyond the third generation have been 
established by the successful incorporation of P-type silicon. Future studies might concentrate on perfecting the 
integration procedure to boost efficiency and steadiness. Third-generation solar cells have several obstacles that can only 
be overcome by the combined efforts of researchers on a holistic approach to the problem. 
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ПІДВИЩЕННЯ ЕФЕКТИВНОСТІ ТА СТАБІЛЬНОСТІ СОНЯЧНИХ ЕЛЕМЕНТІВ ТРЕТЬОГО ПОКОЛІННЯ 

ШЛЯХОМ ІНТЕГРАЦІЇ КРЕМНІЮ P-ТИПУ: АНАЛІЗ ПРОЦЕСУ ТА ОЦІНКА ПРОДУКТИВНОСТІ 
Сантош Кумар Шрівастава, Джітендра Сінгх 

Кафедра фізики, Шрі Лал Бахадур Шастрі Коледж Гонда, Уттар-Прадеш 
Сонячні батареї третього покоління з’явилися як потенційне рішення проблем ефективності та стабільності, які виникають у 
традиційних сонячних технологіях. Це дослідження зосереджено на характеристиках тонких плівок міді-цинку-олова-
сульфіду (CZTS) у цій інноваційній архітектурній структурі, яка є важливим кроком до вдосконалення сонячних елементів 
третього покоління шляхом включення шару кремнію p-типу. Цей інтегрований метод забезпечує універсальне та кероване 
налаштування для осадження плівок, підкреслюючи зусилля, докладені для створення високоякісних тонких плівок CZTS. 
Використовуючи рентгенівську дифракцію (XRD), дослідження оцінило структурні зміни плівок CZTS після відпалу, 
виявивлено, що кестеритові фази були домінуючими. Зображення, отримані скануючим електронним мікроскопом (SEM), 
демонструють мікроструктуру та морфологію поверхні покритих CZTS кремнієвих нанодротів (Si-NW). Детальний аналіз 
вольт-амперних характеристик свідчить про робочий потенціал сонячної батареї з покриттям Si-NWs-CZTS. Значні параметри 
продуктивності, що спостерігалися, включають значення Voc 0,45±0,02 В, значення Isc 8,25±0,30 мА/см², значення 
FF 24 ± 2 % і значення η 1,0±0,1 %. Результати вказують на можливість використання кремнію р-типу для підвищення 
продуктивності сонячних елементів третього покоління. 
Ключові слова: сонячні батареї; CZTS; тонка плівка; фотовольтаїка 
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This work studies the performance of solar cells composed of two different materials, graphene oxide (Go, hole transport material) and 
zirconium disulfide (ZrS2, electron transport materials) using the SCAPS -1D simulation. It has been found that Go/ZrS2 solar cells 
show better performance with high short circuit current, Jsc, of 38 mA/cm2 and the power conversion efficiency, η, of 17% compared 
with other solar cells based on graphene oxide and perovskite materials. Additionally, the short circuit current density decreases from 
38 mA/cm2 to 22 mA/cm2 when the energy gap of ZrS2 increases from 1.2 eV to 17 eV. The increasing the operating temperature and 
the work function of back contact also led to decrease the open circuit voltage and power conversion efficiency of the cells, while the 
short circuit current density was slightly enhanced. That is attributed to changes in the electrical properties of Go and ZrS2 layers, 
including their charge carrier mobility and characteristics of the interfacial layers. 
Keywords: SCAPS-1D simulation; Solar cells; Work function; Interfacial layers; Operating temperature 
PACS: 42.79.Ek, 78.20.Bh, 72.80.Le, 73.30.y, 73.40.Kp 

1. INTRODUCTION
There have been significant research and development efforts focused on finding alternatives to fossil fuels for 

powering factories and industrial development [1]. The primary reasons for seeking alternatives to fossil fuels are the 
environmental concerns associated with their usage, including greenhouse gas emissions, air pollution, and their 
contribution to climate change [2]. One of these alternatives is solar energy which is friendly to the environment and 
available to varying extents also around the Earth [3]. Silicon solar cells have been the most widely used photovoltaic 
technology due to their high efficiency and relatively low cost. Silicon semiconductors are typically rigid and brittle, 
making them unsuitable for certain applications that require flexibility, bendability, and require a high power-per-weight 
ratio [3,4]. These later features have been achieved using organic materials to fabricate flexible solar cells [5,6]. However, 
organic solar cells have not produced high enough efficiencies and low stability, and low strength to compete with 
traditional silicon-based solar cells in commercial applications [5]. 

The disadvantages of silicon and organic materials-based solar cells led to the use of transition metal dichalcogenides 
(TMDCs) as n-type semiconductor for fabricating solar cells [7]. Particularly zirconium disulfide (ZrS2) received significant 
attention due to its potential as a candidate for various applications, including solar cells [7,8]. This material is a two-
dimensional (2D) transition metal disulfide and synthesized as thin film for application in flexible transparent devices. 
Various growth techniques can be employed to achieve tun ability of bandgap energy, electronic, and optical properties for 
ZrS2 thin films such as Chemical Vapor Deposition (CVD) and Atomic Layer Deposition (ALD) [8]. The second part of 
solar cells should be a p-type semiconductor to create a junction at the interface in solar cells such as graphene oxide (GO) [9]. 
Go has been used widely as a hole transport material and a good candidate to replace organic hole transport layer in solar 
cells. That is attributed to its bandgap energy (3.5 eV), excellent transparency, low production cost, large-scale production 
capability and good dispensability in many solvents and high hole mobility. Solar cell capacitance simulator (SCAPS-1D) 
is a one-dimensional solar cell simulation program developed by the department of Electronics and Information Systems 
(ELIS) at the University of Gent in Belgium. The main purpose of SCAPS-1D is to simulate and evaluate the performance 
of semiconductor-based solar cells, particularly their electrical characteristics in the dark and light [10-12]. In the beginning, 
the SCAPS was conducted to simulate the performance of solar cells whose components are CuInSe2 and the CdTe 
family [11]. Also, it has been used for different types of materials such as crystalline solar cells (Si and GaAs family) and 
amorphous cells (a-Si and microporous Si) [13]. The SCAPS-1D solves the essential semiconductor equations such as the 
Poisson equation (1) and the continuity equations for electrons and holes (2,3) [13]. These equations are fundamental in 
understanding the behaviour and performance of solar cells. The equations are given below: 
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Where ε is the dielectric constant, q is the electron charge, NA and ND are 
ionized acceptors and donor density, Ψ is the electrostatic potential, Jp is current 
density due to hole, Jn is current density due to electron, Gop is the carrier 
generation rate, R is the total recombination rate, p is free hole density, n is the 
free electron density, ρp, and ρn are the hole and electron distribution. The 
following drift-diffusion equations (2) and (3) represent the holes and electrons 
carrier transport properties of the semiconducting material. In this work, the 
SCAPS simulator has been used to study the dependence of parameters of solar 
cells on the operating temperature and the work function of back contact and 
energy gap of ZrS2. These parameters are power conversion efficiency (η), short 
circuit current density (Jsc), fill factor (FF) extracted by drawing the current 
density versus voltage of solar cells under different conditions. The proposed 
solar cell in the work is composed of zirconium disulfide (ZrS2) and Graphene 
oxide (Go) and front – contact (fluorine-doped tin dioxide, SnO2;Fn) and back-

contact (Gold, Au). Figure 1 shows schematic diagrams of SnO2; Fn/ZrS2/Au solar cells.  
From previous literatures (8-9, 14-18) Table 1 and 2 present the input parameters used in SCAPS simulators for 

studying the performance of solar cells. 
Table 1. Parameters for ZrS2 and Go materials 

Material properties Zirconium disulfide (ZrS2) Graphene Oxide (Go) 
Thickness (μm) 1 0.200 
Bandgap (eV) Varying (1.2 to 1.7) 3.25 
Electron affinity(eV) 4.7 1.9 
Dielectric permittivity(relative) 16.4 3 
CB effective density of states (1/cm3) 2.2E+19 2.2E+21 
VB effective density of states (1/cm3) 1.8E+19 1.8E+21 
Electron mobility (cm3/Vs) 300 100 
Hole mobility (cm3/Vs) 30 300 
Shallow uniform donor density ND (1/cm3) 1.000E+19 0 
Shallow uniform acceptor density ND (1/cm3) 0 1 E+16 

Table 2. Parameters of back and front contacts 

Parameters Back- contact Au Front- contact SnO2;Fn 
Surface recombination velocity of electrons 1.00E+5 1.00E+5 
Surface recombination velocity of holes 1.00E+7 1.00E+7 
Metal work function(ev) 5.1 4.4 

 
2. RESULTS AND DISCUSSION 

2.1. The parameters of SnO2:Fn/ZrS2/Gu/Au solar cells under illumination 
Figure 2 shows the Current-Voltage (J–V) characteristics of SnO2:Fn/ZrS2/GO/AU solar cells using SCAPS 

simulations under the standard simulated solar light of AM 1.5G (100 mW/cm−2) at room temperature. As seen, the device 
produces a high short-circuit current density of 38 mA/cm2, open circuit voltage of 0.6 V and a Fill factor of 80 %. This 
structure shows better performance with high power conversion efficacy of 17 % compared with other solar cells based 
on graphene oxide and perovskite materials [19]. These results were obtained when the energy gap of ZrS2 and Go were 
1.2 eV and 3.25 eV. 
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Figure 2. J -V characteristics of SnO2:Fn/ZrS2 /GO/ Au solar cells under illumination 

 
Figure 1. Schematic representation of 

the solar cell structure 
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2.2. Effect of energy gap of SZr2 layer on parameters of SnO2: Fn /ZrS2/Go/Au solar cells 
Figure 3 show that the short circuit current density 

(Jsc) and open circuit voltage (Voc) decreases from 
38 mA/cm2 to 22 mA/cm2 and 5.5 V to 5.4 V as the 
energy gap of SZr2 change from 1.2 eV to 1.7 eV 
receptively. The behavior of power conversion efficiency 
(η) is similar to that of Jsc, with a general decreasing from 
17% to 9% when the energy gap of ZrS2 increase from 
1.2 eV to 1.7 eV. That is attributed to many reasons such 
as 1) the absorbed photons may have less energy to create 
electron-hole pairs, potentially leading to a lower voltage 
output, 2) limit the number of electron-hole pairs that can 
be generated by absorbing photons which causes to 
decrease in the current output of the solar cell [8]. On the 
other hand, Voc (open-circuit voltage) decrease from 
0.55 V to 0.54 V while FF (fill factor) values of simulated 
devices remain almost constant with the increase of 
bandgap of the ZrS2 layer. 

 
2.3. Effect of operation temperature on parameters of SnO2: Fn /ZrS2/GO/Au solar cells 

As known, the ambient temperature plays an important role in the operation of solar cells because solar cells are 
more commonly used outdoors due to their reliance on sunlight. Here the effect of temperature on the parameters of solar 
cells has been investigated under light conditions presented. 
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Figure 4. Variation of solar cells parameters (Voc, Jsc, η and FF) with change in temperature 

Figure 4 shows the variation of open circuit voltage (Voc), short circuit current density (Jsc), Fill factor (FF%), and 
power conversion efficiency (η%) with changing temperature from 300k to 400k. As seen the parameters of 
SnO2:Fn/ZrS2/GO/AU solar cells decline steadily as the temperature increase. When the temperature of solar cells 
increases, more electron-hole pairs are generated due to the increased thermal energy and lead to an increase in the reverse 
saturation current density (Jo). This additional carrier generation can lower the voltage across the solar cell, causing a 
decrease in the open circuit voltage (see Figure 4a). That agrees with the Shockley diode equation which presents an 
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Figure 3. J-V characteristics of SnO2:Fn/ZrS2/Go/Au solar cells 

as function of energy gap of SZr2 layer 



448
EEJP. 2 (2024) Hmoud Al-Dmour

inverse relationship between the reverse saturation current density (Jo) and the open circuit voltage (Voc) in solar 
cells [16,20] 

 ln(1 scB
oc

o

JnK TV
q J

 
= + 

 
. (4) 

Where Voc is the open circuit voltage, A is the ideal factor, q is the elementary charge, KB is the Boltzmann constant, Jo 
is the reverse current. 

At higher temperatures, there can be changes in the characteristics of the materials used and reduce the efficiency 
and fill factor of solar cells (see Figure 4-c and 4-d). This degradation is due to changes in the physical and chemical 
properties of the semiconductor materials used in solar cells [16, 21]. High temperature breaks some of the bonds between 
the atoms or molecules in the solar cell. That cause to decrease the energy gap of materials, change in the mobility and 
concentrations of charge carriers. For example, the energy gap of the semiconductor becomes narrow at a high temperature 
which may lead to an increase in the recombination of electrons and holes while travelling across the region decrease of 
efficiency output power of the device and Fill factor [20]. Finally, there was a slight decrease in short circuit current 
density since the charges separation processing at the interface was also reduced (see Figure 4 b). 
 

2.4 Effect of back-contact work function 
In solar cells, the alignment of energy levels in materials used for solar cells is a crucial aspect of achieving efficient 

charge transfer and minimizing energy losses. This can involve selecting appropriate materials with suitable energy levels, 
modifying the device architecture, or using interfacial layers to adjust the energy level alignment [22]. Figure 5 shows 
parameters of SnO2:Fn/ZrS2 /Go/ AU solar cells versus different back- contact work function. 
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Figure 5. Photovoltaic performance parameters at various Back-contact work function (eV) as: 
(a) Voc, (b) Jsc, (c) η, and (d) FF 

They are made of (nickel (Ni), φ=5.03 eV, silver (Ag, φ=4.26 eV), copper (Cu, φ=4.53 eV), molybdenum (Mo, 
φ=4.36 eV) and tungsten (W, φ=4.32 eV). The low efficiency in Ag, Mo electrode, and Mo solar cells is attributed to the 
presence of a Schottky barrier at the interface between graphene oxide) and the Ag/Mo electrodes. This barrier arises 
from the difference in work function between these materials. That cause to hinders the movement of hole charge carriers 
at the interface leading to a reduction in the open-circuit voltage and fill factor. On the other hand, Ni and Cu electrode 
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solar cells produced the high-efficiency and open circuit voltage and fill factor because of a small energy difference 
between the LUMO of Go and the work function of the electrodes. That facilitates efficient charge transfer by achieving 
an ohmic contact and improving the overall performance of the solar cell. 
 

3. CONCLUSION 
The Go/ZrS2 solar cells exhibit high performance compared to other solar cells based on graphene oxide and 

perovskite materials. The Go/ZrS2 solar cells achieve a high short circuit current (Jsc) of 38 mA/cm², and a power 
conversion efficiency (η) of 17%. This indicates that they have ability to generate a significant amount of current and 
convert a considerable portion of sunlight into electricity. However, the study also highlights that certain factors 
negatively affect the performance of the solar cells. An increase in operating temperature and energy bandgap of ZrS2, as 
well as changes in the work function of the back contact material, lead to a reduction in parameters of solar cells. These 
effects are attributed to changes in the electrical properties of the Go and ZrS2 layers such as charge carriers mobility and 
interfacial layer properties. 
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ЧИСЛОВИЙ SCAPS АНАЛІЗ СОНЯЧНИХ ЕЛЕМЕНТІВ НА ОКСИДІ ГРАФЕНУ/ДИСУЛЬФІДУ ЦИРКОНІЮ 
Хмуд Аль-Дмур 

Університет Мута, факультет природничих наук, кафедра фізики, 61710, Йорданія 
Ця робота вивчає продуктивність сонячних елементів, що складаються з двох різних матеріалів, оксиду графену (Go, матеріал 
для транспортування дірок) і дисульфіду цирконію (ZrS2, матеріали для транспортування електронів) за допомогою моделювання 
SCAPS-1D. Було виявлено, що сонячні батареї Go/ ZrS2 демонструють кращу продуктивність із високим струмом короткого 
замикання Jsc 38 мА/см2 і ефективністю перетворення потужності η 17% порівняно з іншими сонячними елементами на основі 
оксиду графену та перовскітних матеріалів. Крім того, щільність струму короткого замикання зменшується з 38 мА/см2 до 
22 мА/см2, коли енергетичний зазор ZrS2 збільшується з 1,2 еВ до 17 еВ. Підвищення робочої температури та робочої функції 
зворотного контакту також призвело до зниження напруги холостого ходу та ефективності перетворення потужності елементів, 
у той час як щільність струму короткого замикання дещо збільшилася. Це пояснюється зміною електричних властивостей шарів 
Go і ZrS2, включаючи їх рухливість носіїв заряду та характеристики міжфазних шарів. 
Ключові слова: моделювання SCAPS-1D; сонячні елементи; робота виходу; міжфазні шари; робоча температура 
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A numerical-analytical solution of a problem concerning the current distribution and input characteristics of asymmetric biconical 
dipole with distributed surface impedance and arbitrary excitation and derived in the thin-wire approximation. Solution correctness is 
confirmed by satisfactory agreement of numerical and experimental results from literary sources. Numerical results are given for the 
input characteristics of the dipole in the case of its asymmetric excitation by a point source. 
Keywords: Biconical dipole; Distributed surface impedance; Asymmetric excitation; Current distribution; Input characteristics 
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INTRODUCTION 
Among modern communication systems (both mobile and stationary), the leading place is occupied by multi-

frequency (multi-channel) structures. The main functional element of such devices are antennas, which differ from each 
other in their design features, for example, they can be single-element structures (mono-frequency) or multi-element 
(multi-frequency) structures [1]. At the same time, the operation of a multi-frequency antenna, implemented by expanding 
the operating band (broadband antenna), in turn, can lead to a significant weakening of its noise-immune properties. 
Typically, designers take the path of combining several antennas operating at different frequencies into one structure 
[2-8]. This approach significantly complicates the design of the antenna device and is a difficult factor to overcome on 
the path to its miniaturization. 

In recent decades, a large number of publications have appeared devoted to multi-band printed antennas directly 
integrated into communication devices, for example [9-19] and references therein. In this case, the electrodynamic 
characteristics of the antennas are obtained using commercial programs such as ANSYS HFSS, Feko and others. 
However, in this case, the calculation and further optimization of antennas in order to achieve the specified characteristics 
lead to a sequential search of a large number of options and, consequently, large amounts of computer resources and 
computational time. 

The use of dipoles with an asymmetric excitation point, i.e. with an arbitrary position along their length, for creating 
multi-band antennas has been repeatedly proposed by researchers in various publications [5, 7, 20-22]. However, in these 
literary sources only perfectly conducting dipoles were considered. Another solution is to use a dipole antenna with 
asymmetric excitation and distributed surface impedance, directly integrated into the body of the communication device 
[23, 24]. In this case, the frequency response of the antenna may have several resonances that prevent the radiation 
(receiving) of electromagnetic waves outside the resonant frequency bands. 

On the other hand, one of the additional parameters for obtaining the specified electrodynamic characteristics of 
antennas in the form of a cylindrical dipole can be a change in the radius of the cross section of the dipole along its length. 
In the case of a linear increase in the radius of the vibrator from the excitation point of the antenna to its ends (biconical 
dipole), this antenna resonates at a smaller geometric length, and is also more broadband compared to a dipole of constant 
radius (see, for example, [25–30] and references in them). However, all of them are devoted to calculating the 
electrodynamic characteristics of perfectly conducting dipoles excited at the geometric center by a concentrated 
electromotive force (EMF). Also, as is known, to analyze receiving antennas it is necessary to know the current in the 
scattering dipole excited by the incident electromagnetic wave [31]. 

The purpose of this paper is to study a multiband antenna for communication systems based on an asymmetric 
biconical dipole with a distributed surface impedance and arbitrary excitation. Thus, we will combine in one design all 
the advantages of asymmetric excitation, biconical geometry and the presence of a distributed surface impedance. The 
antenna can operate in several frequency bands. The antenna characteristics will be modeled by using a numerical-
analytical method, known as the generalized method of induced EMF, proposed by the authors earlier in [23, 24]. 

PROBLEM FORMULATION AND SOLUTION OF THE INITIAL INTEGRAL EQUATION 
Let us limit ourselves by the linear law of the radius change along the dipole (Fig. 1), which, in its turn, is rather 

good approximation and for another dependences ( )r s , for example, exponential one, at small angles ψ . Let the dipole 
with distributed internal linear impedance iz  of the 2L  length and the ( )r s  variable radius, located in free space, be 
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© M.V. Nesterenko, V.A. Katrich, S.V. Pshenichnaya, 2024; CC BY 4.0 license 

https://orcid.org/0000-0002-1297-9119
https://orcid.org/0000-0001-5429-6124
https://doi.org/10.26565/2312-4334-2024-2-59
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/


451
Multiband Asymmetric Biconical Dipole Antenna with Distributed Surface Impedance... EEJP. 2 (2024)

excited by the electrical field 0 ( )sE s  of the impressed sources (tangential component). The monochromatic fields and 
currents depend on time t  as i te ω  ( 2 fω = π  is the circular frequency, f  is the frequency, measured in Hz). At this the 
dipole stays electrically thin ( ( )kr s <<1, ( )r s << 2L , 2 /k = π λ , λ  is the wavelength in free space). Then the integral-
differential equation relatively to the ( )J s  current for the impedance boundary condition on the dipole surface [31]: 

 [ ]
2 ( , )

2
02

d ( ) d ( ) ( )
cosd ( , )

L ikR s s

s i
L

e ik J s s E s z J s
s R s s

′−

−

  ω′ ′+ = − −  ′ ψ 




 . (1) 

Here 2 2( , ) ( ) ( )R s s s s r s′ ′= − + , 1 2( ) / 2ψ = ψ + ψ . Note that at 0( )r s const r= = , equation (1) transforms into an 
equation for the current in an impedance dipole of constant radius with a quasi-one-dimensional core 

2 2
0( , ) ( , ) ( )R s s R s s s s r′ ′ ′= = − + . 

 
Figure 1. The dipole geometry and accepted designations 

The excitation fields of extraneous sources 0sE  can be divided into symmetric and antisymmetric components 
relative to the dipole geometrical center. These components marked by the indices “s” and “a” are presented as 

0 0 0( ) ( ) ( )s a
s s sE s E s E s= + . Quite naturally, the dipole currents can also have also two components ( ) ( ) ( )s aJ s J s J s= + . 

The initial equation (1) relative the dipole current obtained by using the boundary conditions , ( ) 0s aJ L± =  has the 
following form 
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where ,
0 ( )s a

sE s  are the projections of extraneous source fields on the dipole axis, s  and s′  are the local coordinates related 
to the dipole axis and surface. 

The equation (2) can be represented by the system of two independent integral equations, relative to the unknown 
currents ( )sJ s  and ( )aJ s  
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 (3) 

The dipole currents can be presented as product of the unknown complex amplitudes ,s a
nJ  and weight functions 

, ( )s a
nf s′  ( 0,1n = ) as 

 , , , , , ,
0 0 1 1( ) ( ) ( ), ( ) 0s a s a s a s a s a s a

nJ s J f s J f s f L′ ′ ′= + ± = . (4) 
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The solution of the equations system (3) can be obtained by the generalized method of induced EMF [23, 24]. To 
do so, let us multiply the left- and right- hand parts of the equations (8) by the functions ( )s

nf s  and ( )a
nf s , and integrate 

the resulting expressions over the vibrator length. Thus, the following algebraic equations system (SLAE) is obtained 
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where ( 0,1; 0,1m n= = ), 
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Then the dipole current can be written as ( ) ( ) ( ),s aJ s J s J s= +  where 
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Note that the approximate numerical-analytical solution (7) of the integral equation (1) is valid for any excitation 
field ,

0 ( )s a
sE s  of the dipole ( δ -generator, plane wave incidence at an angle to the longitudinal axis of the dipole, etc.), as 

well as for the complex distributed impedance of the dipole. 
 

DIPOLE EXCITED IN AN ARBITRARY POINT 
Let the dipole be excited in the point s sδ= −  by the voltage δ -generator with amplitude 0V , as shown in Fig. 1. 

Then 
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where δ  is the Dirac delta function. In this case, the dipole current defined by (7) can be written as ( ) ( ) ( )s aJ s J s J s= + , 
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where rδ  and Lr  are the radiuses of the dipole in point s sδ= −  and on its end. 
Let us choose the functions ,

0 ( )s af s  obtained after substituting the expressions (8) into the general solution of the 
equation for the current by the averaging method [23] in the form: 
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= + =  is the distributed surface impedance, normalized on the free 

space wave impedance, 0 120Z = π  Оhm. The current distribution function 1 ( )sf s  is defined in [32], and the function 

1 ( )af s  can be found as solution of the integral equation (1), obtained for the case 0iz =  and 0ψ =  [20]. These functions 
can be written as: 



453
Multiband Asymmetric Biconical Dipole Antenna with Distributed Surface Impedance... EEJP. 2 (2024)

 1 ( ) cos cossf s ks kL= −  , (11а) 

 1 ( ) sin ( / )sinaf s ks s L kL= − . (11b) 

The coefficients ,s a
mnZ  ( 0,1; 0,1m n= = ) in the formulas (9) can be obtained from formulas (6) and 

( )0 cos sin | |sE ks k L sδ δ= −  , 1 cos cossE ks kLδ= −  , ( )0 sin sin | |aE k s k L sδ δ= − −  , ( )1 sin sinaE ks s L kLδ δ= − . 
The input impedance in in inZ R iX= +  can be presented as: 

 
0 0 1 1 0 0 1 1

60[Ohm]
( ) ( ) ( ) ( )in s s s s a a a a

iZ
J f s J f s J f s J f sδ δ δ δ

=
+ + +

, (12) 

Then, the voltage standing wave ratio ( VSWR ) in the antenna feeder with the wave impedance W  is equal to: 

 ( ) ( )11 11VSWR 1 | | 1 | |S S= + − , (13) 

where ( ) ( )11 W Win inS Z Z= − +  is the reflection coefficient in the feeder. 
 

NUMERICAL RESULTS 
As an example, let us present the input characteristics (modulus of the reflection coefficient 11| |S  in the supply feeder 

line with wave resistance W =50 Ohm) of an asymmetric biconical ideally conducting dipole with dimensions 2L =138 mm, 
rδ =1 mm, Lr =3 mm (Fig. 2). This choice of the dipole length is due to the condition of the first resonance at the frequency 
f =0.9 GHz (GSM 900 (880÷960 MHz)). Note that for a regular dipole with a radius r =2 mm, its length would be equal 

to 2L =156 mm. As can be seen from the graphs, an asymmetric biconical dipole (with smaller geometric length than a 
regular dipole) is also resonant at two or more frequencies. Moreover, this tendency will increase with increasing the 
angle ψ . Also, if the dipole has a distributed surface impedance of the inductive type, then its resonant length will be 
even less [24]. 
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Figure 2. The dependences of the modulus of the reflection coefficient in the supply feeder line versus frequency for different positions 
of the excitation point sδ  at 2L =138 mm, rδ =1 mm, Lr =3 mm 
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CONCLUSION 
A numerical-analytical solution of a problem concerning a current distribution and input characteristics of the 

asymmetric biconical dipole with distributed surface impedance and arbitrary excitation derived in the thin-wire 
approximation. The solution was carried out by the generalized method of induced EMF. The term numerical implies the 
numerical calculation of some integral terms. Otherwise, approximate analytical expressions are obtained. Solution 
correctness is confirmed by satisfactory agreement of numerical and original experimental results and well-known literary 
sources. The characteristic property of the antenna is the possibility of resonant tuning to the selected frequencies 
(depending on the geometric and electro-physical parameters of the dipole), which does not decrease the noise-resistant 
properties as compared with broadband antennas. Numerical results are given for the input characteristics of the dipole in 
the case of its asymmetric excitation by a point source. Analysis of electrodynamic characteristics of the proposed dipole 
antenna has proved the possibility of practical applications of this antenna for multiband portable radio stations, electronic 
gadgets and base stations and other antenna systems. 
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БАГАТОСМУГОВА АСИМЕТРИЧНА БІКОНІЧНА ДИПОЛЬНА АНТЕНА З РОЗПОДІЛЕНИМ ПОВЕРХНЕВИМ 
ІМПЕДАНСОМ І ДОВІЛЬНИМ ЗБУДЖЕННЯМ 

Михайло В. Нестеренко, Віктор А. Катрич, Світлана В. Пшеничная 
Харківський національний університет імені В.Н. Каразіна, майдан Свободи, 4, Харків, Україна, 61022 

Чисельно-аналітичний розв’язок задачі про струморозподілення та вхідні характеристики біконічного асиметричного диполя 
з розподіленим поверхневим імпедансом і довільним збудженням, отримані в наближенні тонкого дроту. Правильність 
рішення підтверджується задовільним узгодженням чисельних і експериментальних результатів з літературних джерел. 
Наведено численні результати для вхідних характеристик диполя при його асиметричному збудженні точковим джерелом. 
Аналіз електродинамічних характеристик запропонованої дипольної антени довів можливість практичного застосування цієї 
антени для багатодіапазонних портативних радіостанцій, електронних гаджетів і базових станцій. 
Ключові слова: біконічний диполь; розподілений поверхневий імпеданс; асиметричне збудження; розподіл струму; вхідні 
характеристики 
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This paper presents the results of a numerical study of a planar antenna with a complex form factor. The antenna is based on a 
combination of two resonators, a disc resonator and a ring resonator. The feeding of the ring resonator is performed using a coplanar 
structure: pointwise by galvanic contact between the central conductor of the coplanar line and the ring resonator and by distributed 
electromagnetic coupling of the ring resonator and the aperture of the outer conductor of the coplanar line. The antenna was placed over 
a metal plane whose geometric dimensions were significantly larger than those of the antenna to exclude the influence of edge diffraction 
effects. In numerical simulation a complex approach including the method of semi-open resonator and the finite element method (FEM) 
implemented within the commercial package HFFS was used. The dependences of spectral, energy and polarization characteristics on 
material constants and frequency parameter have been investigated. It was found that within the framework of single-parameter 
optimization it is impossible to simultaneously achieve a high level of all important parameters. The values of frequencies of spectral 
lines in the spectral characteristics of the antenna are found with a relative error not worse than 1200 Hz. Frequency ranges within which 
there is no degeneration of oscillation types are established. The distributions of surface currents on the metal elements of the antenna, 
allowing to determine the position of phase centers of excitation, are presented. It is shown that the proposed antenna can provide an 
acceptable level of matching both at fixed frequencies and in sufficiently wide local frequency bands, reaching 11% with respect to the 
center frequency of the sub-band. The boundary values of gain coefficients in frequency bands are established. The simulation results 
allow to predict effective radiation with formation of practically single-lobe radiation pattern and presence of elliptical polarization. 
Keywords: Ring resonator; Disc resonator; Coplanar line; Matching; Frequency characteristics; Energy characteristics 
PACS: 84.40.Ba; 84.40.Dc 

Since the mid-50s of the last century, functional devices based on strip (microstrip) structures have occupied a 
dominant position in the creation of complex radio engineering systems, especially if one of the main conditions is the 
condition of miniaturization. Here we can point out numerous designs of filters, directional couplers, mixers, power 
dividers, antennas, and recently - frequency selective surfaces, etc. [1-7]. A special place among all these technical 
solutions is occupied by the structures having in their composition structures with axial symmetry - these are disc and 
ring microstrip elements. This is due to the presence of peculiarities of electrodynamic properties of such structures. 
The main of which are related to the presence in such structures of degenerate types of waves (or types of oscillations in 
those cases when we are talking about resonators based on them), the effect of coupling between these oscillations and 
the possibility of influencing the level of coupling, the possibility of removing degeneration, due to which there is a 
possibility of controlling the operating bandwidth and some others. 

The first attempts of practical use of ring structures were made to measure the phase velocity and dispersion 
characteristics of microstrip lines (P. Troughton [8]). Later, axially symmetric structures found their application in the 
creation of various functional elements and devices. Such intensive use of these structures caused the necessity to create 
mathematical models to describe and predict these or those characteristics. To date, quite a large number of approaches, 
models for analyzing the parameters of axially symmetric structures are known. Most of these models are focused on 
finding only resonance frequencies of excited types of oscillations. Exhaustive information on the parameters of 
structures is provided by the so-called full-wave models. Such models are quite complex in themselves and encounter 
certain difficulties in their practical use. For express calculations simplified models are usually used, for example, using 
the method of circuits, allowing to calculate parameters of inhomogeneous circuits and circuits with local 
inhomogeneities [9]. In 1971, the so-called "magnetic wall model" for microstrip resonators based on axially symmetric 
structures was proposed (sometimes another name of this model is used - the model of a half-open resonator) [10]. The 
main idea of this method is that the boundary conditions are formulated in a special way: on the metallic surfaces of the 
structure it is a natural boundary condition (equality to zero of the tangential component of the electric field), and on the 
lateral cylindrical surfaces bounding the resonator it is a magnetic wall condition. This model has been subjected to 
numerous modifications using various approaches [11], which allowed us to significantly improve the accuracy of the 
calculations. At the same time, the semi-open resonator model does not give correct results for coupled modes and in 
cases with complex boundary conditions, for example, in the presence of slot inhomogeneities in a microstrip disc. The 
inclusion of feeding elements (sections of microstrip or coplanar lines, sections of coaxial) or auxiliary elements (short-
circuits, stubs) in the design further complicates the problem of finding the eigen-resonant frequencies and other 
characteristics. For this reason, the best solution is to use an integrated approach based on a combination of a semi-open 
resonator model and some numerical method such as the finite element method (FEM). 
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The aim of this work is to simulate the electrodynamic characteristics of a hybrid metal-dielectric plane structure 
based on a coplanar line and placed over a metallic surface. 

 
STRUCTURE UNDER STUDY 

We will consider a hybrid microstrip structure (Fig.1), which is a coupled ring and disc microstrip resonators 
feeding by a coplanar structure and placed above a metallic plane. 

 
Figure 1. The structure geometry and notations 

The ring and disc resonators are formed by metallized patches, respectively, and an external metallic plane. The 
introduction of the metallic plane is due to giving the model more generality and simulation of the antenna location in 
real conditions. The figure denotes are: 1 - external metal plane, 2 - dielectric substrate, 3 - inner conductor of coplanar 
structure, 4 - outer conductor of coplanar structure, 5 - ring patch, 6 - disc patch. There is an air gap between the 
dielectric substrate and the metal plane, which can be filled with additional dielectric. The simulation assumed a 
variation of the values of the relative dielectric permittivity of the substrate. In the limiting case the value is of 1rε = . 
The geometrical dimensions of the structure were chosen based on the assumption that this structure is designed for 
operation in the centimeter wavelength range. The outer metallized plane had finite dimensions. However, its 
dimensions were chosen in such a way that the geometric dimensions of the antenna elements and the resonant lengths 
of oscillations in the resonators were significantly smaller than the geometric dimensions of the plane (on average for 
the considered operating frequency range by a factor of 10). With such a ratio, one can ignore the occurrence of edge 
diffraction effects and the so-called "flowing" of currents effect to the opposite side of the metal plane. 
 

RESULTS OF NUMERICAL SIMULATION 
As it is obvious, the antenna design itself is quite complicated, so it is practically impossible to talk about the 

construction of a rigorous model that takes into account most of the factors. In numerical simulations, a complex 
approach including the semi-open resonator method and the finite element method (FEM) implemented within the 
commercial package HFFS [12] has been used. Considering the fact that all dependencies are multi-parametric, it is 
necessary to optimize each dependency for all the variational parameters. Such parameters in this case were h - the 
thickness of the dielectric substrate, t - the value of the gap between the substrate and the metallic plane and rε - the 
value of the relative dielectric permittivity of the substrate. The diameters of the ring and disc were fixed. Their values 
were chosen based on the wavelengths of the operating range. 

The basis of this antenna consists of two resonators, a disc and a ring resonator, and a coplanar ground plane 
surrounding them, which plays an essential role in the excitation of the resonators. For this reason, the first step is to 
investigate the spectral composition of the types of oscillations that are excited in it under the variation of the given 
parameters. 

Based on the data obtained in the study of similar structures [13, 14], a significant influence on the spectral 
composition of excited oscillations has the value of the relative dielectric permittivity of the dielectric substrate and the 
distance to the ground plane (with fixed diameters of the resonators and fixed coupling between them at a level 
approaching the critical level to ensure a wider operating bandwidth). However, there is one more parameter in this 
design, which is the amount of gap between the outer ring resonator and the coplanar ground plane. This parameter 
determines the magnitude of coupling with the feeding coplanar line, the uniformity of the coupling magnitude along 
the perimeter of the ring resonator conductor and directly affects the antenna operating bandwidth. 

Fig. 2 shows the spectral characteristics of the structure at a fixed value of the parameter 2t =  mm and variation 
of the dielectric constant of the substrate varrε →  (1, 3.8, 5.2). Values 3.8 and 5.2 correspond to standard values, which 
are quite often used in practice, value 1 is the minimum limit value. In numerical simulations, an additional criterion 
was used - the maximum number of excited oscillations, equal to 30. And the band within which these types of 
oscillations are excited is a derivative value. 
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a) 1rε =  b) 3.8rε =  c) 5.2rε =  

Figure 2. Spectral characteristics 

It should be pointed out that all eigen-frequencies are determined with a relative accuracy of no worse than 10-7, 
which corresponds to a frequency error of 1200 Hz at the widest possible frequency bandwidth considered at 

1, 2r tε = =  mm. Extension of the considered frequency range beyond the established limits is inexpedient, because, 
firstly, the spectra are too dense and it is difficult to identify and analyze the structure of such oscillations, secondly, the 
number of degenerate types of oscillations increases, it is practically impossible to identify them with a dense spectrum, 
and, thirdly, extension of the frequency range leads to unreasonably large expenditures of simulation time. 

The analysis of the presented characteristics shows that at a fixed value of the parameter t  at the lowest value rε  
the designated 30 types of oscillations fit in the frequency range from 0.91 GHz to 12.23 GHz. Moreover, near the 
frequency 6F =  GHz, a fourfold degeneration of the oscillation types is observed, and near the frequency 

10.1F =  GHz, a twofold degeneration is observed. As the value rε  increases, the spectral response shifts towards lower 
frequencies: at the 3.8rε =  lower frequency is 0.736F =  GHz, and at 5.2rε =  already 0.69F =  GHz. At 3.8rε =  the 
degeneration is observed only near the frequency 7.57F = GHz (twofold), and at 5.2rε =  only near the frequency 

6.93F =  GHz (twofold). In the remaining of the frequency range, only densification of spectral lines is observed. In 
addition, the operating range narrows with increasing rε , which correlates with the presence of 30 first types 
of oscillations. 

The characteristics presented in Fig. 2 are obtained after optimizing the spectral composition depending on the 
parameter t - the distance to the common ground plane. The optimal value is equal to 2t =  mm. Decreasing or 
increasing the value of this parameter does not play a significant role in terms of the emergence (or suppression) of 
additional resonances or manifestation of degeneracy of oscillation types. The reason is transparent - it is necessary to 
fulfil certain resonance conditions. In this case - it is a complex electrodynamic structure, for this reason it is impossible 
to formulate any definite criterion requirements for the values of the studied parameters. 

Another important parameter that has a significant influence on the antenna performance as a whole is the 
coupling value of the resonators and the feeding coplanar line. In most of the known designs that use the coplanar line 
as the feeding element, due to the simple (linear) form factor of the coplanar line, it is relatively easy to maintain a 
certain level of coupling between the elements of the device. In the case under consideration, maintaining a given level 
of coupling (and effective excitation of the antenna apertures) can be realized if it is possible to ensure the flow of 
surface currents across the entire surface of the outer conductor of the coplanar line. To study this issue, the simulation 
of surface currents distribution on all antenna elements has been carried out. 

Fig. 3 shows the results of the simulation of the surface current distribution in the antenna at frequencies 
coinciding with the frequencies of the spectral lines for the antenna with the parameters 5.2rε = , 2t =  mm, the value of 
the gap between the coplanar line ring conductor and the ring resonator is 0.4 mm (this size provides a coupling close to 
critical), the outer and inner radii of the ring resonator are 17 mm and 14 mm, respectively, the radius of the disc 
resonator is 13.5 mm. The frequencies at which the modelling was performed: in Fig. 3a is 3.815F =  GHz, in Fig. 3b is 

4.51F =  GHz. 
The analysis of graphical constructions allows us to conclude that at the 3.815F =  GHz frequency both the ring 

resonator and the disc resonator are excited on the type 040E  of oscillations. It is not possible to identify the type of 
oscillations that is excited in the coplanar part of the structure. 

At the frequency 4.51F =  GHz, the phase centers of excitation of both the disk resonator and the ring resonator 
and the coplanar part of the structure are clearly identified (marked with ellipses in the figures). All of them are almost 
in-phase excited on the type 020E  of oscillation. In addition, if we investigate the junction region of the center conductor 
of the coplanar line and the ring resonator, we can state that at the frequency 3.815F =  GHz there is a significant 
concentration of current density at the junction. This may indicate that the coplanar line itself and the ring resonator are 
to some extent not matched in terms of characteristic impedance. Conversely, a good level of matching can be expected 
at 4.51F = GHz. 
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The presence of such features in the structure of current lines leads to the necessity of additional study of the 
antenna matching with external circuits at variation of selected parameters. The matching process is relevant for two 
reasons: the first is the minimum impact on the microwave oscillator, and the second is the effective radiation of the 
antenna. It is accepted that the level of matching is evaluated either by the return loss level or by the VSWR level. It can 
be argued that both of these quantities are multi-parametric dependencies on the geometric dimensions, material 
constants of the antenna and frequency. Therefore, optimization of the matching level by one of the parameters 
(practically any of them) cannot lead to an absolute conclusion about the antenna efficiency. 

  
a) 3.815F =  GHz b) 4.51F = GHz 

Figure 3. Structure of current density lines on the antenna elements 

At the same time, the dependences of return loss on frequency at fixed values of other parameters allow to judge 
about the presence of matching frequency bands, their width, and the value of return loss within these bands (which will 
indirectly indicate the efficiency of operation). 

Among all antenna elements there are some that fulfil a dual role. On the one hand - they are important structural 
elements (for example, dielectric substrate, because on it are placed antenna elements), on the other hand - the 
parameters of the substrate affect both the spectrum of eigenwaves, and to a certain extent affect the input resistance of 
the antenna. The ratio of rε , h  and the operating frequency determine the conditions of excitation of surface waves in 
the substrate. To improve the efficiency of the antenna seeks to operate in the regime of no surface waves. For operation 
in such a regime it is necessary to use so-called "thin" substrates. The conditions of such a mode will be determined by 
the relations of rh λ<< , h λ<< , where rλ is the resonant length of excited oscillations, λ  is the operating wavelength. 
In the considered frequency range at the chosen value of 0.5h =  mm, such conditions are certainly fulfilled.    

In Fig. 4 one can see the dependences of the magnitude 11S  on the substrate values rε  at optimized values of the 
parameter 2t =  mm and the value of the gap between the coplanar line ring element and the ring resonator.  

 
Figure 4. Dependencies of 11S  vs frequency with rε variation 

All curves presented in the graph are oscillatory to a greater or lesser extent. Moreover, the local amplitudes of 
oscillations increase with increasing magnitude. There is a trivial effect of the shift of resonance frequencies to the low-
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frequency region with decreasing value of rε . At all values of rε  in the characteristics there are both narrow frequency 
bands with acceptable (and even very high) level of matching, and quite wide bands. Wide bands are observed in the 
high-frequency part of the considered frequency range. 

It is typical that the minimum values of the 11S  are observed at frequencies coinciding or very close to the 
frequencies of spectral lines of eigentypes of oscillations in the structure (see Fig. 2). The maximum wide bandwidth, 
within which the matching at the level of -10 dB (VSWR=1.925) is observed, is provided at the value of  3.8rε = . 
It covers the range from 10.1 GHz to 11.7 GHz (approximately 14.7% of the sub-band center frequency). For this value 
of rε , the minimum value of the 11 42.1S = −  dB at 11.5 GHz is also achieved. When the value of rε  is reduced to 
unity, the bandwidth narrows and it is approximately 11.1% and when the value of rε   is increased to 5.2 it is only 
5.5%. From the results of the simulation we can conclude that the maximum matching levels are achievable only when 
the operating frequencies coincide with the frequencies of the spectral lines of the eigenoscillation types (or maximum 
close to them). However, the distribution of currents on the surface of the antenna elements shows (see Fig. 3) and the 
maximum matching levels do not guarantee effective excitation of apertures, hence, effective radiation. 

The value of rε  has a significant effect not only on the degree of matching but also on the antenna gain. Fig. 5 
shows the dependence of the gain in dBi (according to IEEE classification) on frequency at variation of rε  values. 

 
Figure 5. Dependences of the gain coefficient vs frequency at variation of the rε value 

As it is evident from the above dependences, the frequency dependences have a fundamentally different character. 
If at value of 1rε =  the gain factor practically monotonically increases with frequency growth with two fluctuations of 
the value of the factor (within 9%), then with increasing rε  value the dependences acquire oscillatory character 
(extrema are observed), and at the end of the frequency range there is a sharp decrease in the value of the gain factor. 
The maximum values of the gain also differ significantly. The maximum of 11.55 dBi is reached at 1rε = , at 3.8rε =  
the maximum is 8.67 dBi, at 5.2rε =  the maximum is 6.52 dBi. 

The most important characteristics of any antenna are energy and polarization characteristics. These characteristics 
determine the functionality of a particular antenna. Synthesizing antennas with given parameters has always been a 
difficult task, given the complex interrelated dependencies of the parameters. And, as indicated earlier, optimizing any 
of the antenna characteristics by a single parameter does not always lead to the desired result. This situation can be 
demonstrated by the example of the radiation pattern and ellipticity coefficient dependence of the antenna. Fig. 6 shows 
the pattern characteristics for some typical cases.  

 
Figure 6. Pattern characteristics in azimuthal plane with optimized set of parameters 
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All diagrams are normalized to the global maximum (this allows us to compare the radiation efficiency at each 
frequency). The spline interpolation procedure was used to construct the dependencies and for this reason there is a 
visual difference from unity in the maximum of the directivity diagram. The lower part of the construction is excluded 
from consideration, because the value of the back lobes does not exceed the value of 0.015 (-18 dB). 

The following frequencies were selected for analysis: curve 1 - at 4.51F =  GHz ( 11 23S = − dB), curve 2 - at 

5.8F =  GHz ( 11 28S = −  dB), curve 3 - at 11.35F =  GHz ( 11 29.2S = − dB). These frequencies were chosen from 
the consideration of minimum values of the return loss magnitude. The frequency with the absolute minimum 
( 11 42.1S = −  dB at 11.5F =  GHz) was not considered due to too large difference in the return loss values. 

As it is obvious, at all fixed parameters and 1rε =  quite sharp main lobe formed (its width at the level of 0.707 is 
4.570), the side lobes are located symmetrically relative to the main one, their level does not exceed the value of 0.3. 
The main lobe is displaced from the normal by an angle of 1.90. Increasing the rε  value up to the value 3.8 leads to 
radical changes in the directivity diagram. The level of radiated power decreases sharply (its value does not exceed 11% 
of the value of the level at 1rε = ). Further increase up to the rε  value of 5.2 leads to increase of the radiated power up 
to the level of 73% of the maximum at 1rε = . However, the diagram acquires a multi-lobe appearance.  

Fig. 7 shows the polarization characteristics of the antenna plotted at the same parameter values and at the same 
frequencies. The characteristics are plotted in a limited range of observation angles. In the remaining of the range of 
angles, very sharp jumps in the value of the ellipticity coefficient are observed. As can be seen from the above 
characteristics, the dependence function of the ellipticity coefficient for the 1rε =  value has a monotonically increasing 
character with a minimum value of 15 dB, which indicates the presence of linear polarization of the radiated waves. 
When increasing rε  within the interval of angles 5.640, the η  value does not exceed the value of 3 dB, which indicates 
the presence of elliptical polarization. 

 
Figure 7. Polarization characteristics 

At the 5.2rε =  value of the dependence has an oscillatory character and in most of the values of the observation 
angles the polarization has a linear character. In a very narrow band of observation angles we can conditionally speak 
about the presence of elliptical polarization. 

The analysis of the given energy and polarization characteristics confirmed the position that the process of 
optimization of multi-criteria characteristics of the antenna by one parameter is practically impossible. In order to 
achieve the desired parameter levels, a multi-criteria optimization procedure has to be carried out. Such a process is 
very complicated in terms of sufficiently large expenditures of calculation time and in terms of rather strict 
requirements to the capabilities of computing equipment. 

 
CONCLUSION 

This paper presents the results of numerical simulation of the main electrodynamic characteristics of a complex-
composite electrodynamic structure designed to operate as an antenna in the centimeter wavelength range. The 
peculiarity of the method of excitation of the structure is actually two-port feeding of the antenna: the first port - due to 
the presence of galvanic coupling between the inner conductor of the excitation coplanar line and the ring conductor of 
the resonator, and the second - due to the distributed electromagnetic coupling of the outer conductor of the coplanar 
line and the ring resonator. By optimizing the varying parameters, it is possible to ensure satisfactory matching between 
the antenna and the external circuits. As a result of simulations it is established that this kind of design can provide 
effective radiation of electromagnetic waves with different types of polarization. 
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АНТЕНА НА ОСНОВІ КОМПОЗИЦІЙНОЇ КОПЛАНАРНОЇ СТРУКТУРИ 
Сергій О. Погарський, Дмитро В. Майборода, Сергій М. Михалюк 

Харківський національний університет імені В.Н. Каразіна, майдан Свободи, 4, Харків, Україна, 61022 
У цій роботі представлено результати чисельного дослідження площинної антени зі складним форм-фактором. Основу 
антени становить комбінація двох резонаторів - дискового та кільцевого. Збудження кільцевого резонатора здійснюється за 
допомогою копланарної структури: точково за рахунок гальванічного контакту центрального провідника копланарної лінії 
та кільцевого резонатора і за рахунок розподіленого електромагнітного зв'язку кільцевого резонатора й апертури 
зовнішнього провідника копланарної лінії. Антена розміщувалася над металевою площиною, геометричні розміри якої 
істотно перевищували геометрично розміри антени для виключення впливу крайових дифракційних ефектів. Під час 
чисельного моделювання використано комплексний підхід, що містить у собі метод напіввідкритого резонатора та метод 
скінченних елементів (МКЕ), реалізований у рамках комерційного пакета HFFS. Проведено дослідження залежностей 
спектральних, енергетичних і поляризаційних характеристик від матеріальних констант і частотного параметра. 
Встановлено, що в рамках однопараметричної оптимізації неможливе одночасне досягнення високого рівня всіх важливих 
параметрів. Значення частот спектральних ліній у спектральних характеристиках антени знайдено з відносною похибкою не 
гірше 1200 Гц. Встановлено частотні діапазони, у межах яких відсутнє виродження типів коливань. Наведено розподіли 
поверхневих струмів на металевих елементах антени, що дають змогу визначити положення фазових центрів збудження. 
Показано, що пропонована антена може забезпечувати прийнятний рівень узгодження як на окремих частотах, так і в доволі 
широких локальних смугах частот, що сягають 11% щодо центральної частоти піддіапазону. Встановлено граничні значення 
коефіцієнтів підсилення в частотних діапазонах. Результати моделювання дають змогу прогнозувати ефективне 
випромінювання з формуванням практично однопелюсткової діаграми спрямованості та наявність еліптичної поляризації. 
Ключові слова: кільцевий резонатор; дисковий резонатор; копланарна лінія; узгодження; частотні характеристики; 
енергетичні характеристики 
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The elucidation of interactions between functional proteins and amyloid fibrils is crucial for understanding the molecular basis of 
amyloid diseases, which are characterized by protein misfolding and aggregation. Polyphenols, due to their diverse biological 
properties, have garnered attention for their potential to modulate these protein-fibril interactions, thereby influencing disease 
progression and offering therapeutic possibilities. In this study, we investigated the effects of quercetin and its binary combinations 
with other polyphenols on the binding affinity between cytochrome c, in both its reduced and oxidized forms, and amyloid fibrils of 
insulin and apolipoprotein A-I. Our results demonstrate that quercetin complexation with cytochrome c decreases the binding affinity 
of insulin fibrils for both forms of the protein, while increasing the affinity for apolipoprotein A-I fibrils. This modulation was attributed 
to competitive or allosteric effects exerted by quercetin on cytochrome c. Additionally, while binary combinations of quercetin with 
other polyphenols did not reduce the affinity of insulin fibrils for oxidized cytochrome c, they did decrease the affinity in the case of 
reduced counterpart. These findings highlight the selective and significant impact of polyphenolic compounds on the interactions 
between amyloid fibrils and functional proteins, suggesting potential pathways for therapeutic intervention in amyloid-related 
disorders. 
Keywords: Amyloid fibrils; Functional proteins; Polyphenols; Molecular docking 
PACS: 87.14.C++c, 87.16.Dg 

Amyloid fibrils, characterized by their insoluble, fibrous nature, are implicated in a myriad of pathological 
conditions, including neurodegenerative diseases [1]. These assemblies are formed through the misfolding and 
aggregation of peptides and proteins into highly ordered, β-sheet-rich structures [2,3]. Despite their notorious association 
with the diseases [4], recent investigations have illuminated the nuanced roles that amyloid fibrils may play in interacting 
with functional proteins [5], thereby potentially disrupting normal cellular processes or, conversely, participating in 
physiological mechanisms that are essential for maintaining cellular homeostasis. The modulation of these type of protein-
protein interactions by bioactive compounds offers a promising avenue for therapeutic intervention. Among the wide 
range of different substances, polyphenols (PF) – a diverse group of naturally occurring compounds with potent biological 
activities – have garnered attention for their capacity to influence amyloid fibril formation and stability [6-8]. PF are 
known for their antioxidant properties and their ability to modulate protein aggregation pathways, which may mitigate 
the deleterious effects of amyloids on functional proteins [9]. The interaction between polyphenols and amyloid fibrils, 
therefore, represents a critical area of research that could lead to the development of novel therapeutic approaches for 
managing amyloid diseases. Motivated by these rationales, in the present paper we explore the modulative effects of 
polyphenolic compounds with quercetin serving as the primary PF under examination, on the interactions between the 
amyloid fibrils formed by insulin and apolipoprotein A-I with functional proteins, represented by reduced and oxidized 
forms of cytochrome c. Utilizing the molecular docking as our primary methodological approach, this study aims to 
provide a molecular-level understanding of how polyphenols can influence the binding interactions between fibrillar 
assemblies and endogenous proteins, offering insights into the mechanistic pathways through which PF exert their 
modulatory effects. To enhance the depth of our analysis, quercetin was not only studied in isolation but also in binary 
combinations with other polyphenolic compounds, each selected for their unique chemical properties and potential 
synergistic effects. These additional polyphenols include sesamin, curcumin, phenolic acid, gallic acid, and resveratrol. 
Through this detailed investigation, we seek to elucidate the potential of polyphenols as therapeutic agents in diseases 
associated with protein aggregation, highlighting their role in disrupting or stabilizing protein-protein interactions that are 
critical to disease progression. 

METHODS 
The blind docking of the examined complexes was performed using the web-based server HDOCK. This server 

implements an FFT-based hierarchical algorithm of rigid-body docking through mapping the receptor and ligand 
molecules onto grids and global sampling of the possible binding modes with an improved shape complementarity scoring 
method in which one molecule is fixed, while the second one adopts evenly distributed orientations in rotational Euler 
space and translational space within a grid. The resulting docking solutions are ranked according to their binding energy 
and clustered [10]. The three-dimensional X-ray crystal structures of oxidized and reduced cytochrome c were obtained 
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from the Protein Data Bank (https://www.rcsb.org/) using the PDB IDs 2N9J and 2N9I, respectively. The 50-monomer 
fragment of insulin fibril model was provided by M. Sawaya (http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/). The 
model amyloid fibrils of apoliporotein A-I were constructed using the CreateFibril tool based on the translational and 
rotational affine transformations providing several copies of a certain fragment of fibril core, whose subsequent stacking 
produces the elongated fibrillar aggregate [11]. The input structures for CreateFibril were generated from the monomers 
in the β-strand conformation with PatchDock. The selected docking poses were visualized with the UCSF Chimera 
software (version 1.14) and analyzed with BIOVIA Discovery Studio Visualizer, v21.1.0.20298, San Diego: Dassault 
Systemes; 2021. 
 

RESULTS AND DISCUSSION 
At the initial stage of the study, we meticulously explore the binding interactions of quercetin with cytochrome c 

(cyt c) in the reduced and oxidized form, and amyloid fibrils, represented by fibrillar insulin (InsF) and fibrillar 
apolipoprotein A-I (ApoAIF) as distinct control calculations. This foundational step is critical for establishing a baseline 
understanding of how polyphenols interact with each component individually before examining their tripartite interactions 
within a complex system. Fig. 1 represents the docking poses of the complexes between cyt c and quercetin (QR) 
corresponding to the best score of the docking. As seen from this figure, QR forms stable contacts with protein molecule 
both in the case of reduced and oxidized state of cyt c. 

  
Figure 1. Representation of the optimal binding conformation of quercetin to the oxidized (left panel) and reduced (right panel) 

forms of cytochrome c as determined by the docking algorithm. Quercetin is shown in red 

Cyt c, a small heme protein located within the mitochondrial intermembrane space, plays a pivotal role in the electron 
transport chain, facilitating the transfer of electrons between Complex III (cytochrome bc1 complex) and Complex IV 
(cytochrome c oxidase) [12]. This electron shuttling is crucial for the mitochondrial production of ATP, the energy 
currency of the cell, which underscores the fundamental role of cytochrome c in cellular energetics and metabolism. The 
functionality of cytochrome c is inherently linked to its redox state, with the protein undergoing reversible oxidation and 
reduction of its iron atom from the ferric (Fe3+) to the ferrous (Fe2+) state and vice versa [13]. From a physiological 
perspective, the redox state of cytochrome c not only dictates its electron-carrying capacity but also influences other 
critical cellular processes, including apoptosis. In its oxidized form (Fe3+), cytochrome c is capable of inducing caspase 
activation via the apoptosome, a key component in the intrinsic pathway of apoptosis. This pro-apoptotic activity is 
attributed to the release of oxidized cytochrome c, cyt c oxy, into the cytosol following mitochondrial membrane 
permeabilization, which then interacts with apoptotic protease activating factor-1 to form the apoptosome, thereby 
initiating the caspase cascade leading to programmed cell death. Conversely, the reduced form of cytochrome c, cyt c red, 
(Fe2+) exhibits a diminished capacity to initiate apoptosis, highlighting a regulatory mechanism by which the cellular 
redox state can influence apoptotic sensitivity. This redox-dependent modulation of apoptosis underscores the dual 
functionality of cytochrome c, serving both life-sustaining and cell death-promoting roles within the organism [14]. 

The binding scores obtained from the docking simulations were -123.51 for the oxidized form and -119.78 for the 
reduced form of the protein, indicating a slightly stronger affinity of quercetin for the oxidized state of the protein. These 
results suggest that the redox state of cyt c could influence its interaction with quercetin, potentially affecting the 
biological outcomes of this interaction. A detailed examination of the receptor-ligand interface residues reveals a largely 
conserved interaction pattern between the two redox states of cyt c, with only minor differences observed. Specifically, 
the interface residues involved in binding quercetin to the oxidized form of cyt c include THR19, GLU21, LYS22, GLY23, 
GLY24, LYS25, HIS26, ASN31, LEU32, HIS33, GLY34, and ARG38. Comparatively, in the reduced form, the interacting 
residues are GLU21, LYS22, GLY23, GLY24, LYS25, HIS26, ASN31, HIS33, GLY34, ARG38, ALA43, and PRO44. Notably, 
the core residues such as GLU21, LYS22, GLY23, GLY24, LYS25, HIS26, ASN31, HIS33, GLY34, and ARG38 are conserved 
across both redox states, indicating a fundamental similarity in the binding mode of quercetin to cytochrome c irrespective 
of its oxidation state. The slight differences observed, specifically the additional involvement of ALA43 and PRO44 in the 
reduced form, suggest subtle conformational or electronic changes in cyt c upon reduction that might slightly alter the 
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binding landscape. These differences, while minor, could potentially influence the dynamics and stability of the quercetin-
cytochrome c complex, possibly affecting the biological activity of cyt c in subtle ways. 

Next, the binding of QR to amyloid fibrils of insulin and apolipoprotein A-I was explored. Fig. 2 represents the 
location of QR within the InsF and ApoAIF. The binding scores obtained were notably distinct, with QR exhibiting a 
binding score of -163.8 with InsF and -121.18 with ApoAIF. These results indicate a significantly stronger affinity of 
quercetin for InsF compared to those formed by ApoAIF. The analysis of the receptor-ligand interface residues provides 
further insights into the molecular basis of these interactions. For InsF, the interface residues involved in binding of QR 
include GLN115, PHE201, VAL202, ASN203, GLN204, ILE2, LEU13, GLN15, LEU113, VAL202, ASN203, GLN204, LEU206, 
GLN5. These residues are predominantly hydrophobic and polar in nature, which suggests that both hydrophobic 
interactions and hydrogen bonding might play crucial roles in stabilizing the quercetin-insulin fibril complex. 

 
 

Figure 2. Location of QR within the amyloid insulin (left panel) and apolipoprotein A-I (right panel) in the best docking mode 

The presence of multiple glutamine and asparagine residues could facilitate extensive hydrogen bonding, while 
hydrophobic residues like LEU, VAL, and PHE may contribute to the overall binding affinity through van der Waals 
interactions. In contrast, the interface residues for ApoAIF interacting with QR were identified as GLN271, LEU272, 
ASN273, GLN298, LEU299, ASN300, GLN325, LEU326, ASN327, ASN354. Similar to the insulin fibril interaction, this set also 
includes a mix of hydrophobic and polar residues, indicating a similar mode of interaction. However, the lower binding 
score observed with ApoAIF suggests that the specific arrangement and accessibility of these residues might not be as 
conducive to high-affinity binding as those in InsF. The differential binding affinities observed between QR and the two 
types of amyloid fibrils could be attributed to variations in the amyloid fibril structures, which in turn affect the availability 
and orientation of key residues at the binding interface. Amyloid fibrils, despite their general structural similarities, can 
exhibit significant variability in their surface characteristics depending on the specific protein from which they are formed. 
This structural variability can influence the docking and binding efficiency of small molecules like quercetin. 

The final iteration of the control calculations was the molecular docking simulations of cyt c binding to the amyloid 
fibrils. Fig. 3 depicts the 3D structures of cyt c – amyloid complexes while Table 1 summarizes the interfacial amino acid 
residues on the fibril surface that are in contact with cyt c.  

 
Figure 3. Docked poses corresponding to minimum energy for the complexes between reduced and oxidized form of cyt c and 

amyloid fibrils of insulin and apolipoprotein A-I. Cyt c is shown in pink 
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Analysis of the docking scores indicate a notably stronger binding affinity of the reduced form of cyt c to both InsF 
(-229.81) and ApoAIF (-174.63) compared to its oxidized counterpart, which exhibited scores of -218.95 and -164.58, 
respectively. This suggests that the electron state of cyt c significantly influences its interaction dynamics with amyloid 
fibrils. The reduced form, containing the ferrous state, may facilitate more favorable electrostatic or coordination 
interactions with the amyloid fibrils compared to the ferric state in the oxidized form. The interface residues identified on 
cytochrome c, which are in contact with the amyloid fibrils, further elucidate the molecular basis of these interactions. 
For the oxidized form of cyt c, residues such as SER15, GLN16, and LYS25 are implicated in binding to insulin fibrils, 
while residues including GLU21, LYS22, and GLY23 are involved in interactions with ApoAIF. Conversely, the reduced 
form of cyt c interacts with insulin fibrils through residues such as VAL20, LYS22, and ASN31, and with ApoAIF through 
residues like LYS22, GLY23, and ASN31. These residues, encompassing both polar and non-polar amino acids, suggest a 
complex interaction environment that might facilitate stabilization through various non-covalent interactions, including 
hydrogen bonds and hydrophobic contacts. 
Table 1. Receptor-ligand interface residues in the complexes of cytochrome c with amyloid fibrils in the absence and presence of 
quercetin 

Interface residues on cytochrome c 
Cyt c oxy 

InsF 

Without quercetin 
SER15A, GLN16A, CYS17A, LYS25A, HIS26A, LYS27A, THR28A, GLY45A, TYR46A, SER47A, 
TYR48A, THR49A, ALA50A, ALA51A, LYS72A, PRO76A, GLY77A, THR78A, LYS79A, MET80A, 
ILE81A, VAL83A 

With quercetin GLN16A, CYS17A, LYS25A, HIS26A, LYS27A, THR28A, GLY29A, GLY45A, TYR46A, SER47A, 
TYR48A, THR49A, ALA50A, GLY77A, THR78A, LYS79A, ILE81A 

ApoAIF 

Without quercetin 
GLU21A, LYS22A, GLY23A, GLY24A, LYS25A, HIS26A, ASN31A, HIS33A, GLY34A, LEU35A, 
PHE36A, GLY37A, ARG38A, LYS39A, GLN42A, ALA43A, PRO44A, GLY45A, LYS99A, THR102A, 
ASN103A, GLU104A 

With quercetin 
GLU21A, LYS22A, GLY23A, GLY24A, LYS25A, HIS33A, GLY34A, LEU35A, PHE36A, GLY37A, 
ARG38A, LYS39A, GLY41A, GLN42A, ALA43A, PRO44A, GLY45A, LYS99A, LYS100A, THR102A, 
ASN103A, GLU104A 

Cyt c red 
InsF 

Without quercetin 

VAL20A, LYS22A, GLY23A, ASN31A, HIS33A, GLY34A, PHE36A, GLY37A, ARG38A, LYS39A, 
THR40A, GLY41A, GLN42A, ALA43A, PRO44A, GLY45A, TYR46A, SER47A, TYR48A, ASN52A, 
LYS53A, ASN54A, LYS55A, GLY56A, ILE57A, ILE58A, LYS99A, LYS100A, ALA101A, THR102A, 
ASN103A, GLU104A 

With quercetin 
ALA51A, ASN54A, LYS55A, GLY56A, ILE57A, ASP62A, THR63A, MET65A, GLU66A, TYR67A, 
GLU69A, ASN70A, PRO71A, LYS72A, LYS73A, TYR74A, ILE75A, PRO76A, LYS79A, MET80A, 
ILE81A, PHE82A, VAL83A, GLY84A, ILE85A, LYS86A, LYS88A, ARG91A 

ApoAIF 

Without quercetin 
LYS22A, GLY23A, ASN31A, HIS33A, GLY34A, LEU35A, PHE36A, GLY37A, ARG38A, LYS39A, 
THR40A, GLY41A, GLN42A, PRO44A, GLY45A, LYS53A, ASN54A, LYS55A, GLY56A, ILE57A, 
ILE58A, ASN103A 

With quercetin 
GLU21A, LYS22A, GLY23A, GLY24A, LYS25A, HIS33A, GLY34A, LEU35A, PHE36A, GLY37A, 
ARG38A, LYS39A, GLY41A, GLN42A, ALA43A, PRO44A, GLY45A, LYS99A, LYS100A, THR102A, 
ASN103A, GLU104A 

The implications of the interactions between cytochrome c in its reduced and oxidized forms with amyloid fibrils of 
insulin and apolipoprotein A-I extend beyond mere molecular docking scores and interface residues. These interactions 
provide a deeper understanding of the potential pathological and physiological roles of amyloid fibrils in relation to 
mitochondrial function, particularly in the context of neurodegenerative and systemic amyloid diseases. The differential 
binding affinities and interaction patterns of cyt c with amyloid fibrils, as observed in our study, suggest a nuanced 
influence of the protein's redox state on its association with amyloid structures. In diseases characterized by amyloidosis, 
such as Alzheimer's disease and type II diabetes, the deposition of amyloid fibrils is a hallmark [15]. These fibrils can 
sequester functional proteins like cytochrome c, potentially diverting them from their normal physiological roles. For 
instance, the stronger binding affinity of the reduced form of cyt c to amyloid fibrils might lead to a higher sequestration 
rate, thereby reducing its availability for electron transport activities. This could result in impaired mitochondrial function, 
decreased ATP production, and increased oxidative stress, all of which are critical factors in the progression of amyloid-
related diseases. Moreover, the specific interaction sites and the nature of the binding (whether at the edge or side of the 
fibrils) could influence the structural integrity and toxicity of the amyloid fibrils themselves. By binding to specific sites, 
cytochrome c might stabilize certain conformations of the fibrils that are less toxic or, conversely, might promote 
configurations that are more detrimental to cellular health. On a physiological level, the interactions between cytochrome 
c and amyloid fibrils could also play a role in the natural regulation of apoptosis, a process in which cyt c is a key player. 
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Under normal conditions, cyt c, released into the cytosol from the mitochondria, initiates the apoptotic cascade. However, 
if cyt c is bound to amyloid fibrils, its release and subsequent initiation of apoptosis might be hindered, potentially 
affecting cell survival in stressed or damaged cells. This interaction could thus represent a double-edged sword, where it 
might either prevent unnecessary apoptosis in a protective manner or could hinder necessary cell death, leading to the 
persistence of dysfunctional cells. 

After examination the binding patterns between different pairs of components, in the following we examined the 
interactions within the triad system QR + cyt c + amyloid fibrils. As seen from Table 2, the complexation of quercetin 
with cyt c leads to the decrease in the binding affinity of the insulin fibrils for both oxy and red forms of cyt c, and to the 
increase for the case of ApoA-I fibrils. 
Table 2. The best scores of the complexes between cyt c and amyloid fibrils in the absence and presence of quercetin 

 Amyloid fibrils 
InsF ApoAIF 

Cyt c oxy -218.95 -164.58 
Cyt c red -229.81 -174.63 

Cyt c oxy + quercetin -212.85 -174.40 
Cyt c red +quercetin -212.58 -186.39 

The observed decrease in binding affinity may be attributed to the competitive or allosteric modulation effects 
exerted by QR on cyt c. Specifically, the presence of overlapping amino acid residues in the binding sites for quercetin 
and insulin on cytochrome c suggests a competitive interaction scenario. In the oxidized form of cyt c, residues such 
as LYS25 and HIS26, and in the reduced form, residues including ASN31, HIS33, GLY34, ARG38, ALA43, and PRO44, are 
implicated in these interactions. These residues are crucial for the binding of cytochrome c to insulin fibrils, and their 
involvement in quercetin binding implies that QR may obstruct these critical sites, thereby hindering the effective 
interaction of cyt c with the amyloid fibrils. The ability of QR to modulate the interaction between cyt c and insulin 
amyloid fibrils has significant implications for understanding the pathological processes associated with amyloid 
diseases, particularly those related to mitochondrial dysfunction. The binding of cyt c to amyloid fibrils, as observed 
in amyloidogenic diseases, can disrupt its normal functions, leading to impaired mitochondrial electron transport and 
reduced apoptotic signaling. By reducing the affinity of cyt c for amyloid fibrils, QR could potentially restore or 
preserve the functional integrity of cyt c, thereby maintaining cellular energy production and promoting appropriate 
apoptotic responses. The interaction of QR with cyt c and its consequent effect on the protein affinity for amyloid 
fibrils could also have broader implications for cellular homeostasis and the progression of amyloid-related diseases. 
By potentially disfavoring the formation of non-functional complexes between cyt c and amyloid fibrils, quercetin may 
aid in mitigating the cytotoxic effects associated with amyloid accumulation. This protective mechanism could be 
particularly beneficial in the context of neurodegenerative diseases, where the deposition of amyloid fibrils is a 
hallmark feature. 

In turn, the increased affinity of cyt c for ApoAIF could potentially enhance the undesirable impacts of amyloid 
fibrils on functional proteins. By binding more strongly to amyloid fibrils, cyt c may become increasingly sequestered in 
these complexes, thereby being unavailable for its normal physiological roles. This sequestration could contribute to 
mitochondrial dysfunction, a hallmark of many amyloid-related diseases, including Alzheimer's disease and systemic 
amyloidosis. Furthermore, the prevention of cyt c release into the cytosol could inhibit the initiation of the apoptotic 
cascade, potentially leading to the survival of damaged or dysfunctional cells that contribute to disease pathology. 

Inspired by the revealed ability of quercetin to modulate the interactions between amyloid fibrils and cyt c, at the 
last step of the study we examined the synergetic potential of QR and other polyphenols to alter the binding profile of 
cyt c with InsF. As shown in Fig. 4, binary combinations of QR + sesamin / curcumin / phenolic acid / gallic acid / 
resveratrol was not effective in the attenuation of InsF affinity for cyt c oxy. The contrary effect was revealed for the case 
of cyt c red, where all sets of binary polyphenol complexes gave rise to the decrease to the protein-fibril binding affinity, 
with the maximum change of the best docking score being observed for gallic acid. 

The observed lack of efficacy in attenuating the affinity of insulin amyloid fibrils for cyt c oxy in the presence of 
afore-mentioned binary polyphenolic complexes may be symptomatic of a specific conformational architecture of the 
oxidized form, which resists modulation by these polyphenols. This resistance may be attributed to the inherent stability 
of the interactions between oxidized cyt c and the amyloid fibrils which may not be sufficiently destabilized by the 
polyphenolic compounds tested. In addition, one should bear in mind, that when polyphenols reside at the interface 
between a protein and fibril, they may form additional contacts with amyloid fibrils, thereby increasing its binding affinity 
to the functional protein.  

In stark contrast, the reduction in protein-fibril binding affinity for the reduced form of cyt c in the presence of these 
binary polyphenol complexes, especially that noted with gallic acid, underscores the potential allosteric or direct 
interaction effects of these compounds on the protein-fibril interface. This reduction in binding affinity suggests a 
destabilization of the amyloid fibril interaction with cyt c, thus potentially favoring the maintenance of the protein native 
functional state. The decrease in protein-fibril binding affinity, elicited by binary polyphenolic combinations, is 
particularly thought-provoking when considering the pathological ramifications of amyloid-protein interactions. The 
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propensity for amyloid fibrils to sequester functional proteins like cytochrome c can culminate in the impairment of 
critical cellular functions. Thus, the observed modulation of these interactions by polyphenolic compounds may hold 
therapeutic relevance, offering a biochemical scaffold for the development of interventions aimed at mitigating the 
deleterious consequences of amyloid-associated diseases. 

  
Figure 4. The changes in the best docking score calculated for the complexes cyt c oxy/red – quercetin – sesamin / curcumin / 
phenolic acid / gallic acid / resveratrol – InsF. The best docking score characterizes the affinity of InsF for cyt c. The abbreviations 
used are: quercetin (QR), sesamin (SES), curcumin enol form (CUE, curcumin keto form (CUK), phenolic acid (PA), gallic acid 
(GA), resveratrol (RES) 

 
CONCLUSIONS 

To summarize, the molecular docking studies delineating the interactions between cyt c and amyloid fibrils, 
alongside the modulatory presence of quercetin, provide an enlightening snapshot of the polyphenolic intervention in 
amyloidogenic landscapes. The complexation of QR with cyt c and the consequent modulation of its binding affinity 
to amyloid fibrils of insulin are suggestive of a polyphenol-mediated alteration in the protein-fibril interface, 
effectuating a decrease in affinity irrespective of the redox state of the cytochrome. This discovery highlights the 
potential of quercetin to impede non-specific interaction between functional proteins and amyloid fibrils, suggesting a 
protective mechanism that may preserve the physiological functions of cyt c against amyloid-induced perturbation. 
Such a phenomenon is of considerable interest, underscoring the broad utility of polyphenols as molecular agents 
capable of modifying the course of protein aggregation diseases by stabilizing functional proteins against the aberrant 
binding to amyloid fibrils. 
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ВЗАЄМОДІЯ АМІЛОЇДНИХ ФІБРИЛ З ФУНКЦІОНАЛЬНИМИ БІЛКАМИ: 
МОДУЛЮЮЧИЙ ЕФЕКТ ПОЛІФЕНОЛІВ 

Валерія Трусова, Уляна Тарабара, Галина Горбенко 
Кафедра медичної фізики та біомедичних нанотехнологій, Харківський національний університет імені В.Н. Каразіна 

м. Свободи 4, Харків, 61022, Україна 
Вивчення взаємодій між функціональними білками та амілоїдними фібрилами є ключовим для розуміння молекулярної основи 
амілоїдних захворювань, які характеризуються неправильним згортанням білків та їх агрегацією. Поліфеноли, завдяки своїм 
різноманітним біологічним властивостям, привертають увагу своєю потенційною здатністю модулювати ці взаємодії, тим самим 
впливаючи на прогресування захворювання та відкриваючи нові терапевтичні можливості. У даному дослідженні методом 
молекулярного докінгу було вивчено вплив кверцетину та його бінарних комбінацій з іншими поліфенолами на зв'язування між 
цитохромом c (відновлена та окиснена форми) та амілоїдними фібрилами інсуліну та аполіпопротеїну A-I. Отримані результаті 
свідчать на користь того, що комплексування кверцетину з цитохромом c знижує силу зв'язування фібрил інсуліну для обох форм 
білка. Протилежний ефект було виявлено для фібрил аполіпопротеїну A-I. Таке модулювання було інтерпретовано у рамках 
конкурентних або алостеричних ефектів. Крім того, хоча бінарні комбінації кверцетину з іншими поліфенолами не знижували 
силу зв'язування фібрил інсуліну для окисленого цитохрому c, вони знижували силу зв'язування у випадку відновленої форми. 
Ці дані підкреслюють вибірковий та значний вплив поліфенольних сполук на взаємодії між амілоїдними фібрилами та 
функціональними білками, пропонуючи потенційні шляхи для терапевтичних анти-амілоїдних стратегій. 
Ключові слова: амілоїдні фібрили; функціональні білки; поліфеноли; молекулярний докінг 
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Understanding the interaction of heavy metals with proteins is pivotal for unraveling their roles in biochemical processes and metal-
induced diseases, with wide-ranging implications spanning medicine, environmental science, and biotechnology, thereby driving 
progress in therapeutics, pollution mitigation, and biomaterial innovation. In the present study the molecular docking technique was 
employed to identify and characterize the binding sites of the set of heavy metals (Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, Fe2+, Ni2+, Hg2+, 
Co2+, Cu+, Au+, Ba2+, Pb2+, Pt2+, Sm3+, and Sr2+) and proteins ((β-lactoglobulin, 7S globulin and glycinin from soybeans) to evaluate 
the impact of protein structure on their ion-binding abilities and selectivity. Our docking results indicate that essential and toxic heavy 
metals interact with multiple binding sites of proteins, presumably by electrostatic interactions and metal chelation with cysteine, 
aspartic acid, glutamic acid, and histidine amino acid residues. The comparison of binding residues favorable for heavy metal 
complexation among different proteins indicates that metals exhibit distinct preferences for various amino acid residues highlighting 
the importance of both the metal and the protein properties for stabilizing protein-metal complexation. 
Keywords: Protein-metal interaction; Heavy metals; Molecular docking 
PACS: 87.14.Cc, 87.16.Dg 

Heavy metals, a loosely defined group of elements, including transition metals and some metalloids, typically have 
an atomic number greater than 20 and atomic density above 5 g˙cm-3 [1,2]. While the classification of heavy metals as 
toxic, beneficial, or essential for living organisms is a topic of ongoing debate, certain heavy metals such as Mg2+, Ca2+, 
Fe3+, Mn2+, Co2+, Cu2+ and Zn2+ are currently recognized as essential in a trace amount [2,3]. In contrast, non-essential 
heavy metal ions like Pb2+ and Hg2+, are toxic even at trace levels, causing alterations to biochemical processes and 
potentially leading to various diseases in living organisms [4,5]. Aquatic organisms and humans are exposed to the 
influence of essential and non-essential heavy metals through multiple sources, including water, air, soil, and food [5]. 
Despite the numerous studies, the molecular mechanisms underlying heavy metal toxicity are not fully understood [6,7]. 
The primary factors by which heavy metals can possess their toxic effect are i) generation of reactive oxygen species and 
oxidative stress [8,9]; ii) disruption of membrane function and nutrient assimilation [10,11]; iii) DNA damage and 
impairment of DNA repair mechanism [12,13] and iv) protein function and activity perturbation [14,15]. It is well-
established that proteins are primary targets of heavy metals. Metals can interfere with the biological activity of properly 
folded proteins through various interactions, including binding to free thiols or other functional groups, displacing 
essential metal ions in metalloproteins, or catalyzing the oxidation of amino acid side chains, to name only a few [14-16]. 
Understanding the interactions between proteins and heavy metals is not only crucial for comprehending their biochemical 
roles, regulation, and the molecular basis of metal-induced diseases, but also significantly important for medicine, 
environmental science, and biotechnology. More specifically, the integration of metal ions with protein systems led to the 
design of highly ordered protein-based hybrid nanomaterials possessing unique electric, optical, and electronic properties, 
high photostability, and biocompatibility, making them attractive for different applications in biological imaging, solar 
energy conversation, chemical sensing, to name only a few [17-23]. In particular, amyloid fibrils self-assembled from 
different proteins (β-lactoglobulin, globulin, silk, albumin, etc) have demonstrated remarkable efficacy in purifying 
wastewater contaminated with heavy metals and radioactive compounds [20-23]. Additionally, metal-binding proteins 
can be engineered to enhance the bioavailability of essential metals in nutritional supplements or for designing metal-
based drugs with optimized efficacy and safety [24, 25]. Moreover, understanding the molecular mechanisms underlying 
the interactions between plant proteins and heavy metals is essential for developing effective phytoremediation strategies 
[26, 27]. The above application necessitates a comprehensive understanding of the protein's metal-binding capabilities. 
Experimental techniques, such as X-ray crystallography [28], NMR spectroscopy [29], electron microscopy [19], and 
absorption spectroscopy [30] have been found to offer the most reliable information for studying protein-metal 
interactions. Despite their precision and accuracy in identifying metal ions, these techniques have significant 
disadvantages, including high costs, lengthy execution times, and challenges. During the last decades computation 
methods have become invaluable tools for relatively quick and easy identification of metal-protein binding sites. 

In the present study, we employed the molecular docking technique to evaluate the impact of protein structure on 
their ion-binding abilities and selectivity. More specifically, by varying both the protein amino acid composition (β-
lactoglobulin, 7S globulin and glycinin from soybeans) and heavy metal ions (Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, Fe2+, 
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Ni2+, Hg2+, Co2+, Cu+, Au+, Ba2+, Pb2+, Pt2+, Sm3+, and Sr2+), we attempted to identify and characterize protein-ion binding 
sites.  

 
MOLECULAR DOCKING STUDIES 

The three-dimensional X-ray crystal structures of proteins were obtained from the Protein Data Bank 
(https://www.rcsb.org/) using the PDB IDs 3AUP, 1OD5 and 1QG5 for 7S globulin from soybean, glycinin, and bovine 
β-lactoglobulin, respectively. The chain A of the three-dimensional X-ray crystal structures of 7S globulin and glycinin, 
were selected for the docking studies. To define the most energetically favorable binding sites for the heavy metal ions 
on the proteins, molecular docking studies were performed using the MIB2 Metal Ion-Binding site prediction and 
modeling server [31]. The MIB2 employs the fragment transformation technique and the AlphaFold protein structure 
database for the precise binding site predictions for 18 metal ions, including Ca2+, Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, 
Fe2+, Ni2+, Hg2+, Co2+, Cu+, Au+, Ba2+, Pb2+, Pt2+, Sm3+, and Sr2+ [31].  

 
RESULTS AND DISCUSSION 

β-lactoglobulin 
β-lactoglobulin, a small globular whey protein with a molecular weight of approximately 18.4 kDa, is currently 

widely employed in the development of nanocomposites for the detection of heavy metal ions [22, 32]. More specifically, 
Zang and colleagues found, that β-lactoglobulin-stabilized fluorescent gold nanoclusters are promising for the selective 
nanomolar detection of Hg2+ in beverages, urine, and serum [32]. Peydayesh et al demonstrated the β-lactoglobulin 
amyloid fibril effectiveness in the removal of heavy metals by fabricating a hybrid activated carbon membrane [22]. 
Heavy metal ions have been found to adsorb efficiently and strongly onto β-lactoglobulin amyloid fibrils through robust 
supramolecular metal-ligand interactions with the magnitude of absorption dependent on the specific heavy metal [22]. 
Designing lactoglobulin-based nanosystems for heavy metal detection and targeted delivery requires a thorough 
understanding of the protein's metal-binding capabilities. These insights are essential for optimizing the design and 
effectiveness of such nanosystems in various applications. In the present study, we employed a molecular docking 
technique to identify β-lactoglobulin-metal binding sites. Docked positions of heavy metal ions in the β-lactoglobulin 
structure corresponding to the best docking score are presented in Figure 1.  

  
Figure 1. Docked positions of heavy metal ions in the 3D β-lactoglobulin structure corresponding to the best docking score 

The protein β-lactoglobulin comprises 162 amino acid residues, featuring one free cysteine and two disulfide 
bonds [33]. Three-dimensional crystallographic studies have revealed that β-lactoglobulin predominantly adopts a β-sheet 
configuration, comprising nine antiparallel β-strands (A to I), where strands A-D form one surface of the β-barrel (calyx), 
while strands E-I constitute the opposite surface [33]. The sole α-helical segment, consisting of three turns, is located at 
the COOH terminus and lies on the outer surface of the calyx, following strand H [33]. Our docking results indicate that 
essential and toxic heavy metals bind to multiple binding sites of β -lactoglobulin, presumably into the outskirts of the 
β-barrel. The amino acid residues, participating in the interaction of metal ions with protein are presented in Table 1. 
More specifically, the essential heavy metals such as Mn2+, Co2+, Mg+, and Zn2+ interact with the strand A of the β-barrel 
with the residue Asp and Ser. Notably, the amino acid residues such as Ser or Asp contain nitrogen or oxygen atoms that 
play an electron donor role in the ligand-protein interactions. In addition, our docking results indicate that Zn2+ is 
energetically favorable to interact with the F strand of protein. The presence of two sets of independent binding sites for 
zinc was experimentally observed for the other whey protein α-lactalbumin [34]. The highly toxic metal ions such as Pb2+, 
Pt2+, and Sm3+ form contacts with the B-strand of protein, whereas Cd2+ and Hg2+ preferably interact with the residues 
near the H-strand. The negatively charged glutamic acid participates in the Pb2+, Pt2+, Sm3+ and Cd2+ ion-protein 
complexation. In turn, our docking results indicate that highly toxic Hg2+ interacts with the polar cysteine and hydrophobic 
valine and leucine.  
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Table 1. Amino acid residues participating in the formation of the most energetically favorable metal-protein complexes  

Metal β-lactoglobulin glycinin 7 S globulin 

Cu2+ Pro144, His146 Gln36, His173, Glu175, His21, 
Asn34, His37 

His23, Pro269, Cys81, His90 

Fe3+ Lys83, Glu89, Asp96, Asp98 His211, Gln215, Glu221 Gln69, Glu113, Cys65, Asn92 
Mg2+ Asp28, Ile29 Asp231, Asp232, Asp121, Glu333, 

Asn334 
Asp114, Val115, Asp17, Ser19, Thr20 

Mn2+ Asp28, Ser30 Asp413, Gly414 Asp374, Arg377, His215, Asp216 
Zn2+ Asp28, Ser30, Asp96, Asp98 His173, Glu175, Asp20, His37 His215, Asp216, Cys65, Ser67 
Cd2+ Glu127, Asp129, Glu131, Lys135 Asp413, Gly414, Asp231, Glu233 Gln171, His175, Asn50, Ser140, Cys141 
Fe2+ Lys10, Glu127, Asp129 Lys210, His211, Gln215 His66, His76, Cys78 
Ni2+ Asp28, Ser30 Arg115, His116, Lys210, His211 His388, Asp396, His76, Cys78, Cys94 
Hg2+ Cys106, Leu117, VAl118, 

Cys119 
Phe82, Cys85, Cys327 Phe64, Cys65, Cys78 

Co2+ Asp28, Ser30, Glu127, Asp129 Asp20, His37, Lys210, His211 Cys81, His90, Ser389, His390 
Cu+ Gln59, Cys66 Cys9, Cys42, Pro425 Cys70, His76, Cys94, Cys81, His90 
Au+ Cys106, Lys140 Cys85, Glu323, Pro19, Gln36, 

His37 
Cys141, Ala142, Ser187, Glu368, Cys394 

Ba2+ Glu108, Asn109, Gln115 Thr136, Gly137, Asp138, Glu139 Asp334, Lys335, Glu333 
Pb2+ Glu51, Glu52, Asp53, Glu74 Asp232, Arg234 Cys65, Cys78, Gly302, Lys303, Cys304, 

Cys345 
 Pt2+ Glu51, Glu52, Met24, Arg40, 

Lys95 
Asp232, Lys235 Gln275, Met353, His270, Met349 

Sm3+ Glu44, Glu45, Gln68 Asp231, Glu233, Asp232, Lys235 Asp374, Arg377, Glu52, Gln53 
Sr2+ Asp85, Leu87 Glu89 Asp20, His21, Thr32, Glu172, 

Asp157, Gln158, Thr176 
Asp41, Ser265, Ser267 

According to numerous studies, heavy metals bind to proteins through different intermolecular interactions, 
presumably electrostatic interactions, and metal chelation [21-32]. Several factors influence the binding of metals to 
proteins, including i) the properties of the metal such as its valence state, ionic radius, and charge-accepting ability and 
ii) the protein properties, such as amino-acid sequence, the accessibility of the potential metal-binding groups, type of the 
interactions stabilizing protein-metal complexation, etc [21-32]. According to the Hard Acid Soft Base theory describing 
the interaction of heavy metals based on their inherent chemistry, the proteins possess a higher binding ability to the “soft” 
metals (Cd2+, Hg2+, Cu+, Au+, Pt2+) in comparison with “hard” metals (Ca2+, Mg2+, Mn2+, and Sr2+ ) [35]. The above 
preference is connected with the differences in their binding mechanism: metal chelation is predominant in maintaining 
the structural integrity of the protein-soft metal complexes, whereas electrostatic interactions are responsible for the 
“hard” metal binding [35]. As can be seen from Table 1, glutamic acid participates in the Pb2+, Pt2+, Sm3+ and Cd2+ ion-
protein complexation, whereas the “hard metals” were found to form contacts presumably with the negatively charged 
aspartic acid, which is in good agreement with the Hard Acid Soft Base theory [35]. Notably, our docking results 
demonstrated the involvement of the Lys, Leu and Val amino acid residues in the metal-protein interaction of “soft” (Cd2+, 
Hg2+, Cu+, Au+, Pt2+) and borderline (Ni2+, Cu2+, Pb2+) Lewis acids indicating the possible role of the hydrogen bonds, 
hydrophobic and van der Waals interactions on the stabilization of protein-metal complexes. 

 
7S globulin from soybean 

The 7S globulin is one of the major globulins found in soybean seeds [36]. Despite its dual subunit composition and 
oligomeric assembly, the protein possesses a compact structure, comprising β-sheets and a few α-helices, with its most 
notable feature being 12 cysteine residues [36]. These cysteines, conserved among homologous proteins, form a network 
of five intra-chain and one inter-chain disulfide bridges [36]. Recently it was demonstrated, that soy c exhibits excellent 
metal-chelating properties [37]. Moreover, Li et al/ showed the ability of soy protein-based polyethyleneimine hydrogel 
to selectively adsorb and recycle copper in wastewater [38]. Additionally, the soy protein hollow microspheres were 
highly effective for the sorption of metal ions, with the absorption capacity dependent on the heavy metal [21]. Despite 
numerous studies demonstrating the potential of soy protein-based nanocomposites for purifying water from heavy 
metals, the factors responsible for their metal selectivity require further investigation. In an attempt to understand the 
mechanism of the complexation of different heavy metal ions with the 7S globulin, we identified their preferred binding 
sites (Figure 2).  

Our docking results indicate that essential and toxic heavy metals bind to multiple binding sites of soy protein 
globulin 7S and have at least two high-score binding sites. More specifically, as seen from Figure 2 and Table 1, all heavy 
metals (excepting Ni2+, Au+, Pb2+, Pt2+, and Sm3+) form contacts presumably with the amino-acid residues of α-subunit 
(residues 25-275). The toxic metals Ni2+, Au+, Pb2+, Pt2+, and Sm3+ were found to interact with both α-subunit (residues 
25-275) and low-molecular-weight β-subunit (residues 276-427), with the binding preferences higher for the latter. As 
seen in Figure 2, the heavy metal formed stable contacts with the residues belonging presumably to the β-strands of the 
protein. However, we found that Cd2+ and Fe2+ were energetically favorable to interact with the α-helixes. In addition, 
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Ba2+ and Ni2+ are positioned in the 310-helix of protein. Importantly, cysteine residues are among the amino-acid residues 
participating in stabilizing protein-metal complexes for all metals except Mg2+, Ba2+, and Pt2+. The cysteine residues 
forming the disulfide bonds within the protein are responsible for the stability of the soy protein globulin 7S [36].  

  
Figure 2. Schematic representation of the energetically most favorable metal complexes with globulin (chain A) obtained using 
the Metal Ion-Binding site prediction and modeling server. 

 
Glycinin from soybean 

Soybean glycinin, a member of the 11S globulin family, is a hexameric protein with a molecular weight of 
approximately 360 kDa, composed of five subunits: A1aB1b, A1bB2, A2B1a, A3B4, and A5A4B3 [39]. It is formed by 
the stacking of two trimers, each consisting of three subunits [39]. These subunits are composed of an acidic polypeptide 
(A) with a molecular weight of 35 kDa and a basic polypeptide (B) with a molecular weight of 20 kDa, which are linked 
by disulfide bonds [39]. The soybean glycinin protomer consists of four visible and four disordered regions (residues 1–
6, 93–107, 179– 199, and 252–320) comprising 27 strands and 7 helices which are folded into two jelly-roll-barrel 
domains and two helix domains [39]. As seen from Figure 3, the heavy metals, formed stable contacts with the various 
residues present in the ordered glycinin regions and don’t interact with the disordered regions. The main results obtained 
from molecular docking studies are:  

i) Heavy metals excluding Fe3+, Mn2+, Zn2+, Fe2+, Ni2+, Co2+, Ba2+, Pb2+, Pt2+, and Sm3+ exhibit at least two 
energetically favorable binding sites;  

ii) Mg2+, Cd2, Pb2+, and Pt2+ tend to interact with the residues Asp 232, Glu 233, Arg 234 and Lys 235 located near 
the second helix of protomer; 

iii) Fe3+, Fe2+, Ni2+, and Co2+ show preferential binding sites comprising the amino acid residues 211-215 (Lys, His, 
Gln) within the helix region. Ni2+ additionally forms the high-score complex with the residues in the proximity 
to β-strand F (Arg15 and His 116), while Co2+ interacts also with the residue of β-strand A.  

iv) Mn2+, Cd2+ bind to the strand region containing residues Asp 413 and Gly 414. 

  
Figure 3. Schematic representation of the energetically most favorable metal complexes with glycinin (chain A) obtained using 
the Metal Ion-Biding site prediction and modeling server. 

The comparison of the binding residues favorable for the complexation of heavy metals between the proteins 
indicates that metals yield various binding preferences for different amino-acid residues. More specifically, for Fe3+ was 
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energetically favorable to form contacts with Lys, Glu and Asp amino acids of β-lactoglobulin, whereas His, Gln and 
Gln, Cys were responsible for metal-protein complexation of glycinin and 7S globulin, respectively. Zn2+ interacts with 
the Asp and Ser residue of β-lactoglobulin, His, Glu of glycinin, whereas for the 7S globulin, cysteine residues were also 
involved in the complexation. Although electrostatic interactions and metal chelation are the preferential binding modes 
of metals, our docking results indicate the importance of the hydrogen bonds, hydrophobic and van der Waals interactions 
on the stabilization of protein-metal complexes. 

CONCLUSIONS 
In the present study, the molecular docking technique was employed to evaluate the impact of protein structure on 

their ion-binding abilities and selectivity. By varying both the protein amino acid composition (β-lactoglobulin, 7S 
globulin and glycinin from soybeans) and heavy metal ions (Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, Fe2+, Ni2+, Hg2+, Co2+, 
Cu+, Au+, Ba2+, Pb2+, Pt2+, Sm3+, and Sr2+), the protein-ion binding sites were identified.The docking results suggest that 
both essential and toxic heavy metals interact with multiple protein binding sites, primarily through electrostatic 
interactions and metal chelation involving cysteine, aspartic acid, glutamic acid, and histidine residues. The comparison 
of binding residues favorable for heavy metal complexation among different proteins indicates that metals exhibit distinct 
preferences for various amino acid residues highlighting the importance of both the metal properties (valence state, 
charge-accepting ability, etc) and the protein properties, (amino-acid sequence, the accessibility of the potential metal-
binding groups, etc). 
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ДОСЛІДЖЕННЯ МОЛЕКУЛЯРНИХ ДЕТАЛЕЙ ВЗАЄМОДІЇ МІЖ ВАЖКИМИ МЕТАЛАМИ ТА БІЛКАМИ: 
МОЛЕКУЛЯРНИЙ ДОКІНГ 

О. Житняківська, У. Тарабара, К. Вус, В. Трусова, Г. Горбенко 
Кафедра медичної фізики та біомедичних нанотехнологій, Харківський національний університет імені В.Н. Каразіна 

м. Свободи 4, Харків, 61022, Україна 
Розуміння взаємодії важких металів з білками є ключовим для розкриття їх ролі у різноманітних біохімічних процесах в 
медицині, екології та біотехнологіях, що сприяє розробці принципово нових терапевтичних стратегій та інноваційних 
гібридних біоматеріалів. У даній роботі з використанням методу молекулярного докінгу було визначено та охарактеризовано 
центри зв’язування важких металів (Cu2+, Fe3+, Mg2+, Mn2+, Zn2+, Cd2+, Fe2+, Ni2+, Hg2+, Co2+, Cu+, Au+, Ba2+, Pb2+, Pt2+, Sm3+, and 
Sr2+)  з білками (β-лактоглобулін, 7S глобулін і гліцинін з соєвих бобів) для оцінки впливу структури білка на їхню метал-
зв'язувальну здатність та селективність. Отримані результати молекулярного докінгу вказують на взаємодію життєво 
важливих та токсичних важких металів з різними зв'язувальними сайтами білків, ймовірно, через електростатичні взаємодії 
та хелацію металів з амінокислотними залишками цистеїну, аспарагінової кислоти, глутамінової кислоти та гістидину. 
Порівняння залишків з якими взаємодії метал між різними білками, свідчить про роль різних амінокислотних залишків, 
підкреслюючи важливість як властивостей металу, так і білка для стабілізації білок-металевого комплексоутворення.  
Ключові слова: взаємодія білок-метал; важкі метали; молекулярний докінг 
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The purpose of this Erratum is to correct a misprint presented in the original article. 
Table 1, in the published article, is to be read as follows: 

Table 1. The optical and dimensional properties of the film in the bands. 

Bands Cluster 
size 

Nanoparticle 
size 

𝝎𝒔𝒆𝒙𝒑 𝝎𝒔𝒕𝒉𝒆𝒐𝒓 
Blue Film 50 nm - -
Purple 500 nm 10-25 nm 3.443×1015 s–1 

547 nm 
3.4×1015s–1 
a~15 nm 
b~25 nm 

q=0.1 
Pink 300 nm 8-15nm 3.664×1015 s–1  

514 nm 
3.7×1015s–1 
a~10 nm 
b~15 nm 
q=0.07 

Implantation 
band 

- 2-6 nm 3.316×1015 s–1 
568 nm 

4.956×1015 s–1 
380 nm 

3.25×1015s–1 
a~3 nm 
b~10 nm 

q=0.01 
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