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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 Mr 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 7= 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 Nun~2.27-10" cm3, while the average concentration of electro-active Mn atoms diffused into silicon under the influence

of an external constant electric field reached Nuw"~2.62-10"* cm™.

Keywords: Resistivity, Silicon; Impurity atoms; Diffusion; Mobility of charge carriers; Concentration of charge carriers; Electrically
induced diffusion
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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 ///-V and /I-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
1I-VI in the silicon crystal lattice, due to the insufficient solubility ratio of elements of groups /I and V7 in the Si material
(~1073+10'%), 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 // and V1 in silicon, but also to boost diffusion coefficients of elements of
groups /I and V in silicon, which are traditionally characterized by comparatively low diffusion coefficients, but quite a
high (~10'5+10%") 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 (p ~5 Q-cm; Nz ~5x10'° cm) were the starting material. Samples sized
1x5x10 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 50100 A/cm?. 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 7'= 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 |

Group 11

Element Tc}:l;:‘evgf Weight % Slgma:' /vovelght Element | Type of curve W(;}oght Slgmz /:velght
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

(6] 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: ) 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).
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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 10), 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 Nun~8.23-10'% cm™, the average concentration of electro-active manganese atoms in samples of
group Il was Nun'~2.62-10' cm, the average concentration of electro -active manganese atoms in samples of group 111
was Nyn'~1.78-10'* ¢cm™, and the maximum solubility of impurity Mn atoms at a temperature of 7=900°C was
Nmr~2.27-10' 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).

Lo (13

D,,(T)=2.6-10 exp( k~Tj )
s (21

N, (T)=2.5-10 exp( TT) 2)

The Table 1 proves that the maximum solubility of manganese atoms at a temperature of 7= 900°C is 2.27-10'* cm™.
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
D,..(T) 4.65-10°% 9.94-10°% 1.98-107 3.7-107 6.58-107 1.11-10°¢ 1.81-10°¢
Ny (T) 3.15-102 1.07-1013 3.27-103 9.01-10'3 2.27-10% 5.33-10' 1.17-105

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 E. = -0.41 eV and 1 acceptor level with the value
E,=+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 Mn® 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):

otal __
Nl =N+ N+ NN G)

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 Mn® 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.

ORCID
Xalmurat M. Iliyev, https://orcid.org/0000-0002-2742-0190; ®Bobir O. Isakov, https://orcid.org/0000-0002-6072-3695

REFERENCES
[1] M.K. Bakhadyrkhanov, A.Sh. Mavlyanov, U.Kh. Sodikov, and M.K. Khakkulov, “Silicon with Binary Elementary Cells as a
Novel Class of Materials for Future Photoenergetics”, Applied Solar Energy, 51(4), 258-261 (2015).
https://doi.org/10.3103/S0003701X1504009X
[2] M.K. Bakhadyrkhanov, S.B. Isamov, N.F. Zikrillaev, and M.O. Tursunov, “Anomalous Photoelectric Phenomena in Silicon with
Nanoclusters of Manganese Atoms,” Semiconductors, 55(6), 542—-545 (2021). https://doi.org/10.1134/S1063782621060038



387
Electrodifusion of Manganese Atoms in Silicon EEJP. 2 (2024)

[3] X.M. Iliyev, V.B. Odzhaev, S.B. Isamov, B.O. Isakov, B.K. Ismaylov, K.S. Ayupov, Sh.I. Hamrokulov, and S.O. Khasanbaeva,
“X-ray diffraction and Raman spectroscopy analyses of GaSb-enriched Si surface formed by applying diffusion doping
technique,” East Eur. J. Phys. (3), 363 (2023). https://doi.org/10.26565/2312-4334-2023-3-38

[4] X.M. Iliyev, S.B. Isamov, B.O. Isakov, U.X. Qurbonova, and S.A. Abduraxmonov, “A surface study of Si doped simultaneously
with Ga and Sb”, East Eur. J. Phys. (3), 303 (2023). https://doi.org/10.26565/2312-4334-2023-3-29

[5] J. Liu, and S. Yue, “Fabrication of ZnS layer on silicon nanopillars surface for photoresistor application,” Chemical Physics
Letters, 801, 139716 (2022). https://doi.org/10.1016/j.cplett.2022.139716

[6] J.Kang, J.-S. Park, P. Stradins, and S.-H. Wei, “Nonisovalent Si-III-V and Si-II-VI alloys: Covalent, ionic, and mixed phases,”
Physical Review B, 96, 045203 (2017). https://doi.org/10.1103/PhysRevB.96.045203

[71 N.F. Zikrillaev, M.K. Khakkulov, and B.O. Isakov, “The mechanism of the formation of binary compounds between Zn and S
impurity atoms in Si crystal lattice,” East Eur. J. Phys. (4), 177 (2023). https://doi.org/10.26565/2312-4334-2023-4-20

[8] M. Niehle, J.-B. Rodriguez, L. Cerutti, E. Tournie, and A. Trampert, “On the origin of threading dislocations during epitaxial
growth of III-Sb on Si(001): A comprehensive transmission electron tomography and microscopy study,” Acta Materialia, 143,
121-129 (2018). https://doi.org/10.1016/j.actamat.2017.09.055

[9] 1. Liu, M. Tang, H. Deng, S. Shutts, L. Wang, P.M. Smowton, C. Jin, et al., “Theoretical analysis and modelling of degradation
for I1I-V lasers on Si,” Journal of Physics D: Applied Physics, 55, 404006 (2022). https://doi.org/10.1088/1361-6463/ac83d3

[10] Y. Goswami, P. Asthana, and B. Ghosh, “Nanoscale I1I-V on Si-based junctionless tunnel transistor for EHF band applications,”
Journal of Semiconductors, 38(5) 054002 (2017). https://doi.org/10.1088/1674-4926/38/5/054002

[11] N.F. Zikrillayev, S.B. Isamov, B.O. Isakov, T. Wumaier, Li wen Liang, J.X. Zhan, and T. Xiayimulati, “New Technological
Solution for the Tailoring of Multilayer Silicon-based Systems with Binary Nanoclusters Involving Elements of Groups III
and V,” Journal of nano- and electronic physics, 15(6), 06024 (2023). https://doi.org/10.21272/jnep.15(6).06024

[12] D. Senk, and G. Borchardt, “Solubility and Diffusivity of Manganese in Silicon at High Temperatures,” Mikrochimica Acta, 80,
477-490, (1983). https://doi.org/10.1007/BF01202026

[13] N.A. Arutyunyan, A.l. Zaitsev, N.G. Shaposhnikov, and S.F. Dunaev, “The Thermodynamic Properties of Solid Solutions of
Manganese and Iron in Silicon”, Russian Journal of Physical Chemistry A, 84(9), 1498-1501 (2010).
https://doi.org/10.1134/S0036024410090086

[14] A. Mostafa, and M. Medraj, “Binary Phase Diagrams and Thermodynamic Properties of Silicon and Essential Doping Elements
(Al, As, B, Bi, Ga, In, N, P, Sb and T1)”, Materials, 10(6), 676 (2017). https://doi.org/10.3390/mal10060676

[15] F.A. Trumbore, “Solid Solubilities of Impurity Elements in Germanium and Silicon”, The Bell system technical journal, 39,
205-233, (1960). https://doi.org/10.1002/j.1538-7305.1960.tb03928.x

[16] N.F. Zikrillaev, G.A. Kushiev, Sh.I. Hamrokulov, and Y.A. Abduganiev, “Optical Properties of GexSiix binary compounds in
silicon,” Journal of nano- and electronic physics, 15(3), 03024-1 - 03024-4, (2023). https://doi.org/10.21272/jnep.15(3).03024

[17] N.F. Zikrillaev, G.A. Kushiev, S.V. Koveshnikov, B.A. Abdurakhmanov, U.Kh. Kurbanova, and A.A. Sattorov, “Current status
of silicon studies with GexSis binary compounds and possibilities of their applications in electronics,” East European journal of
physics, (3), 334-339 (2023). https://doi.org/10.26565/2312-4334-2023-3-34

[18] H. Nakashima, and K. Hashimoto, “Deep impurity levels and diffusion coefficient of manganese in silicon,” Journal of Applied
Physics, 69, 1440 (1991). https://doi.org/10.1063/1.347285

[19] N.F. Zikrillaev, O. B. Tursunov, and G. A. Kushiev, “Development and Creation of a New Class of Graded-Gap Structures Based
on Silicon with the Participation of Zn and Se Atoms,” Surf. Engin. Appl. Electrochem. 59(5), 670-673 (2023).
https://doi.org/10.3103/S1068375523050198

[20] N.F. Zikrillaev, S.V. Koveshnikov, S.B. Isamov, B.A. Abdurahmonov, and G.A. Kushiev, “Spectral dependence of the
photoconductivity of GexSiix type graded-gap structures obtained by diffusion technology,” Semiconductors, 56(1), 29-31
(2022). https://doi.org/10.1134/S1063782622020191

EJEKTPOIU® Y311 ATOMIB MAPT AHITIO B KPEMHIT
Xaamypar M. Liies, 3adap b. Xynoiinazapos, bo6ip O. Icakos, Mipaxmat X. MagxuToB, AdayBoxia A. 'anie
Tawxenmcevkuii deporcagnuil mexniunuil ynieepcumem, gyi. Yuieepcumemcoka, 2, 100095, Tawxenm, Y36exucman

VY crarTi onmMcaHO MOCHTIKEHHS Ta JOCIIKCHHS MPOIECY eIeKTPOIHAYKOBaHOI MUQy3ii aroMiB Mn y KpeMHii 0e3mocepeaHso 3
MOBEpXHEBOTO MmIapy Si, monepeanso 30aradeHoro Mn. J{ns 3abe3nedeHHs Tak 3BaHOTO IPOIECY eNeKTpoiHayKoBaHoi qudy3ii 1o
JOCIIDKYBaHHX 3pa3KiB MIPUKIIANAIN HOCTilHE eleKTpHYHe nose. BussieHo, mo B pe3ynbrati qudy3ii atomiB goMiky Mn B 3pa3ku,
PO3MillleHI Ha HEraTUBHOMY IOJIOCI eleKTpoau(y3iiiHOT ycTaHOBKHM, yacTKa aTtomiB Mn craHoBwia 75,4% (BiTHOCHO aTomiB
KPEMHII0), a B 3pa3Kax, PO3TAIIOBAHUX HA IIO3UTUBHOMY IIOJIOCI MOJIOCY LIeH MOKAa3HUK MaB TEHIEHLI0 10 2,7% (BiIHOCHO aTOMiB
KkpemHi0). Kpim Toro, Brepine ekcnepuMeHTaIbHO BHSABICHO 301IBIICHHS €JIEKTPOAKTUBHOI KOHILICHTPALil aTOMIB JTOMIIKH Mn y
kpemHii (mpu 7 = 900°C) min BIIMBOM 30BHIIIHBOTO MOCTIHHOTO €NEeKTpHYHOTO mois. [Ipn mpomMy MakcuMaibHa PO3YMHHICTH
JOMIIIKOBHUX aToMiB Mn mpu temmeparypi T = 900°C cranosuna Nyw~2,27-10" cm3, a cepeltHst KOHIEHTpALis EIEKTPOAKTHBHUX
aromiB Mn nubynayBana B KpEMHIH ITijl BIVIMBOM 30BHINIHBOTO MOCTIHHE €IEKTPUYHE 10JIEe NOCITI0 Niswi~2,62-10' ey,

KurouoBi cinoBa: numomuil onip; Kpemuiil, 0OMIWMKOSE amomu, Oupy3is; pyxausicmes HOCIi6 3apsdy; KOHYyenmpayis HOCiie 3apsdy;
eNeKMPUUHO THOYKOBAHA OUQ)y3is
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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 P;i = a;Ei.ca, Where o; 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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aiCM — E & -1 )
4z £ +2

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.

)

aLDR — aCM - = (2)
(a1 )| b+ m’, + 108 ) (kd ) = (2/3)i (kd ) |

3
b1=-1.891531; b2=0.1648469; b3 = -1.7700004; S = Z(&iéi )2 .
i=1
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 ¢ 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)>.
The electric field at any point in the space due to the incident plane wave is given by the

Elucal :Einc,[ + Z Ei H (3)
j=li#j
Elocal :Einc,i - Z 147JI3/ : (4)
J=Li#j

Where Eiocal is the electric field at r; due to the incident wave (Eixc;), plus a contribution E~= - A;jP;, the radiated
electric field of an individual dipole at r;. The interaction matrix (Aj) is given by

ikr, —1

exp(zkr,) A A i A A . .
4, :r—’ K (;;j;}—l})+;—z(31;j;;j—l3) EN D 5)
i i

Where k=w/c, rjj =|r; — rj|, 15 is a 3x3 unit matrix.
Defining Aii= a;'reduces the scattering problem to finding the polarizations P; that satisfy a system of 3N complex
linear equations

iAijé = Einc,i . (©)

Once the equation (6) is solved for unknown polarization Pj, the extinction and absorption cross-section Cey and
Cabs may be evaluated as

Cﬁxt = iﬁi Im (E;c,i : 1)1) 4 (7)
|E0| =l
cm:ﬂﬁi{lm(zﬁi.(q1)*.3*)_3k3|3|2}. ®)
|E0| =l 3

The scattering cross-section Cga = Cexi— Cabs. In the far field, the scattered electric field is given by

E,, =M{iexp(—ikﬂ?j)(ﬁ—13)f?j}. ©)

r i=1

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 [mjkd < 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.

3.5 _ 53 Table 1. The lattice spacing corresponding to the
number of dipoles
—ee 1791

= 4244 Number of Dipoles Lattice Spacing (nm)
)
g
5 8217 552 3.930
; R 1791 2.665
g 4224 1.994
£ - 22575 8217 1.598
= Sy o 14328 1.327

22575 1.141

0.45 0.5 0.55 0.6 0.65 0.7

‘Wavelength (um)

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.

1.2
529 nm Table 2. Surface Plasmon Resonance vs. Radius
— 10
. s BT p—
- Radius (nm) Resonance Peak (nm)
5 o8
Eg 10 527
S 06 20 529
=]
'E 30 537
g 04
=

0.2

0
0.45 0.5 0.55 0.6 0.65 0.7 0.75
‘Wavelength (um)

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

4.5 Table 3. Longitudinal modes with separation
~=— One Sphere
4 —— Zero Separation Separation Between two | Longitudinal mode
1*d Separation spheres in terms of d (nm)
3.5 —— 2*d Separation (d= 1 lnm)
g —— 3*d Separation .
E 3 4*d Separation Zero 665
“g 2.5 — 12*d Separation l*d 605
£ 2 2+d 584
= s 3*d 570
a0 4*d 560
. 12+d 540
0.5
0
045 05 055 06 065 0.7 075 08
‘Wavelength (um)

Figure 4. Extinction spectra of doublet structure with the separation.
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Figure 5. Electric field patterns (5b & 5¢) 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 Sc.

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.
|
Fre

P25

F 20

0 20
Y axis

0
¥ axis

e)
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E REES

¥ axis i ¥ axis
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.

ORCID
P.K. Kushwaha, https://orcid.org/0009-0004-1003-3452; ©®K.Y. Singh, https://orcid.org/0009-0004-4109-4899
Pramod Kumar Singh, https://orcid.org/0000-0001-6633-8379; Ravish Sharma, https://orcid.org/0009-0003-7431-7123
Kash Dev Sharma, https://orcid.org/0009-0004-4686-3845

REFERENCES

[1] CN.Banwell and E.M. Mc-Cash, Fundamentals of molecular spectroscopy, 4™ Edition, (Tata Mc Graw Hill, India, 1995).

[2] F.Lu, W. Zhang, L. Sun, T. Mei, and X. Yuan, Optics Express, 30, 12 21377 (2022). https://doi.org/10.1364/OE.460394

[3] L.Meng, Y. Wang, M. Gao, and M. Sun, J. Phys. Chem. C, 125, 10 5684 (2021). https://doi.org/10.1021/acs.jpcc.0c10922.

[4] A. Szaniawska, and A. Kudelski, Frontiers in Chemistry, 9, 664134 (2021). https://doi.org/10.3389/fchem.2021.664134.

[51 H. Zhou, X. Li, L. Wang, Y. Liang, A. Jialading, Z. Wang, and J. Zhang, Reviews in Analytical Chemistry, 40 (1), 173 (2021).
https://doi.org/10.1515/revac-2021-0132

[6] M.M. Joseph, N. Narayanan, J.B. Nair, V. Karunakaran, A.N. Ramya, P.T. Sujai, etal.,, Biomaterials, 181,140 (2018).
https://doi.org/10.1016/j.biomaterials.2018.07.045

[7] S. Khan, R. Ullah, A. Khan, R. Ashraf, H. Ali, M. Bilal, and M. Saleem, Photo diagnosis and Photodynamic Therapy, 23,89
(2018). https://doi.org/10.1016/j.pdpdt.2018.05.010

[8] D.W. Shipp, F. Sinjab, and 1. Notingher, Advances in Optics and Photonics, 9(2), 315 (2017).
https://doi.org/10.1364/A0P.9.000315

[91 J. Parsons, C.P. Burrows, JR. Sambles and W.L. Barnes, Journal of Modern Optics, 57, 1362 (2010).
https://doi.org/10.1080/09500341003628702

[10] B.T. Draine, and P.J. Flatau, J. Opt. Soc. Am. A,11,1491 (1994). https://doi.org/10.1364 /JOSAA.11. 001491

[11] B.T. Draine, and J. Goodman, The Astrophysics journal, 405, 685 (1993). https://doi.org/10.1086/172396

[12] B.T. Draine, and P. J. Flatau, J. Opt. Soc. Am. A,25 (11),2693 (2008). https://doi.org/10.1364/JOSAA.25.002693

[13] M.A. Yurkin, and M. Huntemann, J. Phys. Chem. C, 119, 52, 29088 (2015). https://doi.org/10.1021/acs.jpcc.5b09271

[14] C. Mitzler, MATLAB Functions for Mie Scattering and Absorption, (Institute of Applied Physics, University of Bern, 2002).
https://omlc.org/software/mie/maetzlermie/Maetzler2002.pdf

[15] P.B. Johnson, and R.W. Christy, Phys. Rev. B, 6, 4370 (1972). https://doi.org/10.1103/PhysRevB.6.4370

HIICAJIEHHSA EJEKTPUTUYHOT'O ITOJISI HAHOC®EPOIO 30JI0TA TA ii KTIACTEPAMHA
ILK. Kymgaxa®®, K./. Cinrx*P, Ximmar Cinrx Maxop*®, IIpamox Kymap Ciurx¢, Papim IIlapma®®, Kam e [llapma®®
“lenapmamenm ¢hizuxu, B.S.A. (P.G.) xonedoc, Mamxypa (U.P.) India 281004
bYuisepcumem doxmopa Bximpao Ambedxkapa, Azpa (U.P.), Indis 282004
“Lenapmamenm pizuxu, Inoycmancovruii koneddic nayku ma mexuvonoziu, @apax, Mamxypa (Benuxobpumanis), Indis 281122

VYTpuMaHHsS €IEKTPOHIB y HAHOYACTHHKAX 30J0Ta IIPU3BOIUTH JO IIOBEPXHEBOIO IUIa3MOHHOrO pe3oHaHcy (SPR), sxwmit
XapaKTepH3y€eThCsl MOCHICHHSM €JIeKTPUYHOIO MOoJs MOOJMM3Yy IIMX HAHOYacTMHOK. Ll BiacTuBicTh Oyna HIIMPOKO BUBYEHA i
3aCTOCOBaHAa B PI3HUX oOjacTsx. Y HAIIOMY MIOCTI[DKEHHI MH IMPOBOAMMO A€TajbHE MOCITI/PKCHHs ILIa3MOHHOTO 3B’SI3Ky B
cepuyHHX HAHOYACTHHKAX 30JI0Ta. 30KpeMa, MH BHKOPHUCTOBYEMO MeETOJ JIUCKpeTHol aumnonbHOl ampokcumaiii (DDA),
peanizoBanuit y DDSCAT, mo0 cuMyiIroBaTé 3B’S30K EJNEKTPHUYHHUX IOJIB y Ay0OieTi HAHOYACTHHOK SIK (PYHKINFO BiACTaHI MiX
HuMmH. Hame MozemoBaHHS mokasye, mo 38’5130k SPR Mix 1BoMa HaHOYacTHHKaMU BigOyBaeThes Ha BifcTaHi 1o 12 M. Kpim Toro,
MH PO3MIUPIOEMO Halle MOJENIOBAHHS, 00 BUBYUTU 3B’S30K HAHOYACTHHOK Yy JIHIHUX JIAHIIOTaX, IO CKJIAHAIOTHCS 3 I SITH
HAHOYACTHHOK, 1 B KiacTepHHUX (opmax. Hamri pe3ymbraTi mokasyroTs, mo BinOyBaeThes 38’130k SPR y niHiMHOMY naHIro3i, i 31
30UTBIICHHSM KUTBKOCTI HAHOYACTHHOK TOCUJICHHS TOJI TakKoX 30uIblnyeThes. OMHAK MH CIOCTEpiraemMo, mo mei edekr
HACUYYEThCS IICISI YOTHPHOX HAHOYACTHHOK Yy psAAKy. Hamie mociipkeHHS Jae ysBICHHS IPO IUIa3MOHHUIT 3B SI30K Yy
HAHOYACTHHKAX 30JI0Ta, 1[0 MOXE JOMOMOITH B po3po0Li Ta onTUMi3awii M1a3MOHHUX MPUCTPOIB ISl Pi3HUX 3aCTOCYBaHb.
KurouoBi cnoBa: nosepxuesuii nnasmonnuti pezonanc (I111P); nanoyacmunku 3010ma; ouckpemue ounonvte nabauscenus (DDA);
DDSCAT; noxkpawenns noas
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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 ps, 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 ps, pulse duration: 10 ns, pulse
repetition rate: 10 Hz single pulse energy: ~0.05 J, exposure time: 60 minutes, power density range:
1.3-2x107 W/cm? [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 pQ-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/cm? 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 pQm 11-16
Bulk density g/cm? 1,76-1,88
Porosity % 9
Ash content % 0,25-0,1
Grain size pum 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 pm [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 1.67x107 W/cm?, exposure time 60 min.

D377
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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 um. Some particles have a width of approximately 700 nm
and a length of ~1 um. 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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a - 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).
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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!) 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™) 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 pm 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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VY 1mpoMy AOCTIKEHHI JOCIIDKYETHCSI MOP(OIOTIS BYITIEEBUX HAHOYACTHHOK, YTBOPEHUX HUIIXOM aOusmii ByrieneBoi MimeHi
MPG-6 y BomHOMY cepenoBHIIi. Y mporieci abisiii BHKOPUCTOBYBABCSI JIa3ep Ha allOMiHie€BO-iTpieBoMy rpaHati LS-2134D (mossxuHa
xBuii: 1064 HM), IO TPALIOE B PEXUMI MOABIHHOTO iMITyJIbCy (PO3JIUICHHS IMITYJIBCIB: 3 MKC, TpUBaJIiCTh iMIynbcy: 10 He, gacTora
noBTopeHHs immynbcy: 10 T, enepris ognoro immyibey: ~ 0,05 Jx). Pe3ynpTaté A1eMOHCTPYIOTH ()OPMYBaHHS Pi3HOMAaHITHOTO
JianasoHy BYIJICLEBHX HaHOYACTHHOK PI3HOTO po3Mipy Ta dopmu mix yac nasepHoi abisiuii. Kpim Toro, nocimimkeHHs 1eMOHCTpye
3[JaTHICTh KOHTPOJIIOBATH IPOLIEC a0JIALii Ta MOAAIBLINI CUHTE3 BYTJIELEBUX HAHOYACTHHOK, 10CATal0ul e()eKTUBHOTO T'eHepYBaHHS
HAHOYACTHHOK, IPUAATHUX JUIS PI3HUX 3aCTOCYBAHb.
KutouoBi cnoBa: nanovacmunxu; nasepue onpominenus;, HAHOCEKYHOHA MPUBANICMb IMNYIbCY, NOOBIIHUL IMNYIbCHUL PEHCUM,;
gyeneysb
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The results of studies of the influence of Y as a reactive element on the properties of TiAIN 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 Tio.cAlo34Y0.06N
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 TiAIN 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 TiAIN 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 Al>Os, 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 TiAIN 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 hcep structures (wurtzite phase) [13]. Based on the available reports, the TiAIN coatings can function effectively up
to temperatures between 750 — 950 °C. Rogstrom et al. [14] observed that above 930 °C, wurtzite-AIN transformation
occurs, resulting in a loss of properties and functionality of TiAIN coatings. Chen et al. [15] and Grossmann et al. [16]
also reported temperatures of 950 °C and 980 °C, respectively, as critical for Ti;—xALN (0.4 <x <0.75) coatings.
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According to Mayrhofer et al. [11], the fcc- Ti;<xAlLN 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 TiAIN 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 V,0s 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-SiNj 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 TiAIN coatings on the mechanical and thermal properties [24, 25]. The influence of Mo addition to
TiAIN-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 TiAIWN 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/E? ratios. Another element that can be used as a doping element to TiAIN is Yttrium. Several studies [29 — 31]
have pointed out that incorporating Y to Ti;—<ALN 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 Ti;—x-yAlKYyN. According to a study by Rachbauer et al. [32], the process of age hardening in
Ti1—x—yAlYyN 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 TiAIN resulted in better mechanical properties and
increased hardness. However, it reduced the compressive stress. Moser et al. [34] investigated the thermal stability
of Ti;—<AlN 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 TicAlyCrYN coatings significantly refines the grain. The Tip43Alo.52Cro.03Y0.0oN
demonstrate considerably improved oxidation and corrosion resistance compared to Tig44Alo 53Cro03N 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 (Y203). 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 TiAIYN 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 TiAIN coatings from the recently published first-principles
study [37]. The summarizing of these data contributes to a better atomic-scale understanding of TiAIN 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
TiosAlosN (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 TigsAlosN (001) surface layer was calculated. The formation energies of X substituting the
Al atoms on the TigpsAlosN (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), 0.497¢eV (Ta), 1.586 eV (Cr), 1.785 eV (Si). The surface configuration of Al substituted
by X atom in TiAIN 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 TipsAlosN (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 TipsAlysN (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
TiAIN-based coatings, particularly in relation to wear mechanisms that can help identify potential areas of application.

tOp(Tl) site tOp(Al) site

(@ (8 12  fg=—F—hollow site
@1D1e1gie O
@ Zonel

top(Ti or Al) and hollow sites represent adsorption sites °d0ped atom

Figure 1. The surface slab (left panel) and surface adsorption sites (right panel) of Tio.sAlosN (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 TipsAlgsN (001) surface without and with a
doped Y atom. When comparing the TigsAlosN (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.

Figure 2. The adsorption configuration of Tio.sAlosN (001) surface without and with Y doped. Adopted from [37].

Therefore, the analysis of bond characteristics between O and Y atoms on the TigpsAlpsN (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 Y,Ti,O; [38] and YAIO; [39]. It is noteworthy that
Y,Ti,07 has a higher hardness of 12.1 GPa compared to Y,Os (6.9 — 9.1 GPa) and TiO, (11 GPa). However, Young's
modulus of Y,Ti,07; (262 GPa) is similar to that of TiO, (266 —270 GPa) and 25% higher than that of Y,Os
(188 GPa) [40].

In summary, the results of the first-principal study show that TiAIYN 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

TiAIYN coatings were deposited by the cathodic arc evaporation method in a non-commercial coating machine.
AISI steel square bars of dimension 20mmx20mmx2 mm were chosen as the substrates since these are some of the
most widely used cutting tool materials in the machining industry. TiosAlo4sYo.0s 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 4x1073 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 (Up) 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-Ka
radiation (A= 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 H, 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
TiAIYN 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.
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Figure 3. SEM micrographs of TiAIYN 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: TiosAlo34Y0.0sN. 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 20 peak positions for standardized c-TiN (a. = 4.24 A, ref. code
03-065-0414), c-AIN (a. =4.12 A, (ref. code 00-046-1200) and c-AlosTiosN (ac=4.19 A, ref. code 01-071-5864),
c-YN (a. =4.87 A, ref. code 01-071-9847), h-TiAIN (an,=2.98 A, ¢, =13.61 A, ci/an =4.56, ref. code 00-055-0434)
and h-AIN (an = 3.11 A, ¢, = 4.98 A, cv/an = 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 AITiN-forming solid solution rather than segregating as a second YN phase (formation of separate peaks) [41].
The dissolution of the Y into the AITiN lattice produces an increased lattice parameter of the TiAIYN 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 TiAIYN 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 TiAIYN 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 sp*d®
hybridisation is weakened and the tetrahedral sp® hybridisation is favoured resulting in a promotion of the wurtzite
structure [32].
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Figure 4. Diffraction pattern of TIAIYN 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/E?, 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 H/E® is a strong
indication of wear resistance, plastic deformation resistance, and fracture resistance. As one can see, the values of H/E
and H3/E? 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 TiAIYN coating

Value
Thickness A, micron 6.5
Hardness H, GPa 31+2.5
Elastic modulus E, GPa 394.8 +£35.8
Elastic strain to failure H/E 0.078 = 0.007
Resistance to plastic deformation H*/E? 0.191 £0.011
Residual stress, MPa —3352 + 64
Friction coefficient 0.6-0.65
Load of buckling cracks Lci, N 85£1.5
Load of buckling spallation Lca, 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 Lcy; and then the complete spalling of the coating
from the substrate, that is, interfacial damage or adhesion failure, corresponding to Lc, [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 TiAIYN 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.
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Figure 5. Image of the wear track on the surface (left) and corresponding EDX elemental graph (right) of TiAIYN 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,
Tio6Alo34Y 006N coating exhibits fine grain size (12 nm) and nano-columnar structure.

In comparison with TiAIN coating, the hardness of TipsAlo3aYo0sN 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
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atoms into the TiAIN 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 TigsAlo34Y0.0sN coating (—3352 + 64 MPa) is approximately three times that of TiAIN 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 TigsAlo34Yo0sN 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 TipsAlo34Y 006N 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 TiAIN 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 Y>03 and Al,O3. The comparison of
Gibbs free energy for the formation of Y03, Al,O3, and TiO, shows that Y has the highest affinity for oxygen. The
strong interaction between Y and O inevitably inhibits the process of rutile TiO, formation. Besides, the first principal
study, as well as several experimental investigations, indicate that the addition of Y promotes the formation of dense
AL O3, 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 TiAIN 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 TiosAlo34Y0.0sN 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-AIN (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 TiAIN 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.

Acknowledgment
The EU NextGenerationEU through the Recovery and Resilience Plan for Slovakia (project n°. 09103-03-V01-00028) is
acknowledged for financial support. The authors were honored to be supported by the Ministry of Education and Science of Ukraine
(project n° 0124U001127).

Notes
The authors declare no competing financial interest. The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work reported in this paper.

ORCID
Olga Maksakova, https://orcid.org/0000-0002-0646-6704; ©®Vyacheslav Beresnev, https://orcid.org/0000-0002-4623-3243
Serhiy Lytovchenko, https:/orcid.org/0000-0002-3292-5468; ©Maria Caplovitova, https://orcid.org/0000-0003-4767-8823
L’ubomir Caplovi¢, https://orcid.org/0000-0002-2280-008X; @Martin Kusy, https://orcid.org/0000-0002-5553-1680
Irina Doshchechkina, https://orcid.org/0000-0002-6278-7780

REFERENCES

[1] Y. Deng, W. Chen, B. Li, C. Wang, T. Kuang, and Y. Li, “Physical vapor deposition technology for coated cutting tools: a
review,” Ceram. Int. 46, 18373—18390 (2020). https://doi.org/10.1016/j.ceramint.2020.04.168

[2] B. Grossmann, A. Jamnig, N. Schalk, C. Czettl, M. Pohler, and C. Mitterer, “Tailoring age hardening of Tii—<AlN by Ta
alloying,” J. Vac. Sci. Technol. A, 35(6), 060604 (2017). https://doi.org/10.1116/1.4995000

[3] T. Akasawa, H. Sakurai, M. Nakamura, T. Tanaka, and K. Takano, “Effects of free-cutting additives on the machinability of
austenitic stainless steels,” J. Mater. Process. Technol. 143-144(1), 671 (2003). https://doi.org/10.1016/S0924-0136(03)00321-2

[4] N. Sharma, K. Gupta, “Influence of coated and uncoated carbide tools on tool wear and surface quality during dry machining of
stainless steel 304,” Mater. Res. Express, 6(8), (2019). https://doi.org/10.1088/2053-1591/ab1e59

[5] N. Schalk, M. Tkadletz, and C. Mitterer, “Hard coatings for cutting applications: physical vs. chemical vapor deposition and
future challenges for the coatings community,” Surf. Coat. Technol. 429 (2022). https://doi.org/10.1016/j.surfcoat.2021.127949

[6] K. Bobzin, “High-performance coatings for cutting tools,” CIRP J. Manuf. Sci. Technol. 18, 1-9 (2017).
https://doi.org/10.1016/j.cirpj.2016.11.004



405

Implications of the Presence of Y as a Reactive Element in Cathodic Vacuum ARC TiAIN... EEJP. 2 (2024)

(7]
(8]
(9]

[15]

[16]

[17]
(18]

[19]

[20]

(21]

[22]

(23]
[24]

[25]

[26]

[30]

[31]

(32]

[33]

O. Kessler, Th. Herding, F. Hoffmann, and P. Mayr, “Microstructure and wear resistance of CVD TiN-coated and induction
surface hardened steels,” Surf. Coat. Technol. 182(2), 184-191 (2004). https://doi.org/10.1016/j.surfcoat.2003.08.054

M.-Y. Wee, Y.-G. Park, and T.-S. Kim, “Surface properties of CrN-coated Ti—-6A1-4V alloys by arc-ion plating process,”
Materials Letters, 59(8-9), 876879 (2005). https://doi.org/10.1016/j.matlet.2004.11.035

C. Ducros, and F. Sanchette, “Multilayered and nanolayered hard nitride thin films deposited by cathodic arc evaporation. Part
2: Mechanical properties and cutting performances,” Surface and Coatings Technology, 201(3-4), 1045-1052 (2006).
https://doi.org/10.1016/j.surfcoat.2006.01.029

T. Leyendecker, O. Lemmer, S. Esser, and J. Ebberink, “The development of the PVD coating TiAIN as a commercial coating
for cutting tools,” Surf. Coat. Technol. 48, 175-178 (1991). https://doi.org/10.1016/0257-8972(91)90142-]

P.H. Mayrhofer, A. Horling, L. Karlsson, J. Sjolen, T. Larsson, C. Mitterer, and L. Hultman, “Self-organized nanostructures in
the Ti-Al-N system,” Appl. Phys. Lett. 83, 2049-2051 (2003). https://doi.org/10.1063/1.1608464

M. Bartosik, H.J. Bohm, C. Krywka, Z.L. Zhang, and P.H. Mayrhofer, “Influence of phase transformation on the damage
tolerance of Ti-Al-N coatings,” Vacuum, 155, 153-157 (2018). https://doi.org/10.1016/j.vacuum.2018.06.001

L. Chen, J. Paulitsch, Y. Du, and P.H. Mayrhofer, “Thermal stability and oxidation resistance of Ti-Al-N coatings,” Surf.
Coatings Technol. 206(11-12), 2954-2960 (2012). https://doi.org/10.1016/j.surfcoat.2011.12.028

L. Rogstrom, J. Ullbrand, J. Almer, L. Hultman, B. Jansson, and M. Odén, “Strain evolution during spinodal decomposition of
TiAIN thin films,” Thin Solid Films, 520(17), 5542—5549 (2012). https://doi.org/10.1016/j.tsf.2012.04.059

L. Chen, J. Paulitsch, Y. Du, and P.H. Mayrhofer, “Thermal stability and oxidation resistance of Ti-Al-N coatings,” Surf. Coat.
Technol. 206(11-12), 2954-2960 (2012). https://doi.org/10.1016/j.surfcoat.2011.12.028

B. Grossmann, N. Schalk, C. Czettl, M. Pohler, and C. Mitterer, “Phase composition and thermal stability of arc evaporated
TiixAlxN hard coatings with 0.4<x<0.67,” Surf. Coat. Technol. 309, 687-693 (2017). https://doi.org/10.1016/]
surfcoat.2016.11.015

H. Willmann, P.H. Mayrhofer, P.O. Persson, A.E. Reiter, L. Hultman, and C. Mitterer, “Thermal stability of Al-Cr-N hard
coatings,” Scr. Mater. 54(11), 1847-1851 (2006). https://doi.org/10.1016/j.scriptamat.2006.02.023

B. Li, “A review of tool wear estimation using theoretical analysis and numerical simulation technologies,” Int. J. Refract. Met.
Hard Mater. 35, 143—151 (2012). https://doi.org/10.1016/j.ijrmhm.2012.05.006

V.F.C. Sousa, F.J.G. Da Silva, G.F. Pinto, A. Baptista, and R. Alexandre, “Characteristics and Wear Mechanisms of TiAIN-
Based Coatings for Machining Applications: A  Comprehensive Review,” Metals, 11, 260 (2021).
https://doi.org/10.3390/met11020260

M. Pfeiler, et al., “On the effect of Ta on improved oxidation resistance of Ti—Al-Ta—N coatings,” J. Vac. Sci. Technol. A Vac.
Surf. Film. 27(3), 554-560 (2009). https://doi.org/10.1116/1.3119671

A. Hemmati, M. Abdoos, and S.C. Veldhuis, “Developing Ti-Al-Ta-N based coatings: Thermal stability, oxidation resistance,
machining performance and adaptive behavior under extreme tribological conditions,” Materials Today Communications, 31,
103373 (2022). https://doi.org/10.1016/j.mtcomm.2022.103373

S. Siwawut, C. Saikaew, A. Wisitsoraat, and S. Surinphong, “Cutting performances and wear characteristics of WC inserts
coated with TiAISiN and CrTiAlSiN by filtered cathodic arc in dry face milling of cast iron,” Int. J. Adv. Manuf. Technol. 97,
3883-3892 (2018). https://doi.org/10.1007/s00170-018-2200-x

W. Lu, G. Li, Y. Zhou, S. Liu, K. Wang, and Q. Wang, “Effect of high hardness and adhesion of gradient TiAISiN coating on
cutting performance of titanium alloy,” J. Alloys Compounds, 820, 153137 (2020). https://doi.org/10.1016/j.jallcom.2019.153137
M. Mikula, D. Plasienka, D.G. Sangiovanni, M. Sahul, T. Roch, M. Truchly, M. Gregor, et al., “Toughness enhancement in
highly NbN-alloyed Ti-Al-N hard coatings,” Acta Mater. 121, 59—67 (2016) https://doi.org/10.1016/j.actamat.2016.08.084

S.A. Glatz, R. Hollerweger, P. Polcik, R. Rachbauer, J. Paulitsch, and P.H. Mayrhofer, “Thermal stability and mechanical
properties of arc evaporated Ti-Al-Zr-N  hard coatings,” Surf. Coat. Technol. 266, 1-9 (2015).
https://doi.org/10.1016/j.surfcoat.2015.01.042

K. Yang, G. Xian, H. Zhao, H. Fan, J. Wang, H. Wang, and H. Du, “Effect of Mo content on the structure and mechanical
properties of TIAIMoN films deposited on WC—Co cemented carbide substrate by magnetron sputtering,” Int. J. Refract. Met.
Hard Mater. 52, 29-35 (2015). https://doi.org/10.1016/j.ijrmhm.2015.04.016

L. Tomaszewski, W. Gukbinski, A. Urbanowicz, T. Suszko, A. Lewandowski, and W. Gulbinski, “TiAIN based wear resistant
coatings modified by molybdenum addition,” Vacuum, 121, 223-229 (2015). https://doi.org/10.1016/j.vacuum.2015.08.027
S.A. Glatz, H. Bolvardi, S. Kolozsvari, C.M. Koller, H. Riedl, and P.H. Mayrhofer, “Arc evaporated W-alloyed Ti-Al-N
coatings for improved thermal stability, mechanical, and tribological properties,” Surf. Coatings Technol. 332, 275-282 (2017).
https://doi.org/10.1016/j.surfcoat.2017.05.097

J. Mo, Z. Wu, Y. Yao, Q. Zhang, and Q. Wang, “Influence of Y-Addition and Multilayer Modulation on Microstructure,
Oxidation Resistance and Corrosion Behavior of Alo¢7Tio33N Coatings,” Surf. Coat. Technol. 342, 129-136 (2018).
https://doi.org/10.1016/j.surfcoat.2018.02.071

M. Moser, P.H. Mayrhofer, L. Székely, G. Safran, and P.B. Barna, “Influence of bipolar pulsed DC magnetron sputtering on
elemental composition and micro-structure of Ti—Al-Y—N thin films,” Surface and Coatings Technology, 203(1-2), 148-155
(2008). https://doi.org/10.1016/j.surfcoat.2008.08.042

L. Székely, G. Safran, V. Kis, Z.E. Horvath, P.H. Mayrhofer, M. Moser, G. Radndczi, et al., “Crossover of texture and
morphology in (TiixAlx)1-yYyN alloy films and the pathway of structure evolution,” Surface and Coatings Technology, 257,
3-14 (2014). https://doi.org/10.1016/j.surfcoat.2014.08.071

R. Rachbauer, D. Holec, M. Lattemann, L. Hultman, and P.H. Mayrhofer, “Electronic origin of structure and mechanical
properties in Y and Nb alloyed Ti-Al-N thin films,” Int. J. Mater. Res. 102, 735-742 (2011).
https://doi.org/10.3139/146.110520

R. Aninat, N. Valle, J.-B. Chemin, D. Duday, C. Michotte, M. Penoy, L. Bourgeois, and P. Choquet, “Addition of Taand Y in a
Hard Ti-Al-N PVD Coating: Individual and Conjugated Effect on the Oxidation and Wear Properties,” Corros. Sci. 156,
171-180 (2019). https://doi.org/10.1016/j.corsci.2019.04.042



406
EEJP. 2 (2024) O.V. Maksakova, et al.

[34] M. Moser, D. Kiener, C. Scheu, and P.H. Mayrhofer, “Influence of Yttrium on the Thermal Stability of Ti-Al-N Thin Films,”
Materials, 3, 1573-1592 (2010). https://doi.org/10.3390/ma3031573

[35] L.A. Donohue, D.B. Lewis, W.D. Miinz, M.M. Stack, S.B. Lyon, H.-W. Wang, and D. Rafaja, “The influence of low
concentrations of chromium and yttrium on the oxidation behaviour, residual stress and corrosion performance of TiAIN hard
coatings on steel substrates,” Vacuum, 55, 109-114 (1999). https://doi.org/10.1016/S0042-207X(99)00135-9

[36] H. Tawancy, N. Abbas, and A. Bennett, “Role of Y during high temperature oxidation of an M-Cr-Al-Y coating on an Ni-base
superalloy,” Surf. Coat. Technol. 68—69, 10—16 (1994). https://doi.org/10.1016/0257-8972(94)90130-9

[37] S. Wang, Y. Kong, L. Chen, and Y. Du, “Adsorption behavior of oxygen on Ti0.5A10.5N (001) surface with X-doped (X = La,
Ce, Y, Hf, Zr, Ta, Cr, Si): A first-principles study,” Applied Surface Science, 639, 158245 (2023).
https://doi.org/10.1016/j.apsusc.2023.158245

[38] R. Hollerweger, H. Riedl, M. Arndt, S. Kolozsvari, S. Primig, and P.H. Mayrhofer, “Guidelines for increasing the oxidation
resistance of Ti-Al-N based coatings,” Thin Solid Films, 688, 137290 (2019). https://doi.org/10.1016/j.ts£.2019.05.009

[39] T.C. Rojas, S. Dominguez-Meister, M. Brizuela, and J.C. Sanchez-Lopez, “Influence of Al and Y content on the oxidation
resistance of CrAIYN protective coatings for high temperature applications: New insights about the Y role,” Journal of Alloys
and Compounds, 773, 1172-1181 (2019). https://doi.org/10.1016/j.jallcom.2018.09.28

[40] L.E. He, J. Shirahata, T. Nakayama, T. Suzuki, H. Suematsu, 1. Thara, Y.W. Bao, et al., “Mechanical properties of Y2Ti207,”
Scripta Materialia, 64(6), 548-551 (2011). https://doi.org/10.1016/j.scriptamat.2010.11.042

[41] Z.B. Qi, Z.T. Wu, and Z.C. Wang, “Improved hardness and oxidation resistance for CrAIN hard coatings with Y addition by
magnetron co-sputtering,” Surf. Coat. Technol. 259, 146-151 (2014). https://doi.org/10.1016/j.surfcoat.2014.02.034

[42] K. Zhang, J. Deng, X. Guo, L. Sun, and S. Lei, “Study on the adhesion and tribological behavior of PVD TiAIN coatings with a
multi-scale  textured substrate  surface,” Int. J. Refract. Met. Hard Mater. 72, 292-305 (2018).
https://doi.org/10.1016/j.ijrmhm.2018.01.003

[43] P.Eh. Hovsepian, D.B. Lewis, Q. Luo, W.-D. Miinz, P.H. Mayrhofer, C. Mitterer, Z. Zhou, and W.M. Rainforth, “TiAIN based
nanoscale multilayer coatings designed to adapt their tribological properties at elevated temperatures,” Thin Solid Films, 485,
160 (2005). https://doi.org/10.1016/.ts£.2005.03.048

[44] S. PalDey, and S.C. Deevi, “Single layer and multilayer wear resistant coatings of (Ti,Al)N: a review,” Mater. Sci. Eng. A,
342(1-2), 58-79 (2003). https://doi.org/10.1016/S0921-5093(02)00259-9

[45] A. Raveh, I. Zukerman, R. Shneck, R. Avni, and 1. Fried, “Thermal stability of nanostructured superhard coatings: A review,”
Surf. Coat. Technol. 201(13), 6136-6142 (2007). https://doi.org/10.1016/j.surfcoat.2006.08.131

[46] L. Zhu, Y. Zhang, W. Ni, and Y. Liu, “The effect of yttrium on cathodic arc evaporated Tio4sAlo.ssN coating,” Surface and
Coatings Technology, 214, 53-58 (2013). http://dx.doi.org/10.1016/j.surfcoat.2012.10.074

[47] A. Hemmati, M. Abdoos, and S.C. Veldhuis, “Developing Ti-Al-Ta-N based coatings: Thermal stability, oxidation resistance,
machining performance and adaptive behavior under extreme tribological conditions,” Materials Today Communications, 31,
103373 (2022). https://doi.org/10.1016/j.mtcomm.2022.103373

[48] C. Leyens, M. Peters, P.Eh. Hovsepian, D.B. Lewis, Q. Luo, and W.-D. Miinz, “Novel coating systems produced by the
combined cathodic arc/unbalanced magnetron sputtering for environmental protection of titanium alloys,” Surf. Coat. Technol.
155, 103—111 (2002). https://doi.org/10.1016/S0257-8972(02)00063-4

[49] M.IL. Lembke, D.B. Lewis, W.-D. Miinz, and J.M. Titchmarsh, “Significance of Y and Cr in TiAIN Hard Coatings for Dry High
Speed Cutting,” Surf. Eng. 17, 153-158 (2001). https://doi.org/10.1179/026708401101517656

HACJIJIKHA MPUCYTHOCTI Y SIK PEAKIITHO3JATHOI'O EJIEMEHTA B KATOJIHO-IYTOBOMY
3AXNCHOMY HNOKPUTTI TiAIN JJIAA TPUBOJIOTTYHUX 3ACTOCYBAHD
Oubra Makcaxosa®?, Bauecias Bepecnes?, Cepriii JlntoBuenko?, Mapis Yamnosuuosa®, Jlro6omup Yanaosuu®,
Maprin Kycu®, Ipina Jlomeuxuna®
“Xapxiecvruil Hayionanvuuil yHisepcumem imeni B.H. Kapasina, Xapxie, m. Céoboou, 4, 61022, Ykpaina
bIuemumym mamepianosuasecmea, Cnosayvkuii mexnonoziunuii ynisepcumem y bpamucnasi,
25, eyn. Ana bommy, 917 24, Tpnasa, Cnosauuuna

“Xapxiscokuil HaYioHATbHUL A8MOMOOITLHO-00POJICHI yHieepcumem, gya. . Myopozo, 61200, m. Xapxis, Vkpaina
[IpuBeneHo pe3ynbTaTé JOCHIDKEHb BIUIMBY Y SIK PeakliHHO3JaTHOrO eleMeHTa Ha BiacTBOCTi MOKpHUTTIB TiAIN orpumaHux
METOJIOM BaKyyMHO-IyrOBOI'O OCQJUKEHHs. 3MiHHM B CTPYKTYpi Ta BJIACTHBOCTAX OyiM ImpoaHaii3oBaHi 3a jponomoron SEM y
noennanni 3 EDX, XRD, ananizoM BaBjeHHs Ta aHali3oM 3Hocy. [lokazaHo mpucyTHOCTI Y 3MiHIO€ KPHCTaNIYHy (a3y HOKPUTTS
Tio6Alo34Y0,06N. Bin ckinanaerbest 3 komOinanii ky6iunoi crpykrypu tunmy NaCl (6a3oBa da3sa) i cTpykTypH BIOPLHTY (ZOIATKOBA
¢aza). KpiM Toro, 1ie mpu3BOIUTh A0 ApiOGHOTO po3Mipy 3epHa (12 HM) i HAHO-CTOBITYACTOI CTPYKTYpH. BHCOKa TBEpIiCTh YaCTKOBO €
Ppe3yAbTaTOM TBEPAIHHS PO3YHHY Yepe3 BKIIOUCHHS Oumbmmx aTromiB Y y pemritky TiAIN y MicIsx po3ramryBaHHS aTOMiB METAIy.
3MeHIIeHnH po3Mip 3epHa 12 HM TakoX CIpPHSE MiJBHUINEHHIO TBEPAOCTI IMOKPHUTTA. TBepnicte craHoBuTh 31+2.5 I'Tla, Momyms
npyxHocTi 394,8435,8 T'Tla. 3amumkoBe HampykeHHS HpHOMM3HO B TpH pasu (—3352+64 MIla) nepesuntye mokpurts TiAIN
(=720 MIla). Kpim TOro, BUCOKHii piBeHb CTHCKAIOYOT HANPYTH CIPHSE MiJABUIIICHHIO TBEPAOCTI, OCKIIBLKU Ne()EKTH, BiAMOBITAIbHI
3a BJIACHY CTHCKAIO4y HAmlpyry, € IepelIKoJOI0 Julsl pyXy auciokarii. IlokpamieHy TBEepIiCTh €KCIIEPUMEHTAIBHOTO HOKPUTTS
MOJKHA TOSCHUTH TOTPifiHMM edeKToM: 3MIl[HEHHS PO3UMHY, NOAPIOHCHHS 3€pHA Ta BHUCOKE 3AJIMIIKOBE HAMpPYXKEHHS CTHCKY.
Honasanusa Y CBiIYMTB IIPO CIOBUIBHEHE 3POCTAHHS OKCHIHOTO LIapy Ha MOBEPXHI MOKPUTTS MiJl Yac BUNpoOyBaHH: Ha 3Hoc. [Ticis
monaBaHHS Y ioHH Y TEpEBaKHO BiJOKPEMITIOIOTHCS Ha TPAHMIX 3€PEH, 1 TOMY €(QEKTHBHO 3aTPUMYIOTh ANUQY3iI0 KHCHIO
Bcepenuny. Jlonasanua Y cnpusic yTBopeHHIO miiabHOro AlOs, sxuit € edekTuBHMM y cTpuMyBaHHI qudysii i, oTXKe, 3axuIuae
TIOKPHTTS BiJl OKHCHOTO 3HOIITYBaHHS.
KurouoBi ci1oBa: saxyymno-oyzose ocaddicents, nOKpummsi; I0pyumua pasa,; meepoicmo,; 3HOC, KPUMUYHI HABAHMAICEHHS
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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 Csy 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 Schrodinger 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 Schrodinger
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 C,, symmetry point group. This symmetry classification is further detailed by its symmetry
species: A (symmetric stretch), A; (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 PCls's symmetry, the C,, point group, is underscored by a singular Cs axis of symmetry complemented
by three vertical planes of symmetry (cy). The Cs 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 o
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 PCls with its distinct non-linear shape but also intricately
influences its vibrational modes, setting it apart from molecules with linear geometries.

XP 1l X

Figure 1. Structure of PCl;

3. THE HAMILTONIAN APPROACH OF PCL:

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
PCls. 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 PCls.

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

HP_Cl = EO + Z?’:EAL' Ci + 2?53 Aij Cij + Z:l:]g AU MU (l)

In this formula, E,, represents the zero-point energy, establishing the foundational energy level for vibrational states.
The coefficients 4;, A;j, and A;; 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;j and A;;
employs molecular spectroscopic data, utilizing a least-squares fitting method for heightened accuracy.
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For calculating algebraic operators relevant to P-CI bonds, the expressions are:
(€)= —4(Nv; —v}), (2)
(N,v;; N, v]-|Cl-j|N, v; N, v;) = 4(vi + vj)(vi + v — ZN), 3)
(N,vi;N,vj|Mij|N,vi;N, v;) = v;N + v;N — 2v,v;
(N,v; + 1;N,v; — 1|M;j|N,v;; N, vj) = —[v;(v; + (N — v))(N —v; + 1]¥/2 ¢, “4)
(N,vi —1;N,v; + 1|Mi]-|N, vi; N,vp) = —[vi(v; + DN — v)(N —v; + 1]*/2

with calculations rooted in the vibrational quantum numbers v; and v; identify the vibrational states for bonds i and j,
We

respectively, and the vibron number, N = — 1, derived from spectroscopic constants, w, and w,x, specific to the

WeXe
P-CI bond [11,12]. Initial estimates for A; stem from the energy of the fundamental mode of a single oscillator,
E(v=1)=—44;(N—-1) and 4;; = lE’;NEj l is calculated from the energy differences between vibrational modes,

further refining the model's accuracy in depicting the vibrational landscape of PCls.

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 PCls. 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™)
Experimental [13] Calculated
v1 (symmetric stretching, A1) 504 502.76
va (deg stretching, E) 482 481.04
2vi - 937
2va - 912
3vi - 1465
3v2 - 1378
4vi - 1868
4va - 1806
5vi - 2354
5va - 2201
Vitva - 984
vi+2va - 1414
vi+3v2 - 1967
vit4v - 2308
vitSva 2856
vot2vi - 1418
va+3vi - 1946
vo+dvy - 2349
vat5vi 2835

Fitted Parameters: N = 246, A; =-0.96, Ai; = -1.16, Aij= 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 Cs, symmetry point group considerations, has enabled us to precisely predict the P-CI 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
PCls, thus offering insights that are crucial for developing more sophisticated computational models.

Moreover, the structural analysis of PCls, grounded in its trigonal pyramidal geometry and C;, 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 PCls. 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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BU3HAYEHHSA YACTOT KOJIUBAHb TPUXJIOPUAY ®OCPOPY 3 BUKOPUCTAHHAM
BIBPALIITHOI'O TAMIIBTOHIAHY
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Y upoMy DOCIiIKEHH] PEICTaBICHO MiIXi/I 10 TOYHOTO BH3HAYEHHS KOJIMBAIBHUX YacTOT pO3TATYBaHH: 3B 13Ky P-Cl y Tpuximopui
¢dochopy (PCls) 3 BukopuctanHsaM BiOpaniifHOro TaMiIbTOHOBOTO MiAXOAY, SIKMH HMiATPUMYE TOUYKOBY Ipyiy cuMmerpii Csv. Hama
METOJIOJIOTISI TO3BOJISIE TOYHO Iepef0aunTH BiOpaIliifHi 9acTOTH 10 I'aToro odeproHa. Bona imeHTHdikye moB’s3aHi KoMOiHOBaHI
CMYTH, 3HAMCHYIOYH 3HAYHUI Mporpec y BiOpaliliHiil CIEKTPOCKOMil Ta MOJEKYJIIPHOMY MOACoBaHHI. [liIBHIyOYH TOYHICTH i
MUMOMHY HAloro po3yMiHHS MOJIEKYJSIDHMX KOJHMBaHb, 1€ JOCTI/DKEHHS IPOKJIagae NUIIX OO0 PO3POOKH —CKIAJHIIIMX
00YUCITIOBANIEHUX MOJENeH, THM CaMHUM 3HA4HO MiJABUIIYIOYM TOYHICTh XIMIYHHMX aHaI3iB 1 BHOCSYM BHECOK y IIHMpILIY 00JIacTh
XiMi4HOT (i3uKH.
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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 (C4Ds). The application of this framework ensures the preservation of the point symmetry group
Dad, characterized by the symmetry species Ai, Az, B, Bz, 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-dS.

Keywords: Hamiltonian operator, Lie algebraic framework; Vibrational Spectra; Morse oscillator; Cyclobutane-d§
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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 D, with the symmetry species Ai, A, Bi, By, 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]:

HE™P = B + SPSP AL G+ TIER AL Gy + i (Kl + kY + K + k) 2iMy; )
HEC = Ey" + XI5 AY €+ XI5 A Cy + X5 + 1) A My, )

with symmetry adapted neighbor couplings coefficients as

Kl = {1. i,)) = (1,2),(2,3),(3,4), (4,5),(5,6),(6,7),(7,8),(1,8)
Y 0, otherwise

K2 = {1, @) = (1,3),(24),(3,5), (4,6),(5,7),(6,8),(1,7),(2,8)
Y 0, otherwise

P {1. @@, = (1,4),(2,5),(3,6),(4,7),(5,8),(1,6),(2,7),(3,8)
Y 0, otherwise

k4- — {1; (l’]) = (1l5)l (216)1 (3,6), (3r7)’ (4I8)
Y 0, otherwise

ll — {1: (llj) = (112)r (213)1 (3!4)! (1!4)
Y 0, otherwise

H 0, otherwise

In this context, A;,4;;,4;; 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;) = —4(Nw; — vf) 3)
(N,:,Ui; IV]', vj|Cij|Ni’ %N 1\]]',17]') = 4(U,: + Uj)(vi + Vj - Ni - IV]) (4)
(Ni' vi;lvj'vj|Mij|Ni'vi; 1Vj,17j> = 171'1\[]' + VjNi - 2171:17]'
<Nit Vi + 1;1\’]',1]]' - 1|MU|N1' Ui;IV]',‘Vj) = —[vj(vi + 1)(Nl - 'Ul')(IVj - ‘l]j + 1]1/2 (5)
<Nl"vi - 1,1\]],17] + 1|Ml]|Nl' Ui;IVj,V]') = —[Vl'(Vj + 1)(1\[] - U])(Nl —V; + 1]1/2

The following relationship provides the dimensionless vibronic number ¥, 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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We _
N = Tore 1. 6)

Here, w, and w, ), 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)=—44;(N - 1). @)
Similarly, the initial approximations for A;; are determined through the following relations:
o _ |Es=Eas| i _ |Es'-Eds
Aij == Ay = ®

Here, E and E/,; represent the symmetric and asymmetric energies for the C-D stretching vibrations, while E§" and E[
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 4;; 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

N'(C-D stretching), N''(C-C stretching) 60, 136

A;'(C-D stretching), A;"'(C-C stretching) -9.2076, -1.2807
Ayj' (C-D stretching), A;"' (C-C stretching) 1.0112, 0.1542
Aij'(C-D stretching), A;;"' (C-C stretching) 0.3277, 0.8848
N (bending) 36

Ai (bending) -6.4142

Ajj (bending) 0.4952

Aij (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 C4Ds (cyclobutane-d8) in wave numbers (cm™), 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, Az, Bi, By, 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 vi7 (CD; a-str), vis5 (CD> a-str) and v, (CD; a-str) indicate higher frequencies, indicating strong
molecular vibrations. Including combination bands, such as v4 + vi7 and vis + vy, 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 C4Ds (cm™")

Vibrational mode Symmetry species 11 overtone I1I overtone
v1 (CDz s-str) Al 5835 8087
v2 (CD:z scis) Al 2967 4132
v3 (CDz scis) Al 2188 3304
v4 (CD2 a-str) Al 6014 8328
vs (CDz rock) Al 1532 2360
vs (ring puck) Al 420 512
v7 (CD2 wag) Az 2791 3625
vs (CD2 twist) Az 2497 3230
vo (CD2 wag) B1 2910 4121
vio (Ring deform) Bi1 1865 2647
v11 (CDz twist) B 2205 3346
v12 (CDz s-str) B2 5879 8223
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Vibrational mode Symmetry species I1 overtone I1I overtone
v13 (CDz scis) B2 2724 3867
vi4 (Ring deform) B2 2597 3529
v15 (CDy a-str) B2 6315 8614
vi6 (CD2 rock) B2 1215 1786
v17 (CD; a-str) E 6533 8540
vis (CDz twist) E 2671 3644
v19 (CDz rock) E 1415 2120
v20 (CD2 s-str) E 5845 8106
va1 (CDz scis) E 3063 4184
v22 (CD2 wag) E 2750 3798
v23(Ring deform) E 1789 2513
Vit vi2 11716 16312
Vit V20 11682 16195
vizt vao 11726 16331
V4t Vis 12331 16744
vat vi7 12549 16870
vist vi7 12850 17156

4. CONCLUSION

The second and third overtone vibrational frequencies and combination bands in cyclobutane-d§8 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 D»q 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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JOCJIKEHHS BUIIUX OBEPTOHIB KOJIMBAJIBHUX YACTOT HUKJIIOBYTAHY-D8
3 BUKOPUCTAHHSM AJITEBPU JII
A. I'ananari Pao?, K. Jlaanba®®, Jlx. Bixxkaiiscexap®
4/lenapmamenm ghynoamenmanvrux ma cymanimapnux nayx, Texnonoziunuil incmumym GMR, Paoocam, Inois
b Darynomem mamemamuxu scinouozo xonedaucy Ce. @panyucka, bezymnem, Iaiidapabad, Inodis
¢ llenapmamenm mamemamuxu, GITAM (ssascacmuvca ynigepcumemon), Xavioapabao, Inois

VY 1poMy DOCIITHHAIIEKOMY JOCIIKEHHI BUKOPUCTOBY€EThCS anredpaiuna cTpykrypa JIi Iuist ToCiikeHHsI 9acTOT KOJIUBAaHb APYToro
Ta TPETHOT0 0OEPTOHIB Ta IXHIX KOMOIHOBaHUX cMyYT y IuKI00yTani-d8 (C4Ds). 3acTocyBaHHS LFOTO KapKacy 3a0e3reuye 30epeKeHHS
TOYKOBOI IPyIH cUMETPii Da2d, 1110 XapaKTepU3yEThCs BUAaMU cCUMETpil A1, A2, B1, B2Ta E. AHani3 oxoruttoe 23 HOpMalibHI KOJTHBaJIbHI
MOJI B MOJICKYJISIpHi# CTpykTypi 1ukioOytany-d8. Hame mocmimkeHHsS MIMPOKO AOCIIMIKYE BiOpaiiiiHi CHEKTPH, 3’SICOBYIOUYH
CKJIQIHY B3a€EMO/II0 MiXK IIMMH BiOpauitHuMK MoJaMu. 30epe)KeHHsI MOJICKYIIIPHOT CUMETPii 103BOJIsIE TIHOLIIE 3p03yMiTH BiOpaliiiHi
B3a€MO/Ii1, IPONOHYIOYH HiHHY iH(GOPMALi0 PO CIEKTPOCKOMito. J{oCiHKeHHs MOKPAILy€e PO3yMiHHs MOJICKYJSIPHOT CTPYKTYPH Ta
11 3aCTOCYBaHHS B Pi3HUX 00JIACTSIX, 3a0€3MEeUyI0UX JeTANbHE YSBICHH PO BHILI €HEPreTHYHI PiBHI Ta CKJIJHI KOJIMBAIBHI IEPEXOAH
B muKiIo0yTani-ds.

Kurouosi cnoBa: onepamop I'aminomona; aneebpa Jli; korusanvui cnexmpu; ocyunsmop Mop3ze; yuxrobyman-d§
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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™' were recorded on spectrophotometers
"NIKOLET Magna-560 IR" and "Specord—75 IR" (Karl Zeiss, GDR). X-ray diffraction analysis of IPC 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 <26 <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.+¢

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, » and ¢) [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, » and ¢).

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

Figure 1. Schematic representation of the ; ) - - :
structure of S-IPC (a) and N-IPC (b, ¢) withan ~ especially important for solving problems of possible practical

excess of polycation (b) and polyanion (c) 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:

CHHOH CHIOCHCOO Ha®
H H
. H - H
(s} OH H OH H
H H
H OH H oH

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 5.25x107 to 5x107 [1,2]. Na-CMC is a white or slightly yellowish powdery or
fibrous odorless product with a bulk weight of 400-800 kg/m?, density of 1.59 g/cm?. 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/m?, 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/m®. 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
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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™! 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 KBr, 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 10%min, step width is 0.02°, scanning axes are 6/20, scanning range is 5-40°, X-ray wavelength A=1.5418 nm,
using characteristic Cu-Ka radiation in the region angles 0 <26 <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™' 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 KBr, 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!, 1720 cm™!, 1455 cm’!, 1415 cm™!, 1250 cm™, 1175 cm!, 800 cm™ (Fig. 2). The most active, intense
bands are 1720 cm’!, which belong to the carboxyl groups of carbopol.
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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™"), COO—(1590-1620cm’!, 1410cm™) and COOH (1700 cm™)
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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).

Macromeolecules PC
Macromolecules carbopol }' .
Na-CMC \ \ ,/\/\1;
y N
\\’:\:(,\I\;j
- 3 P A, o Ay P
- ‘: o g A
L ! Petme %
(e 5
(YW r
=
2% Na-CMC \ : § Hydrogen bonds between
2% Carhopol i o Na-CMC and carbopol
{

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 22-24°C. 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).

pH value

Viscosity, Pa s

T T T T T T T T T
60:40 40:60 20:80 KP

The ratio of Na-CMC - KP components

T T
Na-KMS 80:20

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 ApH = 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.
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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].

a Figure 5 shows the diffractograms of Na-CMC (a),

20000 L carbopol (b) and the interpolymer complex with an

15 000 o equimolar component ratio (c¢), from which it can be

Yomon ¥ AY seen that all the studied systems belong to amorphous

- o g N crystalline polymers. The diffractogram revealed an
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= j \ | polymer.
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i ‘ ) constituent components of the IPC. The diffractogram
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“ composition clearly shows a change in the intensity

200 ! ' ‘ of reflexes 101 and 002 and a new band is formed in

. | . the region 206=38° (Fig.5, c). This fact can be explained

e ,;L; — by the interaction of Na-CMC with carbopol and it is

oo ’ " aa,e ’ 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.

Figure 5. X-ray diffractograms of Na-CMC — (a), carbopol — (b)
and IPC at a molar ratio of Na-CMC : Carbopol 1:1 - (c)

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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BYJIOBA TA BJACTUBOCTI IHTEPIIOJIIMEPHUX KOMIIVIEKCIB HA OCHOBI ITIOJICAXAPUY
KAPBOKCUMETHUJIIEJIIOJIO3U HATPIIO TA KAPBOITIOJTY
Cabitsu S1. Inaramos?, AGpop Emimaros®, ®epysa A. Ilynarosa?, Fadyp 1. Myxamenos®
“Tawkenmcvxuil papmayesmuynuii incmumym, Y3bexucman, 100015, m. Tawxenm, Mipabaocekuii pation, eya. Aiibexa, 45
bYupuurcekuii Oeporcasnuii nedazoziunuti ynisepcumem, m. Yupuux, Pecnybnixa Y3bexucman

VY po6oTi KOCHIPKEHO CTPYKTYPY Ta BIAacTUBOCTI iHTeprioniMepHux komiuiekcis (IITK) Ha ocHOBI HaTpifKkapOOKCHMETHIILICIIONO3H 3
nmiHIRHAM KapOorosiom. [HTeprmoiiMepHi KOMIUIEKCH OTPHMYBAJM 3MillyBaHHsAM BogHuX po3unHiB Na-KMI] i kommoHeHTiB
KapOoIoJly B Pi3HHUX CIIBBiIHOIICHHSIX KOMIOHEeHTIB i pH cepenoBuina. CTpyKTypy OTPUMaHHUX MPOJYKTIB BU3HAYAIH METOAAMHU
IY-cniexTpockomii Ta peHTreHOCTPYKTYpHOTO aHamizy. [Y-ciektpu B miama3oni 400-4000 cm-1 3ammcyBanm Ha CIEKTPOPOTOMETpax
«NIKOLET Magna-560 IR» Ta «Specord—75 IR» (Karl Zeiss, H/IP). Pentrenoctpykrypuuii anamiz miiBok IIIC mpoBogmim Ha
ycranoBni Rigaku X-Ray 3 remeparopoM peHIT€HIBCHKOIO BHIIPOMIHIOBAHHS 3 OOEPTOBHM MigHHMM aHOmoM, Hampyroo 40 kB,
cuwioo cTpyMy 15 MA Ta xapakrepucrukoro Cu-Ka. BumpominioBanHs B obnacti kyTiB 0 <20 <40. [Jlani IY-cmexrpockormil
NOKa3yloTh, WI0 OTPMMaHi B IIOMIPHO KHCIHX OOJacTsIX iHTeproiiMepHi KkoMmuiekcn Ha ocHoBi Na-KMII i kapGomoiy
CTalITi3yIOTECS 32 PaxyHOK KOOIIEPaTHMBHOTO BOJHEBOTO 3B’SI3Ky Mik KapOokcwibHuMH Tpymamu Na-KMI[ i xapOoHiTBHUMM
rpynaMu kapoormoiy. PEeHTreHOCTpyKTYpHHUI aHai3 10Ka3aB, 0 3MiHa CKJIaly iHTepPIIOIiMEPHOr0 KOMIUIEKCY IIPU3BOAUTD A0 3MiHH
CTPYKTYDH, SIKa 3aJIeXKHUTb BiJl CTPYKTYpH Ta IPUPOAN MDKJIAHIIIOTOBUX 3B’S3KiB. BCcTaHOBIIEHO, 1110 301IbIICHHS YHUCIA BOJHEBHX
3B'SI3KIB MPHU3BOAUTH A0 OUIBII YIOPSAKOBAHOTO CTaHY OTPHMMAHOTO IHTEPIONIMEPHOTO KOMIUICKCY. BUSBIEHO, IO YTBOPEHHS
IHTEPIIOIIMEPHOTO KOMIUIEKCY 32 paXyHOK BOJHEBHX 3B’S3KiB 3a0e3ledye NOAaTKOBY CTaOUTBHICTB. Lle Moke CIy:KUTH OIHHM i3
3ac00iB KOHTPOITIO CTPYKTypH 1 BnactuBocteil MITK HaTpilikapOOKCHMETHIILEIIONO03HU 3 KapOOIIoIoM.

KurouoBi ciioBa: wampiii KapOoKcumemunyenonosa,; kapoononu, NOIKOMILEKC, IHMEPnoNiMepHULl KOMNIEKC, NIIBKU; CMpYKmMypa,
enacmusocmi; 19-cnekmpockonis, penmeeHocmpyKmypHuLl ananis, 600HEGULl 38'130K



422

East EUROPEAN JOURNAL OF PHYSICS. 2. 422-430 (2024)
DOI:10.26565/2312-4334-2024-2-55 ISSN 2312-4334

RADIATION GRAFT COPOLYMERIZATION OF VINYL FLUORIDE TO COTTON,
HYDROCELLULOSE FIBER AND FABRIC

Fozilbek Z. Jamoldinov***, ©® Rixsibek M. Yusupaliyev?, ®Ummatjon A. Asrorov®¥

“Tashkent state technical university, Tashkent 100095, Uzbekistan
bTashkent State Technical University named after Islam Karimov, 100000 Tashkent, Uzbekistan
“National University of Uzbekistan named after Mirzo Ulugbek, Tashkent, Uzbekistan
Tashkent State Pedagogical University named after Nizami, Tashkent, Uzbekistan
*Corresponding Author e-mail: jamoldinovfozilbek@gmail.com, *e-mail: ummat.asror@mail.ru
Received February 7, 2024; revised March 03, accepted March 13, 2024

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.+¢

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 L Cell°. + H - formation of a free macroradical.

Cell © + M — Cell - MP - 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:

Cell M)yt - M° +M — Cell - (M), + M°

CellM),.; - M® + R — Cell(M), + R

CellM)y.2 - MO + M© — Cell(M),

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 aresult 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 Co® y-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, (CH> = CHF) [7].
Sentiz vinyl fluoride was carried out by us by catalytic hydrofluorination of fine acetylene in the reaction:
CH = CH+HFM= 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:

A:M.loo
1

where Ay is the weight of the initial polymer, 4; is the weight of the graft copolymer [6-7].
The fluorine content in percent was calculated by the Equation:

000475 (v, — -
52 Q000475(v —2) 00 g.0475 )

g g
where v, - is the volume of 0.025 N thorium nitrate solution used for titration of the test sample, m/. v, - volume 0f 0.025 N

K

thorium nitrate solution used for titration in a blank experiment, m/. 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:

rAh
1000

where r is the sensitivity of the springs, mg/mm, Ah-difference of cathetometer readings before and after pumping
out, mm, g4, - 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];

Ean = 8m. (1

K=—"100, )
gd)y

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 7=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 Eqgs. [11-13].

_r-Al
&
where P is weight loss; A/-difference of microscope readings; g;- weight of dry sample, g [12]

K

-100,

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 t/s

Irradiation The content of PVF in | Grafting rate, Irradiation PVF content in vaccination speed,
duration the copolymer, % %/hour duration, h copolymer, % %/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 44 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 16 114 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 itselfis 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 The content of PVF in the Grafting rate, %/hour
Mrad copolymer, %
In a vacuum
2 0.61 0.6 0.35
4 1.12 2.2 0.30
9 2.51 33 0.24
12 342 3.1 0.25
18 5.10 34 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 (BaSOs), 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.

Sorption,%
[ore]

0 10 20 30 40 50 60 70 80
P/Py-100%

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.

Density, g/cm? Specific volume
PVF Sorption, Calculated by Calculated:
o, o .
content, % % Found experimentally additivity 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).
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1 - initial CC, 2 - mercerized CC, 3 - included CC with isoamy] alcohol, and 4 - DMF

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

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

Degree of whiteness of tissue irradiation, % Graft copolymers
In.teg.ral dose of In the environment of PVF Degree of
radiation, mr ' & vacuum vapors of methyl alcohol content, % 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.
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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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4 Tawxenmewxuti depacashuii nedazoziunuii ynicepcumem imeni Hizami, Tawxenm, Y3bexucman

Marepianau Ha OCHOBI IEITIOJIO3H HE € Ne(IIUTOM i XapaKTePU3YIOThCS BiJIHOCHO HEBUCOKOK BapTICTIO. 3 iHIIOrO OOKY, IETIOI03HI
BOJIOKHA MAIOTh IIUPOKUH CIIEKTP LIHHUX (Pi3HKO-XIMIYHHX 1 MEXaHIYHHUX BIACTHBOCTEH, 110 POOUTH iX HE3aMIHHMMHU B psijii Tairy3eit
HapoAHOTro rocroaapcersa. HatypasbHi Ta IITy4Hi 1e/TI0103Hi BOJOKHA MOPS 3 LIIHHUMHU SKOCTSIMU MAIOTh 1 HEIOMIKH, 1110 0OMEXYIOTh
iX BUKOPHUCTaHHS B TeXHili Ta HapoaHoMmy rocmogapctBi. Lle HHM3bKa CTIHKICTB [0 [ii MiKpOOpraHi3MiB, BiJHOCHO HH3bKa
TEPMOCTIHKICTh, XIMiYHA CTIHKICTh, TOPIOYICTH TOMIO, IO 3MEHIIYE TEPMiH iX ciIyk0u Ta oOMexye chepy 3actocyBanHa. OgHUM i3
OUISXiB YCYHEHHS IUX HENOMIKIB € MoauQikamis NPUPOTHHUX 1 INTYYHHX BHUCOKOMOJCKYJISPHHUX CIONYK XIMIYHHMH 1 (i3uKo-
XIMiYHEMHU MeToAaMu. [1oiNIIIeHHS BIACTUBOCTEH IETFONIO3H Ta 11 HOXiTHUX MOXHA TOCATTH PI3HUMHU MeToAaMu Moaudikarii, cepen
SIKMX OJIHUM 13 HaHIEePCIIEKTUBHININX € paJialliifHO-XiMIYHE IICTUICHHS PI3HOMaHITHUX MOHOMepiB. OJHI€I0 3 TIepeBar MO0 METOLY
B HOPIBHSHHI 3 IHIIMMH € OTPUMaHHSI [I0JIOBUX CBITIB, HE 3a0pYyAHEHUX IOMIIIKaMH, IPUCYTHICTh SKUX MOXKE HETaTUBHO BIUIMHYTH
Ha 1X ()i3MKO-XiMiuHi BIacTHBOCTI. [HIIIOIO0 TepeBarolo € BiJHOCHA JIETKICTh YTBOPEHHS MaKpOPaIUKailiB, HEOOXITHUX IS iHIIIFOBAaHHS
mpolLiecy MpHIICIUICHOI KomoaiMepu3auii. Jocuts 6arato poOIT MPUCBSYEHO pazialliiHOMy HPHIICIUICHHIO PI3HUX MOHOMEPIB 10
LEJIFOJI03H Ta ii NOXIAHKX; B AaHMH Yac JesKi 3 HUX MOYMHAIOTh IIMPOKO BUKOPHUCTOBYBATHCS B HAPOJHOMY TOCIIONAPCTBI. Y CBITIi
BHIIEBUKIIAICHOTO MICTUICHHS (TOPOBMICHUX MOHOMEPIB, MOJIMEPH Ta KOMOJIMEPH SKUX MArOTh Taki Ay)Ke LiHHI Ta cnenugivHi
BIIACTHUBOCTI, SIK BUCOKA TEPMOCTIHKICTh, XIMiYHA CTIHKICTh, CBITIOCTIHKICTB, CTIMKICTE 10 THUTTS Ta TiApo(oOHICTH A0 EN0I03U Ta
11 TTIOX1HUX, IPEACTABIISAE BEIUKNI HAYKOBHUH 1 MpaKTHYIHUI iHTepec. Jlana poboTa mossrae B cuHTe3i rpadT-KomoniMepiB 6aBOBHIHOT
LIEJTIOJIO3N 3 BIHIIQTOPHIOM pajianiifHO-XIMIYHIM METOIOM 3 IapoBoi (a3u, JOCTI/PKEHH] BIUIUBY ITOTYXKHOCTI 03U ONPOMIHEHHH,
yacy peakuii, HassBHOCTI Ta HMPHPOAN PO3YMHHHUKIB Ha Iepedir IbOro Hporecy. i BUXOAY NPHUILEIUICHHX KOIOJIMEpiB, a TaKokK
JOCHI/DKCHHS TaKUX BAXJIMBUX (DI3UKO-XIMIYHHX BIACTUBOCTEH 1 EKCIUTyaTAallifHUX BJIACTHMBOCTEH BHXIJHHUX, OMPOMIHCHHX i
LICTUICHUX KOIOMIMEpiB, SIK COpOLiiiHa EMHICTD 1 IIIIBHICTD, TipodoOHICTh | HAOyXaHHs, CTYMiHb OLTN3HM, MEXaHIYHI BIACTUBOCTI,
TepMiyHi cTabiIbHICTh, XapaKTep 3MiHH HaIMOJICKYJSIPHOT CTPYKTYPH B pe3yJIbTaTi ICIUICHHs (TOPOBMICHHX MOTIMEpIB.

KurouoBi ciioBa: padiayiiine wennenms, MoHomep, menioga nOMy’CHICMb, MepMOCmabiibHicmb, 2i0pogobuicmb, cmynitb OLIU3HU;
CYNPAMOREKYAPHA CIMPYKIMYPA; (pmoposmicHi noaimepu
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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,
GA:ss 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].

Wi

NifAu

p-ZnTe (0.3um)

p-ZnTe(O) (~1pm)

n'-GaAs Substrate

Ti/Au

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 J,n generated by the absorption of incident photons and their transfer to the conduction band are
established [21-23]:

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

D =11 —Va/Vi)/W (2)

Gie@) = [ aic (EY)o(E)exp (~aro(E)x)dE 3
Gy () = [ ayy (EYo(EDexp (~aor (E)X)AE “

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

oc =a 1co f 5 oyt =ayio(1—f) ®)
arc (Ni) = aicof = GoptaNif ©)
av (Ni) = atvio (1-f )= GoptpNif Q)
To(Ni) = 1/C, Ni ®)

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.

lair = G 1:; + ZZ;:) (exp () - 1) ©)
Ir,CV = qh3czf E2(1 — exp(Wat,o)) exp( )dE X (exp (q “) -1) (10)
Lecr = lorci(e xpmi;f) 1) (11)
Where
lorcr = h3C2 f E2(1 —exp(Way,)) exp (1_(_5) dE (12)
Iy = 22 (exp (£2) - 1) (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.

1= Ip-(In+1pn18) (14
Pmax — FF'ICC'VCO

n= = (15)

FF = Pmax (16)

VCO'ICC
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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].

@ Yes

No l
m Selective Result I
reproduction

Evaluate all
individuals

Generate a random
initial population

Better
individuals

Crossover
Cycle of l
generation

Mutation

Figure 2. General Principle of Genetic Algorithms

In our case, each chromosome contains a parameter which are Na = Np, aico = avis, W and Twt. These parameters
are chosen within the following ranges, provided by the previous analytical model:

aico: from 100 to 10* cm™
avio: from 100 to 10* cm™
Na: from 10 to 10*' cm?
Np: from 10" to 10?' cm?
W: from 100 nm to 10 pm
Toot: from 1 to 100 ps

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
aico (cm-1) / 9.65x103
avio(cm-1) / 9.65x10°
Na (cm?) 1019 1.72x10%0
Nb (cm?) 2x10!8 1.72x10%°
Tiot[US] / 9.72
Rs (Q.cm?) 300 300
Rsh(Q.cm?) 3x103 3x103
W(um) 1 1.5
Voc (V) 0.38 0.9715
Jee (mA/cm?) 3.6 3.234
FF(%) 31 25
1n(%) 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 ¢V to 0.6 ¢V 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.
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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, V., and the energy level
Ei of the intermediate band IB. Although V,. increases with increasing energy level Ei, this increase occurs with small
values compared to Jsc [21].
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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 Ip as well as the width of the space
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charge region on the n-side (xn), while the electron diffusion length In and the width of the space charge region on the p-
side remain essentially unchanged. This reduction in Ip 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.
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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.
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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 1Q-cm? and Rsh exceeds 1kQ-cm?.

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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HIABUINEHHS EOGEKTUBHOCTI HEPETBOPEHHS COHAYHUX EJEMEHTIB IIJISIXOM EBOJIIOLIAHOI
ONTHUMI3AIII 3 BHKOPUCTAHHSM 'EHETUYHHAX AJITOPUTMIB
Bpaxim Jlakexan®, Aonensraui Jenayra®
aJlenapmamenm npomuciosoi besnexu, [ncmumym oxoponu 300pog’s ma 6esnexu, Yuisepcumem bamna 2, (Anocup)
bJlabopamopis edockonanenoi enexkmpouixu, Yuieepcumem Bamna 2, Anoicup

VY 1upOMy JOCIHIKEHHI MU MPOMOHYEMO HOBHI METO, 3aCHOBAHHUI Ha FeHETHYHHX alrOpUTMax, AJsS ONTHMIi3awil MpOayKTHBHOCTI
npomikaux consuHux enemeHtiB (IBSC). Ham minxixm chpsMmoBaHuii Ha MakcuMizaliio e(eKTHBHOCTI ()OTOCIEKTPUYHOTrO
MEPETBOPEHHS HIISIXOM PO3YMHOI ONTHMi3alii reoMeTpudHuX 1 (i3nyHuX mapaMeTpiB cTpykTypu IBSC, sika mMae OyTH 4acTKOBO
3armoBHEHA. Take 3amoBHEHHs 3a0e3nedye HasBHICTH SIK MOPOXKHIX CTaHIB y mpoMixHiil 30Hi (IB) mns mpuifomy enexTpoHiB i3
BasileHTHOI 30HK (VB), Tak i 3aII0BHEHUX CTaHIB JUIs HaJIaHHS eJIeKTPOHIB 30Hi npoigHocTi (CB). HemonasHo B qocimikeHHsx Oyiio
BUSIBJICHO BIUIMB 3amoBHEHOCTI IB Ha eQeKTHBHICTh KIITHHH Ta PO3PAaXOBAHO ONTHMaNbHY €(EKTHBHICTH Ui HpHCTpoiB IB.
AHaNiTHYHUI BUpa3 JJIs1 ONTHMAJIBHOTO 3alOBHEHHs [B BUKOPHCTOBYBaBCS I Pi3HUX CLIEHAPIiB, 10 BKIIOYAFOTh MII[HICTh 3B SI3KY
IB-CB i mmpuny ob6mactri IB. ¥V wmiii poOoTi MM JOCTI[KyBaJlM BIUIMB DIBHS €HEprii NMpPOMiXHOI 30HM, BIUIUB JIETYBaHHS Ha
e(eKTUBHICTh, CTPYM KOPOTKOIO 3aMHKaHHS, HAPYTy XOJIOCTOTO X0y, KOe(illi€HT 3allOBHEHHS, a TaKOX AJIs MePEeBIPKH HAIIOr0
MiIXOIy 100 Mapa3uTHUX e(EeKTiB, TAKUX SIK MOCIIIOBHICTb i LIYHT. OMip.

KurouoBi ciioBa: conauna bamapes,; conauni bamapei cepeonHb020 0ianas3ony, eHepeemuyHull pieeHsb cmyeu, NOCIIO08HUIL | WYHMOBUL
onip; KoepiyicHmu no2AuHaHHs
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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/cm?, FF value of 24 + 2%, and n 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.

Solar energy

Electrode
Reflect-proof film

N-type semiconductor

= ¥ b1
Load )

Electric
current

P-type semiconductor

gy o

Electrode

Solar cell

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
[71[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]:
(1). 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 TiO, [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].

(ii1). 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 (SnO;) instead of TiO; 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-CdCls-
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 MgOy 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
CuCrO; 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 CuCrO; 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.
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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(CH3COO0), 1.7M 98%
Tin chloride SnCl, 0.7M 98%
Thiourea CH4N,S 6.5M 99%
Zinc acetate Zn(CH3COO0),(H,0), 1.1M 99.9%
Triethanolamine N(CH,CH,OH); 1.2mL 98%
2-methoxyethanol C3HgO, 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]:

3.4.1Structural 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.

3.43  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
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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 (1), 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
(116) - S 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
20 25 30 35 a0 a5 so ss e  Cu2-xS phase fade. Increased intensity relative to angle is
20 (degree) indicative of increased concentration or existence of the

observed peaks related to CZTS.

Intensity [a.u.]

Cu:.xS

Figure 2. XRD patterns

42 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.
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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/cm?. The FF was established to be 24 + 2%. Lastly,
the m 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/cm?, FF of 24 + 2%, and 1 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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NIABUIIEHHA EOEKTUBHOCTI TA CTABIJIBHOCTI COHAYHUX EJTEMEHTIB TPETHOT'O IIOKOJITHHSA
IJISTXOM THTETPAIIIi KPEMHIIO P-TUITY: AHAJII3 IIPOIIECY TA OIITHKA ITPOAYKTABHOCTI
Canromt Kymap IlpiBacrasa, [IxkiTenapa Cinrx
Kageopa ¢hisuxu, Ilpi Jlan baxaoyp Llacmpi Koneoc I'onoa, Ymmap-Ilpaoews
Consuni Oatapei TpeTHOro MOKOIIHHS 3’ IBIJINCS SIK IIOTEHIIIIHE pilIeHHs npobiaeM e()eKTUBHOCTI Ta CTa0UIBHOCTI, SIKI BHHUKAIOTh Y
TPaAULIHHUX COHSYHUX TexXHouorisx. lle mociifkeHHs 30Cepe/PKEeHO Ha XapaKTepHCTHKAaX TOHKUX IUTIBOK MiJi-IIMHKY-OJIOBa-
cynbdiny (CZTS) y uill iHHOBaLiHHIA apXiTEKTypHIH CTPYKTYpI, sIKa € BXKIMBUM KPOKOM J0 BIOCKOHAJICHHSI COHSYHHUX €JICMEHTIB
TPETHOro MOKOJIHHS IUISIXOM BKJIIOUEHHS I1apy KpemHiro p-tumy. Lleit interpoBanuii MeTox 3abe3nedye yHiBepcajibHe Ta KEpOBaHe
HaJIAIUTYBAHHS JUIS OCAa[PKCHHS IUTIBOK, MiJKPECITIOOYH 3yCUILIA, IOKJIAJCH] I CTBOPEHHS BHCOKOSKICHUX TOHKMX miiBok CZTS.
BukopucroBytoun peHtreHiBebky audpakmiro (XRD), mocmimkeHHS OMIHMIO CTPYKTypHi 3MiHM mwiiBok CZTS micns Bimmamy,
BHSIBUBIICHO, IO KECTEPUTOBI (a3u OyiIH AOMIHYIOUUMH. 300pakeHHsI, OTPUMAaHi CKaHyIOUUM €JIEKTPOHHUM MikpockornoM (SEM),
JIEMOHCTPYIOTh MIKPOCTPYKTYpy Ta Mopdoiorito moBepxHi mokputnx CZTS kpemuieBux HanoapoTiB (Si-NW). [leranpHuii aHami3
BOJIT-aMIIEPHUX XapaKTEPUCTHK CBITUHUTH PO poOOUHH MOTeHIian coHstaHoi 6arapei 3 mokputTsiM Si-NWs-CZTS. 3nauni mapamerpu
MPOJYKTHBHOCTI, IO CIOCTEpIrajucs, BKIHOYarOTh 3HadeHHS Voc 0,45+0,02 B, snauenns Isc 8,254+0,30 MA/cM?, 3HauYeHHS
FF 24 +2 % 1 3nauenns n 1,04£0,1 %. Pesynbratn BKa3yroTh Ha MOXKJIMBICT BHUKOPHCTAHHS KPEMHIIO P-THITY JUISl ITiJBHINCHHS

NPOAYKTHBHOCTI COHSIYHHX €JIEMEHTIB TPETHOTO MTOKOJIHHSI.
Kumrouosi ciioBa: consuni 6amapei; CZTS; monka niieka; ¢pomosonomaira
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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 (ZrSz, electron transport materials) using the SCAPS -1D simulation. It has been found that Go/ZrS; solar cells
show better performance with high short circuit current, Jsc, of 38 mA/cm? and the power conversion efficiency, 0, of 17% compared
with other solar cells based on graphene oxide and perovskite materials. Additionally, the short circuit current density decreases from
38 mA/cm? to 22 mA/cm? when the energy gap of ZrS? increases from 1.2 eV to 17 €V. 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 ZrS> 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 (ZrS,) 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
ZrS, 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 CulnSe; 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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Figure 1. Schematic representation of

the solar cell structure
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Where ¢ is the dielectric constant, q is the electron charge, Na and Np are
ionized acceptors and donor density, ¥ is the electrostatic potential, Jp is current
density due to hole, Jn is current density due to electron, G, is the carrier
generation rate, R is the total recombination rate, p is free hole density, n is the
free electron density, pp, and p, 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 ZrS,. These parameters are power conversion efficiency (1), short
circuit current density (Js), 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 (ZrS;) and Graphene
oxide (Go) and front — contact (fluorine-doped tin dioxide, SnO,;Fn) and back-

contact (Gold, Au). Figure 1 shows schematic diagrams of SnO,; Fn/ZrS,/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 ZrS; and Go materials

Material properties Zirconium disulfide (ZrS2) Graphene Oxide (Go)

Thickness (um) 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/cm?) 2.2E+19 2.2E+21

VB effective density of states (1/cm?) 1.8E+19 1.8E+21

Electron mobility (cm?/Vs) 300 100

Hole mobility (cm?/Vs) 30 300

Shallow uniform donor density ND (1/cm?) 1.000E+19 0

Shallow uniform acceptor density ND (1/cm?) 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 SnO,:Fn/ZrS,/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/cm?, 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 ZrS, and Go were

1.2eVand 3.25¢V.
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Figure 2. J -V characteristics of SnO2:Fn/ZrS2/GO/ Au solar cells under illumination
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2.2. Effect of energy gap of SZr: layer on parameters of SnOz: Fn /ZrS2/Go/Au solar cells

Figure 3 show that the short circuit current density
(Jsc) and open circuit voltage (Vo) decreases from
38 mA/cm? to 22 mA/cm? and 5.5V to 54V as the
energy gap of SZr, change from 1.2eV to 1.7eV
receptively. The behavior of power conversion efficiency
(n) is similar to that of J, with a general decreasing from
17% to 9% when the energy gap of ZrS, 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, V.. (open-circuit voltage) decrease from
0.55 V t0 0.54 V while FF (fill factor) values of simulated
devices remain almost constant with the increase of
bandgap of the ZrS, layer.

50

40 -

30

20

10

¥
-
»
i

J(mA/enT)

OI.3
V(Volt)

0.1 0.2

-10

-20

-30

—40 -

Figure 3. J-V characteristics of SnO2:Fn/ZrS2/Go/Au solar cells
as function of energy gap of SZr: layer

2.3. Effect of operation temperature on parameters of SnO:z: Fn /ZrS:/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, | and FF) with change in temperature

Figure 4 shows the variation of open circuit voltage (V,.), short circuit current density (J), Fill factor (FF%), and
power conversion efficiency (n%) with changing temperature from 300k to 400k. As seen the parameters of
Sn0,:Fn/ZrS,/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 (J,). 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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inverse relationship between the reverse saturation current density (J,) and the open circuit voltage (Vo) in solar
cells [16,20]

V. :M{ln(l +£} @)
q J,

Where V. is the open circuit voltage, A is the ideal factor, q is the elementary charge, Kg 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 SnO,:Fn/ZrS,/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, (¢) m, and (d) FF

They are made of (nickel (Ni), ¢=5.03 eV, silver (Ag, 9=4.26 eV), copper (Cu, ¢p=4.53 eV), molybdenum (Mo,
¢=4.36 eV) and tungsten (W, ¢=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/ZrS, solar cells exhibit high performance compared to other solar cells based on graphene oxide and
perovskite materials. The Go/ZrS, solar cells achieve a high short circuit current (Jsc) of 38 mA/cm?, and a power
conversion efficiency (1) 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 ZrS,, 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 ZrS; layers such as charge carriers mobility and
interfacial layer properties.
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YUCJOBUI SCAPS AHAJI3 COHAYHUX EJJEMEHTIB HA OKCHUJII TPAGEHY/TUCYJIL®ITY IAPKOHIIO
Xmya Ans-JAmyp
Vuisepcumem Myma, paxynemem npupodnusux nayk, kageopa gizuxu, 61710, Hopdanis

L[t poboTa BMBYAE MPOAYKTUBHICTD COHSYHMX EJIEMEHTIB, 110 CKIIAJIAIOTHCS 3 IBOX PI3HUX MaTtepiaiiB, okcuay rpadeny (Go, matepian
JUIS TPAHCTIOPTYBAHHS TIPOK) 1 AUCYJIbGbiny UMPKOHIIO (ZrS2, MaTepiaiu AJ1s TPAHCIIOPTYBaHHS €IEKTPOHIB) 33 JOIMOMOTOI0 MOZICITIOBAHHS
SCAPS-1D. Byno BusBieHo, 1o constyni 6arapei Go/ ZrSz2 IeMOHCTPYIOTh Kpallly HPOIYKTHBHICTb i3 BUCOKMM CTPYMOM KOPOTKOTO
3amMuKanns Jsc 38 MA/cM? i e(heKTHBHICTIO IEPETBOPEHHS HOTYKHOCTI 1 17% HOPIBHAHO 3 iHIIMMM COHSYHMMU €IEMEHTAMH HA OCHOBI
okculy rpadeHy Ta IEpOBCKITHUX Marepiaii. KpiM TOro, IIiILHICTh CTPYMy KOPOTKOTO 3aMHKAHHs 3MEHIIYEThCS 3 38 MA/cM? 10
22 MA/cM?, Konu eHepreTudHuii 3a30p ZrSy 30inburyersest 3 1,2 eB o 17 eB. IMigsuuienns po6odoi Temreparypu a po6ouoi GpyHKiii
3BOPOTHOTO KOHTAKTY TaKOX IIPU3BEJIO 10 3HIDKCHHS HATIPYTH XOJIOCTOIO X0y Ta €()eKTUBHOCTI NEPETBOPEHHS MOTYXKHOCTI €JIEMEHTIB,
y TOM Yac SIK IUIBHICTh CTPYMY KOPOTKOT'O 3aMHMKaHHSI Ie1o 301uibmmiacs. Lle MosICHIOEThCsl 3MIHOIO €IeKTPUYHUX BIACTHBOCTEH HIapiB
Go i ZrS», BKIIIOYAI0UH iX PyXJIMBICTH HOCIIB 3apsily Ta XapaKTepPUCTHKU MK(a3HUX MIapiB.

Kuarouosi cinoBa: mooeniosannss SCAPS-1D; cousiuni enemenmu; po6oma euxody, migcghasmi wapu,; poboia memnepamypa
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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.
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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 y . Let the dipole

with distributed internal linear impedance z, of the 2L length and the r(s) variable radius, located in free space, be
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excited by the electrical field E, (s) of the impressed sources (tangential component). The monochromatic fields and
currents depend on time ¢ as ¢ (w=2mnf is the circular frequency, f is the frequency, measured in Hz). At this the
dipole stays electrically thin (kr(s) <<1, r(s) <<2L, k=2m/\A, A 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]:

d’ ¢ R ds’ = — i 3
[d_Jrkj'[J( 7 R(s s) ~ cosy J@ W

Here R(s,s’)=+/(s—s") +7’(s), w=(y,+y,)/2. Note that at 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

R(s,5") = R(s5,5") = (s ="V + 77 .

AZ
L P(p,6,0)
Y
0 >
e
X
'55 j
"
_L Vs

Figure 1. The dipole geometry and accepted designations

The excitation fields of extraneous sources E,, can be divided into symmetric and antisymmetric components
[IP%2]

relative to the dipole geometrical center. These components marked by the indices “s” and “a” are presented as
E, (s)=E; (s)+ E; (s) . Quite naturally, the dipole currents can also have also two components J(s)=J"(s)+J(s).

The initial equation (1) relative the dipole current obtained by using the boundary conditions J*“(£L)=0 has the
following form

[;s_+k jf )47 (N o " =~ {2 (5)4 B2, 501+ 0 ()4 70, @
R(s,s") cosy cosy

where E;“(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 J'(s) and J“(s)

2 L —ikﬁ(.s',s') ]
d—2+ K[ A= (B ()42, (5)],
ds e R(s,s7) cosy

d2 2 a ﬂkR(SS) /__ l(l) a a
[ds_+k ]j.}( = o ST cosw[E°"'(S)+Z"J ()]

3

The dipole currents can be presented as product of the unknown complex amplitudes J.* and weight functions

f59(s") (n=0,1)as
TS ) =Ty S () L), £ (L) =0 “)
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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 f(s) and f’(s), and integrate
the resulting expressions over the vibrator length. Thus, the following algebraic equations system (SLAE) is obtained

JoZow +J 25 = —iw/ (2k cosW)E;,
JoZw + 2T = —iw/ 2k cosW)E!,

(5)
JIZo+ JPZE =—~io/ (2k cosy)EL,
JIZE+ 7 =—io/ (2k cosy)E],
where (m =0,1;n=0,1),
R ALO PN I WO
Zs,a - J_ m As,a < + m +k2 S,a s As,a 5 dS , 63
a0 j{ = fn,m}n() (6a)
~ 0} L ~
Zyt == fr @) £ (9)z,ds, Z0E =2+ 20, (6b)
2k °,
. L . , e—ikR(s,s') , . L
A7) = [ 1) T ds L B = [ £ (9)Eyy (s)ds. (60)
—L R(S’S ) -L
Then the dipole current can be written as J(s) =J"(s)+J“(s), where
) l(D E.s',az(s,u)}: _ EA\',uz(A\',a)Z ] Ex,az(s,a)}: _ Es,uz(A\',u)Z )
J.s,a §)=— 0 11 1 01 s,a $)+ 1 00 0 10 s,a s . 7
O Sy TS O e 170 v

Note that the approximate numerical-analytical solution (7) of the integral equation (1) is valid for any excitation
field E;"(s) of the dipole (6 -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 =—s; by the voltage & -generator with amplitude ¥, as shown in Fig. 1.

Then
Ey (s) =V,0(s +55) = Eg (s) + Eg (),

®
E}(s)=(V, 12)[8(s +55)+(—)d(s —55)],
where & is the Dirac delta function. In this case, the dipole current defined by (7) can be written as J(s)=J"(s)+J“(s),

. rs,a 7 (s,a)X rs,a 7(s,a)>
10 Ey'Z\" - B2y,
0 ; ; N N
dkoosy | Zy TG~ 22

Es,az(s,a)Z _ Evs,aZ(s,a)Z
1 00 0 10
(s,a)X 7(s,a)X (s,a)X 7 (s,a)X
Zoo le _ZIO Zm

JH(s) =~ Sy (s)+ /6 €

where 7; and r, are the radiuses of the dipole in point s = —s; and on its end.

Let us choose the functions f,"“(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:

fo(s)= coslgsz3 sinlchoslgs—(l / 2)cosl€L(sinl€ |s—s5 | +sink |'s+s;5 ),

~ N - ~ ~ - (10)
fo (s) =sinks; coskLsinks +(1/2)sinkL(sink | s —s5 | —sink | s +55 |),
- Z3/2-1 /2R 5 & o .
where £ =k — 25 [ 7 /@) , Ly =R, +iX; = 2mz, is the distributed surface impedance, normalized on the free
2r, cosyIn(2L/r,) Z,

space wave impedance, Z, =120n Ohm. The current distribution function f°(s) is defined in [32], and the function

J1,“(s) can be found as solution of the integral equation (1), obtained for the case z, =0 and y =0 [20]. These functions

can be written as:
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ff(s)zcosl:ts—cosl;L, (11a)
S (s)=sinks—(s/L)sinkL. (11b)

The coefficients Z¢ (m=0,1;n=0,1) in the formulas (9) can be obtained from formulas (6) and
E; =cosksysink (L—|s;1), E} =cosks;—coskL , Ej = —sink|s;|sink(L—|s; ), E =sinks;—(s;/L)sinkL.

The input impedance Z, = R, +iX, can be presented as:

Zi’l [Ohm] = S s S s 601 a pa a pa > (12)
Jo o (s5)+J7 1y (s5) + g 1o (s5) + ) £, (s5)
Then, the voltage standing wave ratio (VSWR ) in the antenna feeder with the wave impedance W is equal to:
VSWR = (148, )/(1=S, 1) (13)

where S, =(Z, - W)/(Z, + W) is the reflection coefficient in the feeder.

in

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

line with wave resistance # =50 Ohm) of an asymmetric biconical ideally conducting dipole with dimensions 2 =138 mm,
r;=1 mm, , =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 » =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 v . Also, if the dipole has a distributed surface impedance of the inductive type, then its resonant length will be

even less [24].

_1-0 T T T T
£ ]
=08 r — 570 \/
:8 ——s.=02L .
EO.G - ——5,=04L T
2 $;=0.3L VSWR=2.5 |
04F T W T T T T T T T T T T T T T TN Uawns .
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s $,=0.6L
=08 ——5,=0.7L .
[}
S
506 N
o
e LoV . Lo \Z/_ NSWR=25_
04 F
S MM _VSWR20_
2 =
ool ________NSWRAL5_
o
0.0 | | | ' | ' | ' | '
0.5 1.0 15 2.0 2.5 3.0 35 4.0

Frequency f, GHz

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 s; at 2L =138 mm, 7;=1 mm, », =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.

ORCID
Mikhail V. Nesterenko, https://orcid.org/0000-0002-1297-9119; ®Victor A. Katrich, https://orcid.org/0000-0001-5429-6124

REFERENCES

[1] Z. Zhang, Antenna design for mobile devices, (London, England: Wiley, 2017).

[2] G. Zhou, and B. Yildirim, “A multi-band fixed cellular phone antenna,” in: Proc. IEEE AP-S Int. Symp. 1, 112 (1999).
https://doi.org/10.1109/APS.1999.789095

[3] N. Odachi, S. Sekine, H. Shoki, and Y. Suzuki, “A rod antenna with a meander element for hand-held phone,” in: Proc. IEEE
AP-S Int. Symp. 3, 1682 (2000). https://doi.org/10.1109/APS.2000.874565

[4] H.-C.Tung, C.-Y. Fang, and K.-L. Wong, “Dual-band inverted-L monopole antenna for GSM/DCS mobile phone,” in: Proc.
IEEE AP-S Int. Symp. 3, 30-33 (2002). https://doi.org/10.1109/APS.2002.1018149

[5] C.Song, Y. Huang, J. Zhou, P. Carter, S. Yuan, Q. Xu, and Z. Fei, “Matching network elimination in broadband rectennas for
high-efficiency wireless power transfer and energy harvesting,” IEEE Trans. Industrial Electronics, 64, 3950-3961 (2017).
https://doi.org/10.1109/TIE.2016.2645505

[6] K. Paramayudha, S.J. Chen, T. Kaufmann, W. Withayachumnankul, and C. Fumeaux, “Triple-band reconfigurable low-profile
monopolar antenna with independent tenability,” IEEE Open J. Antennas Propag. 1, 47-56 (2020).
https://doi.org/10.1109/0JAP.2020.2977662

[7] W.Hu,T. Feng, S. Gao, L. Wen, Q. Luo, P. Fei, Y. Liu, and X. Yang, “Wideband circularly polarized antenna using single-arm
coupled asymmetric dipoles,” IEEE Trans. Antennas Propag. 68, 5104-5113 (2020). https://doi.org/10.1109/TAP.2020.2975275

[8] Y.Luo, and Y. Liu, “Nona-band antenna with small nonground portion for full-view display mobile phones,” IEEE Trans.
Antennas Propag. 68, 7624-7629 (2020). https://doi.org/10.1109/TAP.2020.2989874

[9] S.Wang, and Z. Du, “A dual-antenna system for LTE/'WWAN/WLAN/WiMAX smartphone applications,” IEEE Antennas
Wireless Propag. Lett. 14, 1443-1446 (2015). https://doi.org/10.1109/LAWP.2015.2411253

[10] R. Tang, and Z. Du, “Wideband monopole without lumped elements for octa-band narrow-frame LTE smartphone,” IEEE
Antennas Wireless Propag. Lett. 16, 720-723 (2017). https://doi.org/10.1109/LAWP.2016.2600761

[11] Y. Yang, Z. Zhao, W. Yang, Z. Nie, and Q.-H. Liu, “Compact multimode monopole antenna for metal-rimmed mobile phones,”
IEEE Trans. Antennas Propag. 65, 2297-2304 (2017). https://doi.org/10.1109/TAP.2017.2679059

[12] Y. Liu, P. Liu, Z. Meng, L. Wang, and Y. Li, “A planar printed nona-band loop-monopole reconfigurable antenna for mobile
handsets,” IEEE Antennas Wireless Propag. Lett. 17, 1575-1579 (2018). https://doi.org/10.1109/LAWP.2018.2856459

[13] D. Huang, Z. Du, and Y. Wang, “A quad-antenna system for 4G/5G/GPS metal frame mobile phones,” IEEE Antennas Wireless
Propag. Lett. 18, 1586-1590 (2019). https://doi.org/10.1109/LAWP.2019.2924322

[14] Q. Tan, and F-C. Chen, “Triband circularly polarized antenna using a single patch,” IEEE Antennas Wireless Propag. Lett. 19,
2013-2017 (2020). https://doi.org/10.1109/LAWP.2020.3014961

[15] R.M. Moreno, J. Kurvinen, J. Ala-Laurinaho, A. Khripkov, J. Ilvonen, J. van Wonterghem, and V. Viikari, “Dual-polarized mm-
wave endfire chain-slot antenna for mobile devices,” IEEE Trans. Antennas Propag. 69, 25-34 (2021).
https://doi.org/10.1109/TAP.2020.3001434

[16] L. Chang, G. Zhang, and H. Wang, “Triple-band microstrip patch antenna and its four-antenna module based on half-mode patch
for 5Gx4 MIMO operation,” IEEE Trans. Antennas Propag. 70, 67-74 (2022). https://doi.org/10.1109/TAP.2021.3090572

[17] C. Sahana, D. Nirmala, and M. Jayakumar, “Dual-band circularly polarized annular ring patch antenna for GPS-aided GEO-
augmented  navigation receivers,” IEEE  Antennas  Wireless Propag. Lett. 21, 1737-1741 (2022).
https://doi.org/10.1109/LAWP.2022.3178980

[18] R. Lakshmanan, S. Mridula, A. Pradeep, and K. Neema, “Ultra compact flexible monopole antennas for tri-band applications,”
Prog. Electromagn. Res. C, 130, 43-55 (2023). http://dx.doi.org/10.2528/PIERC22110906

[19] A.Khade, M. Trimukhe, S. Verblkar, and R.K. Gupta, “Miniaturization of printed rectangular monopole antenna by using slots
for triple band applications,” Prog. Electromagn. Res. C, 130, 155-167 (2023). http://dx.doi.org/10.2528/PIERC22122401

[20] R.W.P. King, and T.T. Wu, “The cylindrical antenna with arbitrary driving point,” IEEE Trans. Antennas Propag. 13, 710-718
(1965). https://doi.org/10.1109/TAP.1965.1138531

[21] B.D. Popovic, “On polynomial approximation of current along thin asymmetrical cylindrical dipoles,” IEEE Trans. Antennas
Propag. 19, 117-120 (1971). https://doi.org/10.1109/TAP.1971.1139879

[22] Y. Wang, S. Xu, and D.H. Werner, “1 bit dual-polarized reconfigurable transmitarray antenna using asymmetric dipole elements
with parasitic bypass dipoles,” IEEE Trans. Antennas Propag. 69, 1188-1192 (2021). https://doi.org/10.1109/TAP.2020.3005713

[23] M.V. Nesterenko, V.A. Katrich, Y M. Penkin, V.M. Dakhov, and S.L.Berdnik, Thin Impedance Vibrators. Theory and
Applications, (Springer Science+Business Media, New York, 2011).



455
Multiband Asymmetric Biconical Dipole Antenna with Distributed Surface Impedance... EEJP. 2 (2024)

[24] M.V. Nesterenko, V.A. Katrich, S.L. Berdnik, O.M. Dumin, and Y.O. Antonenko, “Asymmetric impedance vibrator for multi-
band communication systems,” Prog. Electromagn. Res. M, 102, 81-89 (2021). http://dx.doi.org/10.2528/PIERM21031207

[25] S.A. Schelkunoff, “Theory of antennas of arbitrary size and shape,” Proc. IRE, 29, 493-521 (1941).
https://doi.org/10.1109/JRPROC.1941.231669

[26] C.T. Tai, “On the theory of biconical antennas,” Journal Applied Phys., 19, 1155-1160 (1948). https://doi.org/10.1063/1.1715036

[27] T.T. Wu, and R.W.P. King, “The tapered antenna and its application to the junction problem for thin wires,” IEEE Trans.
Antennas Propag. 24, 42-45 (1976). https://doi.org/10.1109/TAP.1976.1141274

[28] S.A. Saoudy, and M. Hamid, “Input admittance of a biconical antenna with wide feed gap,” IEEE Trans. Antennas Propag. 38,
1784-1790 (1990). https://doi.org/10.1109/8.102740

[29] S.S. Sandler, and R.W.P. King, “Compact conical antennas for wide-band coverage,” IEEE Trans. Antennas Propag. 42, 436-439
(1994). https://doi.org/10.1109/8.280735

[30] K.-L. Wong, and S.-L. Chien, “Wide-band cylindrical monopole antenna for mobile phone,” IEEE Trans. Antennas Propag. 53,
2756-2758 (2005). https://doi.org/10.1109/TAP.2005.851784

[31] M.V. Nesterenko, A.V.Gomozov, V.A.Katrich, S.L.Berdnik, and V.1 Kijko, “Scattering of electromagnetic waves by
impedance biconical vibrators in a free space and in a rectangular waveguide,” Prog. Electromagn. Res. C, 119, 275-285 (2022).
http://dx.doi.org/10.2528/PIERC22020304

[32] R.W.P. King, and G.S. Smith, Antennas in Matter, MIT Press, Cambridge, USA, 1981).

BATATOCMYTOBA ACUMETPUYHA BIKOHIYHA JJUIIOJIbHA AHTEHA 3 PO3IIOAIJIEHUM ITOBEPXHEBUM
IMIIEZJAHCOM I JOBIJIBHUM 3BY IKEHHSIM
Muxaiisio B. Hecrepenko, Biktop A. Katpuy, CBitiana B. [Imnennunas
Xapxiscokuii nayionanvhuil ynisepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapxis, Yxpaina, 61022

UncenpHO-aHATITHIHHIN PO3B’ 30K 33/1a4i IPO CTPYMOPO3NOAIICHHS Ta BXiJHI XapaKTePUCTHKH OIKOHITHOTO aCUMETPHIHOTO JIUIIOINS
3 PO3MOJUICHUM MOBEPXHEBUM IMIIEAAHCOM 1 NOBUIBHMM 30YIKEHHSM, OTpUMaHI B HaOJIDKEHHI TOHKOro ApoTy. IIpaBMibHIiCTH
PIMICHHS MiATBEPIUKYETHCS 3aJOBUIBHUM Y3TO/DKCHHSIM YHCEIBHUX 1 €KCHEPUMEHTAIBHHUX PE3YJIbTaTiB 3 JITEpaTypHUX IKEpel.
HaBenieHO 4YMCIIEHH] pe3y/bTaTu A BXiJHUX XapaKTEPUCTHK JUIOJSA IPH HOro aCUMETPUYHOMY 30y/PKEHHI TOUKOBHM JKEPEIIOM.
AHai3 eneKTpoIMHAMIYHMX XapaKTEPUCTHK 3alPOIIOHOBAHOI TUITOJIBHOI aHTEHH JOBIB MOXKJIMBICTh IPAKTHYHOTO 3aCTOCYBAaHHS L€l
aHTEHH Ui 0araTojiana3oHHUX MOPTAaTUBHUX PaAiOCTaHIIN, IEeKTPOHHUX T'aKETIB 1 0a30BHX CTaHIIH.
KurouoBi ciioBa: Oikoniunuii Ounoisb, posnooileHutl NosepxHeuil iMneoanc, acumempuune 30y0HceHHs, pO3NOOiL CMpPYyMYy, 6XIOHI
Xapakmepucmuxu
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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.

AB—

A-AB 6 5

A—>| 3

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 € =1.

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 4 - the
thickness of the dielectric substrate, ¢ - the value of the gap between the substrate and the metallic plane and &, - 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 =2 mm and variation
of the dielectric constant of the substrate & —var (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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Figure 2. Spectral characteristics

It should be pointed out that all eigen-frequencies are determined with a relative accuracy of no worse than 107,
which corresponds to a frequency error of 1200 Hz at the widest possible frequency bandwidth considered at
€ =1, t=2 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 ¢ at the lowest value ¢,

the designated 30 types of oscillations fit in the frequency range from 0.91 GHz to 12.23 GHz. Moreover, near the
frequency F=6 GHz, a fourfold degeneration of the oscillation types is observed, and near the frequency
F =10.1 GHz, a twofold degeneration is observed. As the value ¢, increases, the spectral response shifts towards lower

frequencies: at the € =3.8 lower frequency is F =0.736 GHz, and at & =52 already F=0.69 GHz. At & =3.8 the
degeneration is observed only near the frequency F =7.57 GHz (twofold), and at £ =5.2 only near the frequency

F=6.93 GHz (twofold). In the remaining of the frequency range, only densification of spectral lines is observed. In
addition, the operating range narrows with increasing &, , 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 7 - the distance to the common ground plane. The optimal value is equal to 7=2 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 €, =5.2, =2 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. 3ais F =3.815 GHz, in Fig. 3b is
F =451 GHz.

The analysis of graphical constructions allows us to conclude that at the F=3.815 GHz frequency both the ring
resonator and the disc resonator are excited on the type E,, 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 F =4.51 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 E,,, 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 F =3.815 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 F =4.51GHz.
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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.
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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 £,/ 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 h<<A4,, h<< A , where A, is the resonant length of excited oscillations, A is the operating wavelength.
In the considered frequency range at the chosen value of #=0.5 mm, such conditions are certainly fulfilled.

In Fig. 4 one can see the dependences of the magnitude |S,,| on the substrate values ¢, at optimized values of the

parameter ¢ =2 mm and the value of the gap between the coplanar line ring element and the ring resonator.
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Figure 4. Dependencies of |S, | vs frequency with &, 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 ¢, . At all values of ¢, 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 [S,| 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 £ =3.8.

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 & , the minimum value of the |S,|=-42.1 dB at 11.5 GHz is also achieved. When the value of ¢, is reduced to

unity, the bandwidth narrows and it is approximately 11.1% and when the value of £ 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 & 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 &, values.
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Figure S. Dependences of the gain coefficient vs frequency at variation of the &, value

As it is evident from the above dependences, the frequency dependences have a fundamentally different character.
If at value of €, =1 the gain factor practically monotonically increases with frequency growth with two fluctuations of

the value of the factor (within 9%), then with increasing & 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 £, =1, at £ =3.8

the maximum is 8.67 dBi, at £, =5.2 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.

300

Figure 6. Pattern characteristics in azimuthal plane with optimized set of parameters

0,0 270 \
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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 F=4.51 GHz (|S1 1| =-23dB), curve 2 - at
F=58 GHz (|S11| =-28 dB), curve 3 - at F=11.35 GHz (|S“| =-29.2dB). These frequencies were chosen from
the consideration of minimum values of the return loss magnitude. The frequency with the absolute minimum
(|SH| =-42.1 dBat F =11.5 GHz) was not considered due to too large difference in the return loss values.

As it is obvious, at all fixed parameters and £ =1 quite sharp main lobe formed (its width at the level of 0.707 is

4.579%), 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 1.9°. Increasing the &, 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 £ =1). Further increase up to the &£ value of 5.2 leads to increase of the radiated power up
to the level of 73% of the maximum at £ =1. 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 £ =1 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 €, within the interval of angles 5.64%, the 77 value does not exceed the value of 3 dB, which indicates

the presence of elliptical polarization.

40 -

1 1-F=4.53 GHz, £ =1
35 2-F=5.8GHz,£=3.8
3-F=11.35 GHz, £=5.2

30

25

20

n.dB

15 4

10 o

8,deg
Figure 7. Polarization characteristics

At the € =5.2 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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AHTEHA HA OCHOBI KOMITIO3HUIITHOI KOIIIAHAPHOI CTPYKTYPH
Cepriii O. Ilorapcekuii, Imutpo B. Maiidopoaa, Cepriii M. MuxaJjrok
Xaprxiecvruil Hayionanvrutl yieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Ykpaina, 61022

V wiéi poboTi HmpencTaBIeHO Pe3yJbTaTH YHCENBHOTO AOCITIIPKCHHs IUIOUIMHHOI aHTeHU 3i ckiIagHuM (opM-daktopoM. OCHOBY
aHTEHM CTaHOBHTH KOMOIHALIisl IBOX PE30HATOPIB - THCKOBOTO Ta KiIbLIEBOT0. 30YAXKEHHS KiJbLEBOTO Pe30HATOpa 3IiHICHIOETHCS 3a
JIOTIOMOT'OI0 KOIUIAHAPHOT CTPYKTYPH: TOYKOBO 32 PAaXyHOK rajibBaHIYHOTO KOHTAKTy LIEHTPAIbHOIO MPOBiJHUKA KOIUIAHAPHOI JIiHIT
Ta KUIBIIEBOTO PE30HATOpa 1 3a PaxXyHOK PO3MOAUICHOTO €JIEKTPOMArHiTHOTO 3B'SI3KY KUIBIIEBOIO pPE30HATOpa W amepTypH
30BHIIIHBOTO TPOBIJHHKA KOIUIAHAPHOI JiHII. AHTEHa pO3MillyBajiacd HAJ METAJECBOIO IUIOIIHMHOI, TEOMETPHYHI PO3MIPH SIKOT
ICTOTHO TIEpEBHIyBaNN TEOMETPHYHO PO3MIpPH aHTEHH AN BUKIIOUCHHS BIUIMBY KpaloBux mudpakmiiiaux edexriB. [lix dac
YHCENBHOr0 MOJCIIFOBAaHHS BUKOPHCTAHO KOMIUIEKCHHH MiAXif, L0 MICTHTh y OOl METOJ HamiBBIAKPUTOrO pe30HATOpA Ta METOJ
ckinuenHux enementiB (MKE), peamizoBanmii y pamkax komepuiiHoro makera HFFS. IlpoBeneHo nocmizkeHHs 3anexHOCTEH
CHEKTPAIBHAX, EHEePreTHYHUX 1 TIOJSIPU3ALIMHIX XapaKTepUCTHK BiJl MaTepialbHUX KOHCTAaHT 1 YacTOTHOTO Hapamerpa.
BcraHoBeHo, 1110 B paMKax OJHONApaMEeTPUYHOI ONTHMI3alii HEMOXIINBE OJHOYACHE AOCSATHEHHS BHCOKOTO PIiBHS BCIX B)XKJIUBUX
napaMeTpiB. 3HaYEHHS YaCTOT CIIEKTPAIBHUX JiHiil y CHEKTPAIbHUX XapaKTePUCTUKAX aHTEHH 3HAW/ICHO 3 BiTHOCHOIO MOXUOKOIO He
ripme 1200 ['n. BcTaHOBNIEHO YaCTOTHI [ialma3oHH, y MeXax SKUX BIICYTHE BHPOKCHHS THIIIB KONHMBaHb. HaBemeHo posmominu
MOBEPXHEBUX CTPYMIB Ha METAJICBHX €JIEMEHTAX aHTEHH, IO JAI0Th 3MOTY BU3HAUHMTH MOJIOKEHHS (a30BUX LEHTPIB 30YIKEHHS.
TToka3aHo, 1110 MPOIOHOBaHA aHTEHA MOJKe 3abe3nedyBaTh IPUHHATHUI PiBEHb Y3rO/KEHHS SIK Ha OKPEMHX 4acTOTaX, TaK i B 10BOJI
LIMPOKHX JIOKAIBHUX CMYyTaxX 4acToT, IO cAraroth 11% 1010 HeHTpanbHOI 4acTOTH Mijytiana3ony. BCTaHOBICHO IpaHUYHI 3HAYCHHS
Koe(ilieHTIB MiACHICHHS B YaCTOTHHX Jiama3oHaX. Pe3ynbTaTH MOJCNIOBaHHS JAlOTh 3MOTY IIPOTHO3YBaTh e(eKTHBHE
BUIIPOMIHIOBAaHHS 3 ()OPMYBaHHIM IPAKTHYHO OJTHOIIEIIOCTKOBOI AiarpaMu CIIPSIMOBAHOCTI Ta HassBHICTh eJIITUYHOT MOJIIpH3aIii.
KirouoBi ciioBa: xinbyesuii pesonamop; OUCKOSUL Pe30HAMOp;, KOWIAHAPHA JIHIA, Y3200MHCEHHA, HYACMOMHI XAPAKMepUCmuKiL,
eHepeemuyHi XapaKmepucmuKku
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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 ¢ 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 ¢. 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, B-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 ¢ 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 B-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 ¢
(cyt ¢) 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 ¢ 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 ¢ as determined by the docking algorithm. Quercetin is shown in red

Cyt ¢, 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 bel complex) and Complex IV
(cytochrome ¢ 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 (Fe*") to the ferrous (Fe?*) 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 (Fe*"), 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 ¢, cyt ¢ 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 ¢, cyt ¢ red,
(Fe*") 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 ¢ 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 ¢, with only minor differences observed. Specifically,
the interface residues involved in binding quercetin to the oxidized form of cyt ¢ include THR 9, GLU21, LY S22, GLY 23,
GLY24, LYS2s, HIS26, ASN3y, LEU3,, HIS33, GLY34, and ARGsg. Comparatively, in the reduced form, the interacting
residues are GLUQ[, LYSzz, GLY23, GLY24, LYst, HIst, ASN3], HIS33, GLY34, ARG:;g, ALA43, and PRO44. Notably,
the core residues such as GLUz1, LY S22, GLY23, GLY 24, LY S2s, HIS26, ASN31, HIS33, GLY34, and ARGsg 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 ALA4; and PROu4 in the
reduced form, suggest subtle conformational or electronic changes in cyt ¢ 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 ¢ complex, possibly affecting the biological activity of cyt ¢ 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, VALzoz, ASN203, GLN204, ILEz, LEU13, GLN15, LEU113, VALzoz, ASN203, GLN204, LEU206,
GLNs. 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 ApoAlF interacting with QR were identified as GLN271, LEUx7,,
ASN373, GLN398, LEU299, ASN300, GLN325, LEU326, ASN327, ASNj3s4. 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 ¢ binding to the amyloid
fibrils. Fig. 3 depicts the 3D structures of cyt ¢ — amyloid complexes while Table 1 summarizes the interfacial amino acid
residues on the fibril surface that are in contact with cyt c.

'r?('

s

Cyt ¢ oxy + ApoAIF Cyt ¢ red + ApoAIF

Figure 3. Docked poses corresponding to minimum energy for the complexes between reduced and oxidized form of cyt ¢ and
amyloid fibrils of insulin and apolipoprotein A-I. Cyt ¢ 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 ¢ to both InsF
(-229.81) and ApoAlIF (-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 ¢ 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 SER;s, GLNj¢, and LYS;s are implicated in binding to insulin fibrils,
while residues including GLU>i, LY S2, and GLY»; are involved in interactions with ApoAIF. Conversely, the reduced
form of cyt ¢ interacts with insulin fibrils through residues such as VAL, LY S»,, and ASN3,, and with ApoAlIF through
residues like LY S, GLY 23, and ASN3,. 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 ¢ with amyloid fibrils in the absence and presence of
quercetin

Interface residues on cytochrome ¢

Cyt ¢ oxy
InsF
SERi1s5a, GLNisa, CYS17a, LYS25a, HIS26a, LYS27a, THR28a, GLY45a, TYR46a, SER474,
Without quercetin TYRasa, THRa9a, ALAsoa, ALAs1a, LYS724, PRO76a, GLY 774, THR78A, LY S79a, METs04,
ILEgia, VALg3A
GLNi6a, CYS17a, LYS25a, HIS26a, LYS27a, THR28a, GLY29a, GLY 454, TYR46a, SER474,

With quercetin TYRusa, THRaos, ALAsos, GLY774, THR7sa, LY S04, ILEs14
ApoAIF
GLU21a, LYS22a, GLY23a, GLY24a, LY S25a, HIS26a, ASN31a, HIS33a, GLY34a, LEU3sa,
Without quercetin PHE36a, GLY37a, ARG38a, LYS39a, GLN42a, ALA43A, PRO44a, GLY 454, LY Sooa, THR 1024,

ASN103a, GLU104A
GLU21a, LYS22a, GLY23a, GLY24a, LY S2s5a, HIS33a, GLY34a, LEU35a, PHE36a, GLY374,
With quercetin ARGasa, LYS39a, GLY41a, GLN424, ALA43A, PRO4sa, GLY 454, LY S99a, LY S100a, THR 1024,
ASNi03a, GLU104a

Cyt cred
InsF
VAL2oa, LYS224, GLY23a, ASN31a, HIS33a, GLY34a, PHE36a, GLY374, ARG3sa, LY S394,
THR40a, GLY41a, GLN42a, ALA43A, PROsa, GLY 454, TYR46a, SER47a, TYR48a, ASNs24,
LYSs3a, ASNsaa, LY Sssa, GLYs6a, ILEs7a, ILEsga, LY So9a, LYS100a, ALA101a, THR1024,
ASNi03a, GLU104a
ALAs1a, ASNssa, LYSssa, GLYs6a, ILEs7a, ASPs2a, THRe3a, METesa, GLUssa, TYRe74,

Without quercetin

With quercetin GLUeg9a, ASN70a, PRO71a, LYS724, LYS73a, TYR74a, ILE75a, PRO76a, LYS79a, MET5s0a,
ILEsia, PHEs2a, VALs3a, GLY 844, ILEgsa, LY Ssea, LY Sssa, ARGo1a
ApoAIF
LYS224a, GLY23a, ASN31a, HIS33a, GLY34a, LEU35a, PHE36a, GLY374a, ARG38a, LY S304,
Without quercetin THR40a, GLY41a, GLN42a, PRO44a, GLY45a, LYSs3a, ASNs4a, LY Sssa, GLY56a, ILEs7a,

ILEssa, ASNio3a

GLU21a, LYS224, GLY23a, GLY24a, LYS2sa, HIS33a, GLY34a, LEU35a, PHE36a, GLY374,
With quercetin ARGasa, LYS39a, GLY41a, GLN42a, ALA43A, PRO44a, GLY 454, LY S99a, LY S100a, THR 1024,
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 ¢ 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 ¢ is a key player.
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Under normal conditions, cyt ¢, released into the cytosol from the mitochondria, initiates the apoptotic cascade. However,
if cyt ¢ 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 ¢ + amyloid fibrils. As seen from Table 2, the complexation of quercetin
with cyt ¢ leads to the decrease in the binding affinity of the insulin fibrils for both oxy and red forms of cyt ¢, and to the
increase for the case of ApoA-I fibrils.

Table 2. The best scores of the complexes between cyt ¢ and amyloid fibrils in the absence and presence of quercetin

Amyloid fibrils
InsF ApoAIF
Cyt ¢ oxy -218.95 -164.58
Cyt cred -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 ¢, residues such
as LY S»s and HISs, and in the reduced form, residues including ASN3;, HIS33, GLY 34, ARG3s, ALA43, and PROu4, 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 ¢ with the amyloid fibrils. The ability of QR to modulate the interaction between cyt ¢ 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 ¢ 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 ¢ for amyloid fibrils, QR could potentially restore or
preserve the functional integrity of cyt ¢, thereby maintaining cellular energy production and promoting appropriate
apoptotic responses. The interaction of QR with cyt ¢ 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 ¢ 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 ¢ for ApoAIF could potentially enhance the undesirable impacts of amyloid
fibrils on functional proteins. By binding more strongly to amyloid fibrils, cyt ¢ 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 ¢ 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 ¢, at the
last step of the study we examined the synergetic potential of QR and other polyphenols to alter the binding profile of
cyt ¢ 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 ¢ 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 ¢ 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 ¢ 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 ¢, 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 ¢ 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.

+QR+RES +QR+RES %—-—-
HQRIGA | +QR+GA E
+QR+PA ‘ +OQR+PA AE—
+QR+CUK ‘ +QR+CUK M
+QR+CUE | +QR+CULE E
+QR+SES | +QR+5ES E
= R —

Cyt ¢ oxy + lnsF Cytered + InsF : ——

T T T T T T 1 T T T T T T 1
-240 -235 -230 -225 -220 2215 =210 -230 -225 =220 =215 =210 =205 -200

The best docking score The best docking score

Figure 4. The changes in the best docking score calculated for the complexes cyt ¢ 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 ¢ 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 ¢ 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 ¢ 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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B3AEMO/IISI AMUIOITHUX ®IBPAJI 3 ®YHKIIIOHAJIBHUMUA BLJIKAMM:
MOIYJIOIOYU EPEKT IMMOJII®EHOJIIB
Banepist TpycoBa, Yasna Tapa6apa, 'anuna I'op6enko
Kadgheopa meouunoi ¢hizuxu ma 6iomeduunux nanomexronoziu, Xapxiscokuil HayionarvHuil ynigepcumem imeni B.H. Kapasina
M. Ce0600u 4, Xapxis, 61022, Ykpaina

BuBueHHs B3aeMoziit Mixk QyHKIiOHATEHUMY OlIKaMu Ta aMiTolTHUMH (GiOpuIaMu € KITIOYOBUM JUTSL pO3YMiHHSI MOJIEKYJISIPHOT OCHOBU
aMUIOIHUX 3aXBOPIOBaHb, SIKI XapaKTepPHU3YIOTHCS HEMPaBIILHUM 3rOpPTaHHSM OUIKIB Ta ix arperamiero. Ilomidenonu, 3aBasku cBOIM
Ppi3HOMaHITHUM Gi0JIOTIYHUM BIACTUBOCTSM, IIPUBEPTAIOTH YBAr'y CBOEO MOTEHIIITHOIO 31aTHICTIO MOIYJTIOBATH Lii B3a€MOJIii, THM CaMUM
BIUTMBAIOYH Ha IIPOIPECYBaHHS 3aXBOPIOBAHHS Ta BiIKPHUBAIOYM HOBI TEPANEBTUYHI MOXJIMBOCTI. Y ITaHOMY JOCII/PKEHHI METOIOM
MOJIEKYJISIPHOTO JOKIHTY OYJIO BUBYCHO BIUTHB KBEPLETHHY Ta HOro OiHapHHX KOMOiHaLi# 3 iHIINMY Mouti)eHOoIaMH Ha 3B'sI3yBaHHS MiXK
LIUTOXPOMOM ¢ (BiJJHOBJICHA Ta OKHUCHEHa (opMu) Ta amiyoigHuMu (ibpraamu iHCyTiHy Ta anosninonporeiny A-I. Otpumai pe3ynbrari
CBiYaTh Ha KOPUCTH TOTO, III0 KOMIUIEKCYBaHHS KBEPLIETHHY 3 IUTOXPOMOM ¢ 3HIDKYE CHITY 3B'sI3yBaHH: GiOpHII iHCYITiHY A1 000X hopm
oOinka. [IporunexxHuit edext Oyno BusABIEHO i GiOpn anominonpoteiny A-I. Take MomymroBaHHA OyJO IHTEPIPETOBAHO y paMKax
KOHKYPEHTHHX a00 anoctepryHux edekriB. KpiM Toro, xoua GiHapHi koMOiHanil KBepHETHHY 3 IHIINMH MOMi(EeHOIaMH He 3HIDKYBAJIN
CHITy 3B'sI3yBaHHS (DiOPHII IHCYIIHY JJIsl OKHCIEHOTO IINTOXPOMY ¢, BOHH 3HIDKYBAJIM CHITy 3B'SI3yBaHHS Y BUITAJIKY BiHOBJIEHOI (DOPMH.
I[i mani migkpeciiolTh BUOIPKOBHMI Ta 3HAYHUH BIUIMB INOJI()CHONBHUX CIIOAYK Ha B3aeMoAil MK aMuloimHumu (ibpuiamu Ta
(YHKLIOHATLHIMHY OLTKaMH, TPONIOHYIOYN MOTEHIIHHI IUISIXH JUIS TEPANIeBTUYHNX aHTH-aMUIOTIHIX CTpaTeriil.
KuarouoBi cinoBa: aminoioni ¢iopunu; gynxyionansui 6inku; nonighenonu; MonexyispHuli OOKine
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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 (Cu>> Fe**, Mg?*, Mn?*, Zn?**, Cd*", Fe?*, Ni*", Hg?",
Co?*, Cu', Au’, Ba?', Pb*, Pt?*, Sm**, and Sr*") and proteins ((B-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 [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 Mg?*, Ca®",
Fe**, Mn?", Co?", Cu?" and Zn?" are currently recognized as essential in a trace amount [2,3]. In contrast, non-essential
heavy metal ions like Pb*" and Hg?*, 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 1) 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 (B-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 (B-
lactoglobulin, 7S globulin and glycinin from soybeans) and heavy metal ions (Cu?" Fe**, Mg?", Mn?', Zn?*, Cd*", Fe*,
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Ni**, Hg?", Co?*, Cu*, Au’, Ba**, Pb?*, Pt**, Sm**, and Sr?"), 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, 10D5 and 1QGS5 for 7S globulin from soybean, glycinin, and bovine
B-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 Ca?*, Cu?" Fe’*, Mg?", Mn?*, Zn**, Cd*",
Fe?', Ni**, Hg?", Co?+, Cu', Au', Ba®, Pb?*, Pt*', Sm*', and Sr*' [31].

RESULTS AND DISCUSSION
B-lactoglobulin

B-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 B-lactoglobulin-stabilized fluorescent gold nanoclusters are promising for the selective
nanomolar detection of Hg?" in beverages, urine, and serum [32]. Peydayesh et al demonstrated the B-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 B-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 B-lactoglobulin-metal binding sites. Docked positions of heavy metal ions in the B-lactoglobulin
structure corresponding to the best docking score are presented in Figure 1.

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

The protein B-lactoglobulin comprises 162 amino acid residues, featuring one free cysteine and two disulfide
bonds [33]. Three-dimensional crystallographic studies have revealed that f-lactoglobulin predominantly adopts a $-sheet
configuration, comprising nine antiparallel B-strands (A to I), where strands A-D form one surface of the -barrel (calyx),
while strands E-I constitute the opposite surface [33]. The sole a-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 B -lactoglobulin, presumably into the outskirts of the
B-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 Mn?*, Co?*, Mg" and Zn?" interact with the strand A of the B-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 Zn?>' 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 a-lactalbumin [34]. The highly toxic metal ions such as Pb?*,
Pt**, and Sm*" form contacts with the B-strand of protein, whereas Cd*" and Hg?" preferably interact with the residues
near the H-strand. The negatively charged glutamic acid participates in the Pb**, Pt**, Sm*" and Cd** ion-protein
complexation. In turn, our docking results indicate that highly toxic Hg?" 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 | p-lactoglobulin glycinin 7 S globulin

Cu?" | Prol44, His146 GlIn36, His173, Glul75, His21, His23, Pro269, Cys81, His90
Asn34, His37

Fe3* Lys83, Glu89, Asp96, Asp98 His211, GIn215, Glu221 GIn69, Glul13, Cys65, Asn92

Mg?** | Asp28, I1e29 Asp231, Asp232, Aspl121, Glu333, Aspl14, Valll5, Aspl7, Serl19, Thr20
Asn334

Mn*" | Asp28, Ser30 Asp413, Gly414 Asp374, Arg377, His215, Asp216

Zn?* Asp28, Ser30, Asp96, Asp98 His173, Glul75, Asp20, His37 His215, Asp216, Cys65, Ser67

Cd* | Glul27, Aspl129, Glul31, Lys135 | Asp413, Gly414, Asp231, Glu233 GInl71, His175, Asn50, Ser140, Cys141

Fe?* Lys10, Glul27, Asp129 Lys210, His211, GIn215 His66, His76, Cys78

Niz* Asp28, Ser30 Argl15, His116, Lys210, His211 His388, Asp396, His76, Cys78, Cys94

Hg* Cys106, Leul17, VAI118, Phe82, Cys85, Cys327 Phe64, Cys65, Cys78

Cysl19

Co* Asp28, Ser30, Glul27, Asp129 Asp20, His37, Lys210, His211 Cys81, His90, Ser389, His390

Cu?t GIn59, Cys66 Cys9, Cys42, Pro425 Cys70, His76, Cys94, Cys81, His90

Aut Cys106, Lys140 Cys85, Glu323, Prol9, GIn36, Cysl41, Alal42, Ser187, Glu368, Cys394
His37

Ba?* Glul08, Asnl109, GInl15 Thr136, Gly137, Asp138, Glul39 Asp334, Lys335, Glu333

Pb?* Glu51, Glu52, Asp53, Glu74 Asp232, Arg234 Cys65, Cys78, Gly302, Lys303, Cys304,

Cys345
P2t Glu51, Glu52, Met24, Arg40, Asp232, Lys235 GIn275, Met353, His270, Met349
Lys95

Sm*" | Glud4, Glu45, GIn68 Asp231, Glu233, Asp232, Lys235 Asp374, Arg377, Glu52, GIn53

Sr+ Asp85, Leu87 Glu§89 Asp20, His21, Thr32, Glul72, Asp4l, Ser265, Ser267
Aspl57, GInl58, Thr176

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 1) the properties of the metal such as its valence state, ionic radius, and charge-accepting ability and
i1) 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 (Cd?*, Hg?", Cu’, Au’, Pt*") in comparison with “hard” metals (Ca*", Mg?*, Mn?", and Sr?*") [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 Pb?*, Pt**, Sm** and Cd*" 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” (Cd*",
Hg?*, Cu*, Au’, Pt*") and borderline (Ni**, Cu2*, Pb*") 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 B-sheets and a few o-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 ¢ exhibits excellent
metal-chelating properties [37]. Moreover, Li et al/ showed the ability of soy protein-based polyethylencimine 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 Ni?*, Au’, Pb?’, Pt?*, and Sm>") form contacts presumably with the amino-acid residues of a-subunit
(residues 25-275). The toxic metals Ni**, Au’, Pb?*, Pt**, and Sm*" were found to interact with both a-subunit (residues
25-275) and low-molecular-weight B-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 B-strands of the

protein. However, we found that Cd*>" and Fe*" were energetically favorable to interact with the a-helixes. In addition,
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Ba?" and Ni?" are positioned in the 31o.neiix of protein. Importantly, cysteine residues are among the amino-acid residues
participating in stabilizing protein-metal complexes for all metals except Mg?*, Ba?', and Pt**. The cysteine residues
forming the disulfide bonds within the protein are responsible for the stability of the soy protein globulin 7S [36].

)\.
;«!’ 7\‘;

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: AlaB1b, A1bB2, A2B1a, A3B4, and ASA4B3 [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 Fe*", Mn?", Zn?", Fe?*, Ni**, Co’+, Ba?', Pb*', Pt*', and Sm*" exhibit at least two
energetically favorable binding sites;
ii) Mg?', Cd?, Pb*", and Pt*" tend to interact with the residues Asp 232, Glu 233, Arg 234 and Lys 235 located near
the second helix of protomer;
iii) Fe*', Fe?', Ni**, and Co?" show preferential binding sites comprising the amino acid residues 211-215 (Lys, His,
Gln) within the helix region. Ni?* additionally forms the high-score complex with the residues in the proximity
to B-strand F (Arg15 and His 116), while Co?" interacts also with the residue of B-strand A.
iv) Mn?', Cd*" 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 lon-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 Fe’* was
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energetically favorable to form contacts with Lys, Glu and Asp amino acids of B-lactoglobulin, whereas His, GIn and
Gln, Cys were responsible for metal-protein complexation of glycinin and 7S globulin, respectively. Zn?" interacts with
the Asp and Ser residue of B-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 (B-lactoglobulin, 7S
globulin and glycinin from soybeans) and heavy metal ions (Cu?" Fe3*, Mg?", Mn?*, Zn?', Cd*", Fe?*, Ni**, Hg*', Co*",
Cu’, Au*, Ba?', Pb?', Pt**, Sm**, and Sr?"), 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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JOCJIIIKEHHS MOJIEKYJIIPHUX JETAJIEN B3A€MOJE[Ii MIK BAJXKKUMHU METAJIAMHU TA BIUVIKAMU:
MOJIEKYJISAPHUU JOKIHI'
O. Kurnsakisceka, Y. Tapabapa, K. Byc, B. Tpycosa, I'. I'op6enko

Kageopa meouunoi gizuxu ma biomeduunux nanomexnonozii, Xapkiecokui nayionanvhuil ynieepcumem imeni B.H. Kapasina

M. Ce0600u 4, Xapxis, 61022, Ykpaina

Po3yminHS B3aeMofii BaXKKnX MeTalliB 3 OUTKaMM € KIFOYOBHM JUIS PO3KPUTTS IX POJi y PI3HOMAHITHHX OlOXIMIYHMX IpoIecax B
MEJIMIUHI, eKOJIOTil Ta OGI0TEXHONOrisX, W0 CIpHsie Po3poOIll NMPHHIMIOBO HOBHUX TEPANEBTHYHMX CTpaTeriii Ta IHHOBAI[IMHUX
riopuaaux 6iomarepianiB. Y naHiii poOOTi 3 BUKOPHUCTAHHSM METOY MOJICKYJISIPHOTO JIOKIHTY OYJIO BU3HAUCHO Ta OXapaKTEPHU30BaHO
LEHTpH 3B’ A3yBaHHs Baxkkux meTanis (Cu?™ Fe3*, Mg, Mn?*, Zn?*, Cd**, Fe?*, Ni*", Hg?*, Co?*, Cu*, Au’, Ba?*, Pb?", Pt**, Sm**, and
Sr?*) 3 Ginkamu (B-nakrornoGystin, 7S o0y iH i MIUMHIE 3 coeBUX G00IB) VIS OLIHKYM BIUIMBY CTPYKTYpHU OLIKa Ha iXHIO MeTas-
3B'S3yBallbHy 3/IaTHICTh Ta CeNeKTHBHICTh. OTpUMaHi pe3yjbTaTd MOJIEKYJSIPHOTO JOKIHTY BKa3ylOTh HAa B3a€MOIIO0 JKUTTEBO
BXJTUBHUX Ta TOKCHYHUAX BAKKUX METAJIB 3 PI3SHUMHU 3B'S3yBaJbHUMH CaliTaMu O1IKiB, HMOBIpHO, Yepe3 eNeKTPOCTATUIHI B3a€EMOIIi
Ta XeJalil0 METaJiB 3 aMiHOKHCIOTHHMH 3alUIIKaMH LUCTEiHY, aclapariHoBOi KHCIIOTH, TIIyTaMiHOBOi KHCJIOTH Ta TiCTHIWHY.
[MopiBHSHHS 3aJUIIKIB 3 SKAMH B3a€MOJii MeTal MiX pI3HHMH OUIKaMHM, CBIJUUTH IPO PONb PI3HUX aMIHOKHUCIOTHUX 3aJIHIIKIB,
T IKPECITIOI0YH BasKJIMBICTB SIK BIACTHBOCTEH MeTaly, Tak 1 OiIka Ayt cTabimi3arii 61710K-MeTaneBoro KOMIIEKCOYTBOPEHH.
Kiro4oBi ciioBa: 63aemo0is 6inoK-meman; 8axcKi Memanu,; MOJEKyIAPHUL OOKIHE
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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 Nanoparticle P wtheor
size size
Blue Film 50 nm - -
Purple 500 nm 10-25 nm 3.443x10'5 57! 3.4x10%s7!
547 nm a~15nm
b~25 nm
q=0.1
Pink 300 nm 8-15nm 3.664x10" 57! 3.7x10"s™!
514 nm a~10 nm
b~15 nm
q=0.07
Implantation - 2-6 nm 3.316x10" s 3.25x10%s7!
band 568 nm a~3 nm
b~10 nm
4.956x10" 57! q=0.01
380 nm

Keywords: Erratum; Optical; Permittivity
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