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Ko915RboossNOs monocrystals were grown from aqueous solutions of KNOs and
RbNO:s by isothermal crystallization method and the morphology of crystal
growth during I« phase transformations in these crystals was studied by
optical microscopy. It was determined that two polymorphic transformations
occur in the studied crystal from room temperature to the melting temperature.
The structural transformations in these crystals are enantiotropic and of the
monocrystal-monocrystal type. The equilibrium temperature between the
interconverting II and I modifications is T=45520.5K.

In the investigated sample, a repeated 111 phase transformation was studied,
and the growth of the process was observed in a mono-nucleated manner in the
[001] crystallographic direction. This transformation was accompanied by the
movement of the non-linear boundary separating the phases.

The transformation rate is as {2 — vjgp1) > 1 — Uop1]. Experiments show
that the rhombohedral modification existing between modifications I and II in
potassium nitrate is not detected in the studied sample. Partial replacement of
K* ions with Rb* ions increases the equilibrium temperature between modifica-
tions Il and 1 by about 55 K.

1. Introduction

The study of polymorphous transformations in nitrate compounds of alkali metals is of
scientific and practical interest. Due to their high piezoelectric and ferroelectric properties, the
technological capabilities of the compounds create great opportunities for their use as active
elements (KNOB-III phase ferroelectric) in electronic devices (capacitors) [1, 2].

In addition, these compounds are strong oxidizing agents used in pyrotechnics, metallurgy,
analytical chemistry and the preparation of pharmaceutical preparations [3]. Potassium salts are
used in the production of conversion devices, memory elements and radiation heat transfer

devices [4].

To study the mechanism of polymorphic transformations, it is necessary to study the
morphology of new crystal growth during these transformations, the crystallographic directional
relationships between the mutual transformation modifications, as well as the kinetics of the
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process. In this regard, it is convenient to use optically transparent crystals as a research object
[5]. Nitrate compounds of alkali metals are such substances, and numerous research works have
been devoted to the study of structural transformations in them, and a summary of the results
obtained is given in [6].

This research work is devoted to the study of the regularities of polymorphic transforma-
tions in the KosusRboossNO:s crystal obtained as a result of partial replacement of K* ions with Rb*
ions in KNOs crystals. Polymorphic transformations in this compound have not been studied
previously.

Potassium nitrate exists in three different polymorphic forms at atmospheric pressure [7].

At ~299K, phase II, a-KNOs has a rhombic (aragonitic) structure with lattice parameters
a=5,414 A, b=9,164 A and =6,431 A, space group Pmen [8, 9].

At temperatures T>403 K, phase I, B-KNOs, transforms into a rhombohedral (calcite)
structure with lattice parameters a=5,42 A and c=19,41 A and space group R-3m [10]. On the
other hand, during cooling, phase I first transforms into phase III (ferroelectric phase) at ~397 K,
and then phase III transforms into phase II at ~383 K (y-KNOs, rhombohedral structure with
lattice parameters a=5,43 A and c=9,112 A, space group R-3m) [9, 10]. It has been determined that
the temperature range corresponding to phase IIl expands at high pressure, and that phase III
also appears upon heating and belongs to the space group R3m [11].

In rubidium nitrate four polymorphic transformations occur between room temperature
and melting temperature. At a temperature of ~298K, phase IV has a trigonal lattice with lattice
parameters a=10,479 A, c=7,452 A, and space group R3im [12-14]. At T>437K, phase IV
transforms into a cubic crystal III with lattice parameters a=4,36 A, and space group Pm-3m [14].
At T>492K, the III — II transformation occurs and the cubic lattice transforms into a hexagonal
lattice with lattice parameters a=5,48 A, =10,71 A, and a space group of R-3m [16]. At T>564K,
modification II transforms into cubic modification I with lattice parameters a=7,32 A, and space
group Fm-3m [16].

2. Experimental part

The KoosRboossNOs crystals were obtained by isothermal crystallization from aqueous
solutions of KNOs and RbNO:s at room temperature. To achieve the perfection and purity of the
obtained samples, potassium nitrate of the “CDA” brand and rubidium nitrate of the “XC”
brand were subjected to multiple crystallizations.

For conducting research using an optical microscope, samples with dimensions of 1 X 0,5 X
5 mm were used. Because these measurements are suitable for conducting related studies, i.e. for
observation under a microscope (figure 1).

Figure 1. KoosRboossNOs monocrystals obtained from aqueous solution
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Morphology of Crystal Growth During I1<»I Phase Transformation in KossRboossNOs Monocrystal

In general, the samples were obtained in the form of flat plates and needlelike. The length of
the needles was in the crystallographic direction [001]. The experiments were carried out on a
MIN-8 polarization microscope equipped with a heater using a “Levenhuk C310 NK” type
camera. Using a computer crystal growth was observed during polymorphic transformations
[17, 18]. The temperature of the crystal was measured using a thermocouple touching it. The
error of the temperature measurements was +0,5°C at 100°C. Temperature fluctuations should be
minimal.

Temperature stability is important to prevent possible defects in the crystal.

During the morphological studies of the sample, first of all, the equilibrium temperature
between modifications II and I was determined as Toe=(45510,5) K. In the KossRboessNOs crystal,
the II->I transformation occurs at a temperature Tu>To, with the formation of a nucleus of a
modification I crystal within a modification II crystal and its growth mainly in the [100]
crystallographic direction (Fig. 2.b). Here T« is the transformation temperature, and To is the
equilibrium temperature between the phases.

Polymorphic transformations always occur at temperatures T«>To and the temperature
difference AT= Tt -To depends on the perfection of the parent crystal [6,19].

Experiments show that in the considered case the delay of transformation between
modifications Il and I is AT~2K.

As can be seen from Fig. 2.b, after the formation of the I-phase nucleus, it grows rapidly in
the [100] direction within the parent crystal and after the growth in this direction is completed, it
continues in both directions in the [001] crystallographic direction (Fig. 2. c-e). The growing
nucleus is shown in the figure by an arrow. The growth rate in both directions is vy46) > Upgoq -

After complete transformation, I modification crystal is obtained (Fig. 2.f). It showed that no
further morphological changes occurred in the crystal under study until the melting temperature
of the crystal.

(100]

a)

[001] I1- crystal <« 1

b)

embryo I - modification

c)
1<« 1 I-crystal

Figure 2. Formation and growth of the nucleus of the I modification (T=455 K) crystal inside the Il modification
crystal during the IT — I phase transformation in the KogsRbossNO:s crystal. a- II crystal, b- formation of the I
crystal nucleus inside the II crystal and its rapid growth in the [100] direction, c-e- growth of the I crystal nucleus
in both directions in the [001] direction, f- I crystal after the complete Il — I phase transformation (magnification x90) .
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When the I-modification crystal is cooled to a temperature of 453K, the reverse
transformation, that is, the I>II transformation, occurs at a temperature of T« <To. This process
also occurs with the formation and growth of a II phase crystal nucleus within the I phase
(Figure 3. a).

It was determined that during the experiments the boundary line separating the phases bent
at an angle of 45°. This bending can be explained by the stress generated within the crystal
during the phase transformation. After the reverse transformation was completed, the relatively
low defect content of the II-modification crystal (Fig. 3.f) led to the observation of a repeated II-I
transformation in the same sample. X-ray studies also showed that after the II-I-II
transformation, the crystal completely restored its original state.

[100]

T_-»[om]

a)
I-crystal 4y I Y45 1

b)

I Y45 11

¢)
S <\ llcrystal

Figure 3. Formation and growth of the nucleus of the Il modification (T=453K) crystal inside the I modification crystal
during the I II phase transformation in the Ko95RboossNOs crystal. a- formation of the II crystal nucleus inside the I
crystal and its rapid growth in the [100] direction, b-c- rapid growth of the II crystal nucleus in the [001] direction, d-e-
45° bending of the boundary and rapid growth of the II crystal nucleus in the [001] direction, f- I crystal after the
complete I-II phase transformation (magnification x90).

The II->I phase transformation was again carried out in the investigated sample and the
equilibrium temperature was determined. In this case, the transformation temperature in the
crystal was not different as in the first transformation, the process occurred in the [001] direction
and was mono embrionic (Fig. 4. b-d). The straightness of the boundary between the II and I
phases is not preserved (Fig. 4.c, ej), the transformation rate is [2 — Vioo1] > 1 — Y[oo1]-
Experiments conducted on KogsRboossNOs samples show that the rhombohedral modification
existing between modifications I and Il in potassium nitrate is not detected in this case.
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[100]

L F
[001] 1I- crystal

'y

b)

c) f)

I I

>

I crystal

Figure 4. Formation and growth of the nucleus of the I modification (T=455 K) crystal within the Il modification crystal
during the second II— I phase transformation in the KossRbossNOs crystal. a- II crystal formation of microcracks on the
crystal surface (gray lines), b- formation of the I crystal nucleus within the II crystal and its rapid growth in the [100]
direction, c-d-e- rapid growth of the I crystal nucleus in the [001] direction, reduction of microcracks, f- I crystal after
complete IT — I phase transformation (magnification x90).

3. Conclusion

It has been experimentally determined that polymorphic transformations in the
Ko945RboossNOs crystal are enantiotropic in nature, are of the monocrystal-monocrystal type.
During II<>I transformations the growth of crystals of modifications I and II occurs through the
formation and growth of a crystal nucleus within the parent crystal.

It was also determined that there is no intermediate modification between modifications I
and II. The rhythmic growth observed in potassium nitrate crystals during the II-I
transformation [19, 20] is not detected in this case.

In the studied sample, a repeated II-I polymorph transformation was carried out, and
between the temperatures of the first transformation and the second transformation any
difference was not observed. It was determined that the process was monoemrionic and the
growth proceeded mainly in the [001] direction. Partial replacement of K* ions with Rb* ions in
potassium nitrate between modifications II and I increases the equilibrium temperature by about
55 K. This suggests that the phase transitions of mixed phases make these materials suitable for
use in highly sensitive sensors. At the same time, their high heat capacity and stable phases make
them suitable for thermal storage systems. Mixed nitrates are more stable and powerful
combustible materials, and their crystals have high dielectric constants, making them suitable for
capacitors and microelectronics.
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ARTICLE INFO ABSTRACT
Article history: Rubiscolin molecules belong to the class of opioids derived from food substances.
Received: 2025-01-12 To understand the various physiological functions they perform, to target them
Received in revised form: 2025-01-13 purposefully, and to synthesize artificial analogs that perform specific functions
Accepted: 2025-01-16 of the natural molecule, it is necessary to study their three-dimensional spatial
Available online structures. The spatial structures of rubiscolin molecules and their analogs were
Keywords: investigated using theoretical conformational analysis methods. The potential
nutrients, energy of the molecule was chosen as the sum of non-valent, electrostatic,
opioid, torsion interaction energies and hydrogen bond energies. The spatial structures
rubiscolin, of [1le3]- and [Phe3]-rubiskolin-5 molecules were studied in the context of the
spatial structure, low-energy conformations of the natural rubiscolin molecule. The calculations
conformation. revealed that the solid structure of both analogs is represented by eight low-

energy conformations, similar to those of the natural rubiskolin-5 molecule. It
has been shown that the energy and geometric parameters of the molecules in
both analogues are the same as in the natural rubiscolin-5 molecule, therefore it
is not advisable to propose to synthesize both artificial analogues.

Introduction

Regulatory peptides, first discovered in the second half of the 20th century, are actively
studied by both physiologists and pharmacologists, since the area of biological activity of
peptides is extremely wide. They are one of the main links that unite the three regulatory
systems of the body - the nervous system, endocrine and immune into a single whole. At
present, more than 9000 physiologically active peptides have been characterized in various
animal species and in humans. These are short chains of amino acids (2-70 residues) that act as
signal molecules. Most of these peptides cannot be confidently attributed to either
neurotransmitters or hormones, since they are synthesized both by neurons (transmitting a
signal at the synapse level) and by cells of peripheral tissues (transmitting a signal over longer
distances, like hormones). Regulatory peptides are characterized by the impact on many systems
of the body at once. Opioid peptides are currently considered the most studied group of peptides
signaling substances. Opium causes pain relief, sedation and falling asleep, as well as a euphoric
state and a number of vegetative reactions. Opioid peptides are of animal and plant origin. A
number of exogenous peptides obtained from food have opiate-like properties. These peptides
were called exorphins. The discovery of the opioid activity of the peptide components of food
led to the assumption that certain types of food can act on the central nervous system like opiate
drugs. Exorphins have been isolated from various plant species. Rubiscolins -5 and -6 are also of
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great interest to scientists. These peptides have affinity mainly for B-receptors. Rubiscolins were
first isolated from spinach leaves. However, the degree of homology of the large RUBISCO
subunit in different species of higher plants is extremely high (more than 90%), and the content
of RUBISCO in green leaves is up to 50% of the total protein. Therefore, rubiscolins in significant
amounts can enter the body when consuming not only spinach, but also lettuce, sorrel, pars-ley,
etc. The green leaves of these plants are an important component of a balanced diet, so studies of
the possible neurotropic effect of rubiscolins are of practical value [1-6].

Materials and methods

We have studied the structural and functional organizations of opioid peptides enkephalins,
endorphins, endomorphins, dynorphins, neoendorphins, adrenorphin, and are currently
studying the spatial structure of exorphins, casomorphins, lactoferroxins, casoxins, soymorphins,
rubiscolins. This work is a continuation of our previous studies [7-15].

The molecule was calculated using the method of theoretical conformational analysis. The
potential function of the system is chosen as the sum of nonvalent, electrostatic and torsional
interactions and the energy of hydrogen bonds. Non-valent interactions were assessed using the
Lennard-Jones potential. Electrostatic interactions were calculated in the monopole
approximation according to Coulomb's law using partial charges on atoms. The conformational
capabilities of the rubiscolin molecule were studied in an aqueous environment, and therefore
the dielectric constant was taken to be 10. The energy of hydrogen bonds was estimated using
the Morse potential. Our above-mentioned works detail the potential features used. When
presenting the calculation results, a classification of peptide structures according to
conformations, main chain shapes, and peptide backbone shapes was used. Conformational
states are completely determined by the values of the dihedral angles of the main and side chains
of all amino acid residues included in a given molecule. The backbone forms of a fragment are
formed by combinations of the forms of R, B, L residues in a given sequence. The forms of the
dipeptide backbone can be divided into two classes - folded (f) and unfolded (e) forms, which are
called shapes. All conformations are grouped by main chain shapes, and shapes by shapes. To
designate the conformational states of residues, identifiers of the Xj type are used, where X
defines the low-energy regions of the conformational map and jj..=11...,12...,13...,21... determines
the position of the side chain, with index 1 corresponding to the angle value ranging from 0 to
120°, 2 — from 120° to -120°, and 3 — from -120° to 0°. Designations and readings of rotation angles
correspond to the IUPAC-IUB nomenclature [16]. To calculate the spatial structure of peptide
molecules was used a program developed by N.M.Gojayev and his staff [17].

Results and Discussion

In [18] we studied the three-dimensional structure of the rubiscolin-5 molecule (Tyrl-Pro2-
Leu3-Asp4-Leu5-NH2) based on low-energy conformations of the corresponding amino acid
residues and determined its stable conformations. The calculation results showed that there is an
energy differentiation between the conformations, forms of the main chains and shapes. The
conformations of eight shapes fall within a wide energy range of 0-5.0 kcal/mol. The most stable
conformations were selected from each shape and are presented in Table 1. The energy
contributions of non-valent (Un), electrostatic (Ue), torsional (Utrs) interactions and the relative
(Urel) energy of the optimal conformations of the rubiscolin-5 molecule are indicated here. The
energy of non-valent interactions in low-energy conformations changes in the energy range (-
22.3) - (-18.9) kcal/mol, electrostatic interactions (-4.6) - (0.9) kcal/mol, torsional interactions (2.9-
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5.6) kcal/mol. The geometric parameters of four conformations whose relative energy is less than
4.0 kcal/mol are presented in Table 2.

Table 1. Optimum conformations of the rubiscoline-5 molecule, their shapes, the shapes of their main chains,
the energy contribution of non-valent, electrostatic, torsion interactions and relative energies.

Energy contribution
No Shapes CONFORMATION U
Unv Uel Utors

1 efee BsRB21B3sBs2 -20.0 -4.6 3.7 0

2 efff BsRR12R1R21 -22.3 -3.8 5.6 04
3 efef BsRB31R3R21 -21.3 -3.7 43 0.2
4 eeef B2BB21R1Rz1 -20.3 0.5 3.0 4.0
5 effe BsRR21BsB32 -18.9 -0.7 3.0 43
6 eefe B1BR3B1Bs2 21.7 1.0 4.8 49
7 eeff B1BR2RsR32 -19.8 0.9 29 5.0
8 eeee B1BB21B1Bs2 -19.8 0.9 3.1 5.0

Table 2. Geometric parameters (in degrees) of low energy conformations of the molecule rubiscolin-5
(the values of the dihedral angles are given in the sequence ¢, ), w, X1, X2...)

Residue B3sRB21B3Bs2 BsRR12R1R21 BsRB31RsR21 B2BB21R1Rz1
Tyrl -95 159 168 -89 158 176 -65 155 171 -71 115 170
-71 104 0 73 113 0 -70 107 O 171779 0
Pro2 -60 -46 167 -60 -33 -179 -60 -63 169 -60 120 -173
Leu3 -122 118 174 -66 -41-177 -106 62 180 -108 103 175
173 61180177 65 98179 -179 -75 65179 180 17362179 -172
Asp4 -107 144 -175 -81 -31 176 -76 -49 179 -99 -46180
60 90 61 85 -56 89 55 107
Leu5 -118 119 180 -63 -45 179 -77 -52 180 -116 -68 180
-54 175 -175 176 63 179 176 62 179 175 62179
180 176 175 176
AU 0 04 0.2 4.0

Rubiscolin-5 and various analogues of Rubiscolin-5 molecules were synthesized by
Sobolczyk M., Perlikowska R. The spatial structure of the [Ile3]-rubiscolin-5 and [Phe3]-
rubiscolin-5 molecules synthesized by them was studied. The spatial structure of the [Ile3]-
rubiscolin-5 molecule was calculated based on the low-energy conformations of the natural
rubiscolin-5 molecule shown in Table 1. At this time, nine conformations of the side chain of the
Ile amino acid residue in each low-energy form of the natural molecule, which are possible
according to the torsion potential, were considered. The results of the calculations show that
there is differentiation according to the energies of the conformations, but there is no
differentiation according to the shapes of the main chain forms. Among the calculated
conformations, the lowest-energy conformation of the side chain of the Ile amino acid residue in
the eight low-energy forms of the main chain was selected. These conformations, their
contributions to them by non-valent, electrostatic, and torsional interaction energies, and their
total and relative energies are shown in Table 3. As can be seen from Table 3, their relative
energies vary in the range of (0 — 6.4) kcal/mol. A comparison of Tables 1 and 3 shows that all
low-energy structures of the natural molecule remain the same as low-energy for the [Ile3]
analogue.
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Table 3. Optimum conformations of the [Ile3]- rubiscoline-5 molecule, their shapes, the shapes of their main chains, the
energy contribution of non-valent, electrostatic, torsion interactions, the total and relative energies.

Energy contribution

No Shapes CONFORMATION Unv Uea Ulors Utot Urel
1 efee B3R B21 B3 Ba -189 44 42 -19.2 0.3
2 efff BsR R2R1R12 -19.2 -3.7 33 -19.5 0
3 efef BsR B21 Rs Rz -19.6 -39 44 -19.1 04
4 eeef B2B B2R1Rz 215 0.4 44 -16.7 2.8
5 effe BsR R32B3Ba2 -17.8 -0.3 3.1 -15.0 45
6 eefe B1B R33B1Ba2 -19.1 1.2 4.8 -13.1 6.4
7 eeff B1B Ra2R3R32 -19.3 1.2 2.8 -153 42
8 eeee B1B B2B1Bs2 -20.3 1.1 39 -154 4.1

Table 4. Energy inside and between residual interactions in the conformations of the molecule [Ile3]- rubiscoline-5 BsR
B21 B3 Bs2 (Urei=0.3 keal/mol, first line), Bs R R32Ri Rz (Urei=0 kcal/mol, second line), BsR B21 RsRa1 (Urei=0.4 kcal/mol, third
line), B2B B3 R1R21 (Urei=2.8 kcal/mol, fourth line)

Tyrl Pro2 Ile3 Asp4 Leu5
3.3 -3.8 -1.8 -10.9 24
3.7 -42 29 -12.3 0.3 Tyrl
2.1 -44 24 -12.3 -0.8
2.6 -5.7 -4.1 -4.7 -0.7
0.1 -0.8 -1.0 2.2
0.2 -1.8 -0.5 0 Pro2
03 -1.9 -0.5 0
0.3 -1.1 -0.6 -0.1
1.4 -0.6 -1.3
1.6 -1.8 -2.7 Ile3
24 -1.6 2.7
04 -0.9 -25
2.0 -1.1
25 -1.6 Asp4
2.3 -1.3
1.8 -14
-3.6
-3.6 Leu5
-34
-4.3

The relative energies of the first four low-energy conformations in Table 1 vary in the range
of (0 — 2.8) kcal/mol. In the eight low-energy conformations shown in Table 3, the contributions
to the non-valent interaction energy vary in the range of (-21.5) — (-17.8) kcal/mol, the electrostatic
interaction energy in the range of (-4.4) — (1.2) kcal/mol, and the torsion interaction energy in the
range of (2.8) — (4.8) kcal/mol (Table 3). The interaction forces between and within amino acid
residues in these conformations are shown in Table 4, the values of their dihedral angles are
shown in Table 5, and the spatial arrangement of atoms in these conformations is shown in
Figure 1. The most stable conformation of the [Ile3]-rubiscolin-5 analogue is BsR Rs2Ri Rz, which
belongs to the efff shape. The relative energy of this conformation in the natural rubiscolin-5
molecule is 0.4 kcal/mol. The conformation is favorable in terms of both non-valent and
electrostatic interaction energies. In this conformation, the N- and C- sides of the molecule
approach each other, and a hydrogen bond is formed between the H-atom on the N-side of Tyrl
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and the C=O atom in the side chain of Asp4 and the N — H atom of the main chain of Leu5,
contributing (-2.0) kcal/mol to the total energy. An effective interaction occurs between the
positively charged N-side of the molecule and the negatively charged side chain of Asp4,
contributing (-12.3) kcal/mol to the total energy (table 4). Tyrl interacts favorably with the
following Pro2-Ile3 dipeptide fragment, contributing (-7.1) kcal/mol to the total energy. Ile3
interacts effectively with the C-side dipeptide fragment, contributing (-4.5) kcal/mol to the total
energy (table 4). A comparison of the energy and geometric parameters of the Bs R Rz Ri Riz
conformation in the [Ile3]-rubiscolin-5 analogue and the native molecule shows that the
contribution of different interaction energies to the stabilization of both molecules, the interaction
energies between amino acid residues, and the values of the dihedral rotation angles almost
coincide (tables 1 and 3, tables 2 and 5).

Table 5. Geometric parameters (in degrees) of low energy conformations of the molecule [Ile3]-rubiscolin-5
(the values of the dihedral angles are given in the sequence @, {, w, 1, x2...)

Residue B3R B21B3Ba2 B2R R2R1 R B3R BaRsRz B2B Ba2R1Rz
93 162 167 -86 157 176 -63 158 168 -67 107 165
Tyrl 73 106 0 -72 112 0 -68 108 0 165 73 0
Pro2 -60 -44 167 -60 -30 -172 -60 -57 169 -60 130 -175
-125 119 175 -66 -45 -176 -118 101 178 96 104 174
Ile3 173 179 62 -61-176 177 171 174 60 -56 -174 175
-174 -174 169 -169
-104 142 -175 -87 -35 -179 -75 -47 -178 -89 -41 178
Asp4 -60 89 61 85 -56 89 57 108
-118 119 180 -63 -46 179 -40 -56 180 -112 -66 179
Leub5 -54 172 -175 176 63 179 172 62 180 175 62 179
180 176 175 176
AU 0.3 0 04 2.8

The second low-energy conformation of the [Ile3]-rubiscolin-5 analog is the Bs R B21 Bs Ba2 of
the efee shape, with a relative energy of 0.3 kcal/mol. In the native molecule, its relative energy is
0 kcal/mol (Tables 1 and 3). In this conformation, Pro2, being in the R form of the main chain,
turns the tripeptide fragment following it towards the N-side of the molecule. As a result, Tyr1l
forms an effective interaction with the tetrapeptide fragment following it Pro2-Ile3-Asp4-Leu5,
contributing (-18.9) kcal/mol to the total energy. Electrostatic and non-valent interaction forces
play an important role in stabilizing this conformation. The contribution of the electrostatic
interaction energy is (-4.4) kcal/mol, which is the largest. The non-valent interaction contributes (-
18.9) kcal/mol. Comparisons of Tables 1 and 3, Tables 2 and 5 show that the energy and
geometric parameters of the conformations are in perfect agreement.

The third low-energy conformation of the [Ile3]-rubiscolin-5 analog belongs to the BsR B21Rs
Rx effef shape and its relative energy is 0.4 kcal/mol. The relative energy of this conformation in
the native molecule is 0.2 kcal/mol. The contribution of the non-valent interaction energy to its
stabilization is (-19.6) kcal/mol, and the contribution of the electrostatic interaction energy is (-3.9)
kcal/mol. As can be seen, their contributions to the total energy approximately correspond to
those of the 1st and 2nd conformations. Here, the unfolded and folded forms of the amino acid
residues alternate, and Tyr1 can form effective electrostatic and dispersion interactions with the
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tripeptide fragment Pro2-Ile3-Asp4 that follows it. Effective electrostatic interactions form
hydrogen bonds between the positively charged N-side of the molecule and the negatively
charged side chain of the Asp4 amino acid residue (Table 4). The geometric and energy
parameters of the Bs R Bz Rs Rai conformation in the analog and in the native molecule are
consistent (Tables 1 and 3, Tables 2 and 5)

a) Bs R Bz Bs Bx (0.3 kcal/mol) b) Bs R Ra2 Ri Rz (0 kcal/mol)

¢) BsR B21 RsRa1 (0.4 kcal/mol) d) B2B Bz Ri Rz (2.8 kcal/mol)

Figure 1. Atomic model of spatial structure of the [Ile3]- rubiscoline-5 molecule a), b), ¢) and d) corresponded to
the structures with the relative energies 0.3 kcal/mol, 0 kcal/mol, 0.4 kcal/mol and 2.8 kcal/mol, respectively.

The relative energy of the B2 B Bx Ri Ra1 conformation of the eeef shape of the [Ile3]-
rubiscolin-5 molecule is (2.8) kcal/mol, while its relative energy in the native molecule is 4.0
kcal/mol. The contribution of non-valent interaction energy to this conformation is (-21.5)
kcal/mol and is the largest. It is not favorable due to the electrostatic interaction energy, repulsive
forces dominate, and their contribution to the total energy is (0.4) kcal/mol (Table 3). The N-side
tripeptide fragment of the molecule is in the fully unfolded B B B form of the main chain and
distances the positively charged N-side of the molecule from the negatively charged side chain of
aspartic acid, and the interaction force between them contributes only (-4.7) kcal/mol to the total
energy (Table 4, Figure 1-d). The energy and geometric parameters of this conformation also do
not differ from the parameters of the corresponding conformation of the natural molecule.
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The relative energies of the low-energy conformations of the effe, eefe, eeff and eeee shapes
of the [lle3]-rubiscolin-5 molecule vary in the energy interval (4.1) — (6.4) kcal/mol. The energies
of the low-energy conformations of these shapes vary in the interval (4.3) — (5.0) kcal/mol. In
these shapes, the energy and geometric parameters of the natural molecule and the [Ile3]-
analogue also correspond.

Based on the above, it can be concluded that the low-energy conformations of the natural
Rubiscolin molecule and its [Ile3]-analog are identical. In low-energy conformations, the
interactions between amino acid residues, the contributions of different interaction energies to
the stabilization of conformations, and the values of dihedral rotation angles are completely
consistent. In the natural molecule, the third amino acid residue leucine is replaced by the
isoleucine amino acid residue. Both amino acid residues are non-polar. The only difference
between them is that the possible region of the isoleucine amino acid residue due to the ¢ —
angles is slightly smaller than the possible region of the leucine amino acid residue.

It is known that biomolecules perform their physiological functions in certain spatial
structures. Therefore, since the spatial structures of both molecules whose spatial structure is
studied are identical, the physiological functions they perform will also be identical. Therefore, it
is not appropriate to select the [Ile3]-rubiscolin-5 molecule to synthesize an analog that will
perform only certain physiological functions of the natural molecule. In [19], the selection of
synthesized analogs of the rubiscolin-5 molecule was based on the spatial structure of the natural
molecule.

Table 6. Optimum conformations of the [Phe3]- rubiscoline-5 molecule, their shapes, the shapes of their main chains,
the energy contribution of non-valent, electrostatic, torsion interactions, the total and relative energies.

Energy contribution
No Shapes Conformation Utot Urel
Unv Uel Utor
1 efee BsR B1B3Ba2 -19.6 45 4.1 -19.9 1.0
2 efff B2RRiR1R21 -21.6 -35 43 -20.9 0
3 efef BsR BsRsRx -20.7 -3.7 3.6 -20.9 0
4 eeef B2B BsRi R -23.1 0.1 43 -18.7 22
5 effe BsR R2B3Ba2 -204 1.0 25 -16.9 40
6 eefe B1B R2B1Bx -19.4 09 3.1 -154 55
7 eeff B1B RsR3Rx2 -20.7 1.0 4.6 -15.1 5.8
8 eeee B1B B2B1Ba2 -17.9 -0.6 2.8 -15.6 53

The [Phe3]-rubiscolin-5 analogue of the rubiscolin-5 molecule was also selected based on the
article [19]. The spatial structure of the [Phe3]-rubiscolin-5 analogue was studied based on the
low-energy conformations of the natural rubiscolin-5 molecule shown in Table 1. In each low-
energy conformation, the x angle of the Phe side chain, which exists in the 60°, 180° and -60°
states according to the torsion potential, was considered. The results of the calculations show that
differentiation occurs only according to the conformations of the phenylalanine side chain. The
most stable conformation of the Phe side chain was selected, and these conformations, the forms
and shapes of the main chain, the contribution of their various interaction energies, total and
relative energies are shown in Table 6. The amino acid residues and internal interaction energies
in four conformations with relative energies less than 4.0 kcal/mol are shown in Table 7, the
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values of their dihedral rotation angles are shown in Table 8, and the spatial arrangement of
atoms in these conformations is shown in Figure 2, a, b, ¢, d.

Table 7. Energy inside and between residual interactions in the conformations of the molecule [Phe3]- rubiscoline-5 BsR
B1B3Bs2 (Ure=1.0 kcal/mol, first line), BsR RiR1R21 (Urei=0 kcal/mol,second line), BsR BsRs R21 (Uri=0.0 kcal/mol, third
line), B2B B3Ri1 Ra1 (Urei=2.2 kcal/mol, fourth line)

Tyrl Pro2 Phe3 Asp4 Leu5
-3.8 -4.3 29 -12.2 -0.3
34 27 -32 9.6 2.3 Tyrl
21 -44 2.0 -11.8 0.2
24 5.6 52 5.9 24
0.2 22 -04 0
0.2 -1.7 -1.1 2.3 Pro2
0.3 24 -0.6 0
0.3 -12 -1.1 -0.1
0.3 0.7 2.6
0.2 2.2 -14 Phe3
-0.1 -0.6 -1.7
0.2 04 -0.9
25 -1.7
2.0 -1.1 Asp4
2.3 -1.7
1.8 -1.3
-3.6
-3.6 Leu5
-3.8
-3.6

Table 8. Geometric parameters (in degrees) of low energy conformations of the molecule [Phe3]-rubiscolin-5
(the values of the dihedral angles are given in the sequence @, {, w, 1, x2...)

Residue BsR B1B3Bx BsR RiRi1R21 BsR BsRsRa1 B2B BsRi Rz
-93 161 167 -88 157 -173 -65 155 170 -66 110 165
Tyrl -72 106 0 -74 112 0 -70 107 0 165 75 0
Pro2 -60 -46 165 -60 -41 -166 -60 -62 169 -60 129 -171
-127 121 178 -68 -38 -178 -107 98 180 -89 89 -174

Phe3 60 94 65 84 -60 90 -62 94
-103 143 -173 -85 -34 -179 -76 49 179 96 -43 180

Asp4 -60 90 62 85 -56 89 57 109
-117 119 180 -63 -45 179 -77 -52 180 -114 -79 180
Leu5 -53 173 -175 176 63 179 177 63 179 -178 62 179

180 179 175 174
AU 1.0 0 0 22

The relative energies of the low-energy conformations of the [Phe3]-rubiscolin-5 analogue
vary in the energy range (0-6.0) kcal/mol (Table 7). The contribution of non-valent interaction
energy to these conformations varies in the range (-23.1) - (-17.9) kcal/mol, the contribution of
electrostatic interaction energy varies in the range (-4.5) - (1.0) kcal/mol, and the torsional
interaction energy varies in the range (2.5) - (4.6) kcal/mol. As can be seen from Table 6, the
sequence of low-energy structures is almost the same as in the natural molecule. The first four
low-energy conformations are the same as in the natural molecule. The relative energy of the BsR
B1 Bs Ba2 conformation of the efee shape in the [Phe3]-rubiscolin molecule is 1.0 kcal/mol. This
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conformation is the global conformation of the natural molecule. The contribution of electrostatic
interaction energy to the stabilization of the conformation is the largest. In the conformation, the
Pro2 amino acid residue, being in the R form of the main chain, rotates the following Phe3-Asp4-
Leub tripeptide fragment in such a way that the positively charged N-side of the molecule and
the negatively charged side chain of aspartic acid approach each other in space, and an effective
interaction occurs between them, contributing up to (-12.2) kcal/mol to the total energy. In
addition, the interaction energy between Pro2-Phe3 of Tprl contributes up to (-7.2) kcal/mol to
the total energy, Pro2-Phe3 to (-2.2) kcal/mol, and Phe3-Asp4-Leu5 to (3.3) kcal/mol to the total
energy (table 7). A comparison of tables 6, 7, and 8 with tables 1 and 2 shows that the values of
the interaction forces stabilizing the molecules and the geometric parameters of the
conformations are the same in both molecules.

The relative energy of the B2R RiR1R21 conformation of the efff shape in the [Phe3]-analog is
0 kcal/mol, while in the natural rubiscolin-5 molecule it is 0.4 kcal/mol. The interaction of Tyr-1
with the subsequent Pro2-Phe3-Asp4-Leub tetrapeptide fragment contributes to the stabilization
of the conformation by (-17.8) kcal/mol, the interaction of Pro2 with the subsequent tripeptide
fragment contributes to the total energy by (-5.1) kcal/mol, and the interaction of Phe3 with the
subsequent dipeptide fragment contributes to the total energy by (-3.7) kcal/mol. Again, a
comparison of Table 1 with Table 6, and Table 2 with Table 8 shows that the interaction forces
and the values of the dihedral rotation angles of the molecules stabilizing this conformation in
the natural rubiscolin-5 molecule and its [Phe3] analog are almost the same.

Another low-energy structure of the [Phe3]-rubiscolin molecule is the Bs R Bs Bs Rx
conformation belonging to the efef shape, whose relative energy in the native molecule was 0.2
kcal/mol. The non-valent interaction energy contributed up to (-20.7) kcal/mol to the stabilization
of the conformation, the electrostatic interaction energy contributed up to (-3.7) kcal/mol, and the
torsional interaction energy contributed up to (3.6) kcal/mol. In this conformation, the positively
charged N-side of the molecule and the negatively charged side chain of Asp4 are spatially close
to each other, contributing up to (-11.8) kcal/mol to the total energy, and a hydrogen bond is
formed between the hydrogen atom of the main chain and the oxygen atom of the aspartic acid
side chain. The Tyrl amino acid residue and Pro2-Phe3 form an effective interaction,
contributing (-5.9) kcal/mol to the total energy, while the Pro2 amino acid residue Phe3-Asp4
dipeptide fragment contributes (-3.0) kcal/mol to the total energy. Again, a comparison of Table 1
and Table 6, and Table 3 with Table 8, shows that the energy and geometric parameters of the
analog and the native molecule are almost completely consistent.
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a) BsR B1BsBs2 (1.0 kcal/mol) b) B2R RiR1Ra1 (0 keal/mol)

a) BsR B1BsBa2 (1.0 kcal/mol) b) B2R RiR1Rx1 (0 keal/mol)

Figure 2. Atomic model of spatial structure of the [Phe3]- rubiscoline-5 molecule a), b), ¢) and d) corresponded to the
structures with the relative energies 1.0 kcal/mol, 0 kcal/mol, 0 kcal/mol and 2.2 kcal/mol, respectively.

The relative energy of the B.B BsRi1Ra1 conformation of the eeef shape is (2.2) kcal/mol. In the
natural molecule, its relative energy was (4.0) kcal/mol. A comparison of the values of the energy
and geometric parameters of these conformations in the corresponding tables shows that they
agree very well.

The next four low-energy conformations of the [Phe3]-rubiscolin5 molecule, presented in
Table 6, are similar to the conformations of the natural rubiscolin-5 molecule, shown in Table 1.
The total contribution of the various interaction energies in all of the conformations, the
interaction energies between the various amino acid residues, and the values of their dihedral
rotation angles agree very well in the [Phe3]-rubiscolin-5 analog and the natural rubiscolin
molecule.

Calculation of the spatial structure of the [Phe3]-rubiscolin-5 molecule showed that the
values of its energy and geometric parameters given in Tables 6, 7, and 8, and the spatial
arrangement of atoms in Figure 2 a,b,c,d, correspond to the values and figures given for the
natural rubiscolin-5 molecule in the article [18 ]. Therefore, it can be concluded that the [Phe3]
analog is also not a suitable analog for synthesis, and in principle it will retain all the functions of
the natural molecule.
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Conclusion

1. The spatial structure of the [Ile3]-rubiscolin-5 molecule was studied and it was shown that
it is represented by eight low-energy conformations.

2. The roles of different interaction energies and interactions between different amino acid
residues in the formation of low-energy conformations of the [Ile3]-rubiscolin-5 molecule were
shown.

3. The low-energy conformations of the natural rubiscolin molecule and its [Ile3[ analog
were compared and it was shown that the energy and geometric parameters of both molecules
were the same, and it was shown that the [Ile3]-analog was not a suitable analog for synthesis.

4. The three-dimensional spatial structure of the [Phe3]-rubiscolin analog was studied by the
method of theoretical conformational analysis, the assembly of its low-energy conformations, the
roles of various types of interactions in stabilizing them, and the values of dihedral rotation
angles in low-energy conformations were determined.

5. Comparison of the energy and geometric parameters of the [Phe3]-rubiscolin-5 analogue
and the natural rubiscolin-5 molecules showed that they are completely identical. Therefore, it
cannot be assumed that this analogue will differ from the functions performed by the natural
rubiscolin-5 molecule, and it is not advisable to synthesize the [Phe3]-analogue.
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Surface Plasmon Resonance, of AgNPs revealed clear differences in their physical properties after sulfidation.
lonic diffusion From the study of optical properties, we determined that Ag-Ag:S core-shell

structures have broadband absorption properties that can be controlled by
changing the concentration of sulfur ions in the sulfidation process. Also,
because of sulfidation, it was determined that the value of the bandgap of Ag-
AgsS structures changes.

1. Introduction

In recent years, much attention has been paid to the controlled synthesis of silver-based
nanostructures because the catalytic, electronic, and optical properties of these materials can be
tuned by changing their composition, shape, size, and structure [1-6]. Among the noble metals,
Ag is a promising material for industrial applications because of its non-toxicity and relatively
low cost compared to other noble metals. In addition, Ag nanoparticles have a unique localized
surface plasmon resonance (SPR) effect that enables light absorption in the visible region of the
solar spectrum, thereby enhancing photocatalytic performance [7]. At the same time, Ag
nanomaterials are actively used in catalysis, medicine, microelectronics, and other fields due to
their surface effect, quantum size effect and high electrical conductivity [8, 9]. As is well known,
Ag:S is a semiconductor with unique physical properties. Ag:S has low toxicity, non-linear
optical properties and exhibits high chemical stability [10-12]. Noble metal-semiconductor
hybrid nanostructures are increasingly being explored for their multifunctional capabilities and
improved physical and chemical properties compared to their constituents [13, 14]. Among
them, Ag-Ag,S hybrid nanostructures are of practical interest due to their tunable plasmon
properties [15]. These optical properties directly depend on the morphology and composition of
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the Ag-Ag:S hybrid nanostructures. Ag-Ag,S hybrid nanostructures, in particular, exhibit
enhanced chemical and thermal stability, tunable plasmonic properties, and exceptional
photocatalytic activity. These properties result from synergistic effects between metallic silver
and semiconducting silver sulfide components within the nanostructure. These properties of Ag-
Ag,S nanostructures create their highly promising materials for application. These fields can be
used in photonic devices, sensor technologies, and biomedical applications [16,17 ]. At the same
time, Ag-Ag,S nanostructures can be applied as photocatalysts with high efficiency, which
allows them to be used in processes such as water splitting and neutralization of natural
pollutants [18]. In addition, the wide bandgap of Ag-Ag,S nanostructures makes them suitable
materials for high-quality optical imaging and infrared (IR) detectors. In particular, the use of
these materials in applications such as infrared photodetectors and solar cells has become the
subject of extensive research [19-21]. Studies on Ag:S have shown that compared with
conventional metal oxide semiconductors, metal sulfides have narrow band gaps and are more
efficient in the use of sunlight [22] . Regardless of their morphology, particle size, and coating
materials, Ag nanoparticles easily react with sulfides to form silver sulfide (Ag:S), resulting in
Ag-Ag:S structure and high photocatalytic properties [23].

In this study, the successful synthesis of Ag-Ag:S core-shell nanostructures was achieved.
When NaxS solution with different concentrations was added to the dispersion of Ag
nanoparticles at room temperature, a sulfidation reaction occurred on the surface of Ag
nanoparticles and core-shell Ag-Ag:S structures were formed. The degree of sulfidation of
AgNPs can be controlled by changing the concentration of sulfur ions added to the dispersion of
AgNPs, which allows the morphological control of Ag-Ag>S nanostructures. The structural and
optical properties of AgNPs and Ag-Ag:S structures were studied in detail.

2. Materials and methods
2.1 Synthesis of silver nanoparticles and preparation of Ag-Ag:S core-shell structures

The studied work involved the synthesis of Ag nanoparticles via the chemical reduction
method [24,25]. Silver nanoparticles were prepared by reducing silver nitrate using a PVA
aqueous solution as a coating agent. A silver nitrate solution was prepared by adding 0.03 g of
silver nitrate (AgNOs) to 10 ml of distilled water. Sodium borohydrate (NaBHs4) was dissolved in
20 ml of distilled water and added to the PVA solution. The prepared PVA solution was heated
to 60°C and stirred. Then AgNO:s solution was added dropwise to the PVA solution. The color of
the mixture began to darken with the dropwise addition of AgNO:s solution. After all silver
nitrate (AgNOs) solution was added, the mixed solution was stirred in a magnetic stirrer for
another 10 min.

Sodium sulfide (NazS) was used as a source of sulfur adsorbed on the surface of the
synthesized silver nanoparticles. The synthesized Ag-Ag:S structures were chemically
synthesized by changing the concentration of sulfur ions from 5 to 15mM in the Na:S solution,
whereas the concentration of AgNPs remained unchanged. Then, the prepared aqueous solution
of sulfur ions was added dropwise to the AgNP solution under continuous stirring. The
resultant solution was kept under magnetic stirring for 4 hours and color change of the
suspension indicated the formation of Ag-Ag:S structures. It was washed several times using DI
water and the suspension was used for various characterization.
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2.2 Analysis methods

The structural investigation was performed utilizing a Rigaku Mini Flex 600 X-ray
diffractometer (k 1/4 1.54060 A) using Ni-filtered Cu K, radiation. Optical properties were
examined using the UV-VIS Specord 250 Plus spectrophotometer.

3. Results and discussion
3.1 X-ray diffraction analysis

To determine crystal structure of synthesized AgNPs and Ag-Ag,S hybrid nanostructures
were analyized by XRD and diffractograms are shown in Figure 1. In Figure 1la, peaks
corresponding to (111) and (220) planes observed at 20=38.33° and 64.63° are characteristic of
face-centered cubic crystal structure of AgNPs which revealed JCPDS No. 04-0783 card number
[26]. In this pattern observation of broad diffraction peaks indicates that the particle size is small.
Figure 1b shows the XRD pattern of Ag-Ag:S nanostructures synthesized using with 5mM
concentration of Na:S. As can be seen from the pattern, a new peak at 20 = 32.6° is observed
corresponding to (112) index. This peak is characteristic of Ag:S formed on the surface of AgNPs
which is characteristic for monoclinic phase of Ag2S and correspond to (112) Miller index and
JCPDS No. 14-0072 card number [27] In the diffraction pattern, by the increasing of the
concentration of sulfur ions, the peaks of Ag:S peaks also increases. This result is due to the
increase in the concentration of sulfur ions in the Na:S solution, which causes AgNPs to be
exposed to the more Na:S solution and more sulfur ions penetrate the nanoparticles. As can be
seen from the spectrum in Figure 1b , new peaks for Ag:S corresponding to the (012), (-112), (-
121) and (-103) planes observed at 22.3°, 30.12°, 34.35°, and 37.8°, respectively which correspond
to monoclinic phase of AgzS. This result is in good agreement with JCPDS No. 14-0072 standard
data [28]. This confirms the crystallization of Ag-Ag:S structures. Thus, an increase in the
concentration of Na:S increases the amount of Ag:S formed on the surface of the nanoparticles .
In addition, although the intensity of the main peak for AgNPs decreased compared with the
original sample, the characteristic peaks of AgNPs did not disappear in all spectra, which
indicates that not all AgNPs in the sample were converted to Ag:S and are formed as Ag-Ag:S
heterostructures. The obtained peaks were in good agreement with the characteristic peaks and
confirmed the formation of AgNPs and Ag-Ag:S structures.

Intensity (CPS)

20 40 60 20
2 theta (deg)

Fig.1 XRD patterns of (a) AgNPs, (b) Ag-Ag2S (5mM), (c) Ag-Ag:S (10mM), (d) Ag-Ag:S (15mM)
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3.2 UV-Vis spectroscopy

Figure.2A shows the optical absorption spectrum of silver nanoparticles (AgNPs) and Ag-
Ag:S structures with different concentrations. The absorption spectrum shows a characteristic
peak at 385 nm. This is consistent with the surface plasmon resonance of AgNPs [29]. This
spectrum demonstrates that AgNPs were successfully synthesized. An aqueous solution of Na:S
was added to the dispersion of Ag nanoparticles in different amounts. The sulfidation reaction
was monitored by recording the absorption spectra of the reaction solution and altering the NazS
concentration. However, a decrease in optical absorption was observed after sulfur (S) doping at
low concentrations of Na:xS. This decrease is related to AgNP sulfidation and changes in
nanoparticle surface properties. When the samples are exposed to the Na:S solution, the intensity
of the peak associated with Ag nanoparticle surface plasmons decreases. Along with the
decrease in intensity, a red shift is observed at low and medium concentrations of sulfur ions.
This result is due to the effect of Na:xS on the surface of Ag nanoparticles and the reduction of the
plasmon oscillations characteristic of Ag nanoparticles. In addition, after the concentration of
sulfur ions reached 10 mM, the red shift of the peaks became sharper and an increase in the
wavelength of the plasmon peaks of the samples was observed ( Figure 2A) . The frequency of
plasmon peaks depends on the concentration of free electrons (equation 1) [30]. It is known that a
redshift in the wavelength causes decreasing of the frequency. This is due to a decrease in the
electron concentration. At the same time, the experimentally observed redshift during the
sulfidation process can be attributed to the differences in the sulfidation rate on different sides of
the silver nanoparticles [31]. Based on the experimental results, we can conclude that the
reduction in the size of the Ag nanoparticle (i.e., the replacement of several atomic layers of the
silver nanoparticle with Ag:S layers) is the most likely explanation for the redshift of AgNPs
observed during sulfidation. There are two main reasons why Ag-Ag:S core-shell structures
have broadband absorption properties: First, the red shift of the absorption spectra is associated
with the formation of the Ag:S dielectric layer, which is in good agreement with the literature
[33,34]. The reason is that the LSPR (Localized Surface Plasmon Resonance) of Ag
nanostructures is sensitive to changes in the surrounding dielectric medium [35]. On the other
hand, the broadband absorption of Ag-Ag:S core-shell structures is related to the gradually
changing Ag>S shell thickness . Using of Na2S solution, an Ag:S semiconductor layer is formed
on the metallic AgNPs , which is associated with a decrease in electron concentration compared
with the first sample.

__ [ ne?
0= 22 M

w is the plasmon resonance frequency, n is the concentration of free electrons, e is the elementary
charge, ¢ois the vacuum permeability, and m" is the effective mass of the electron. According to
Equation 1, the calculated concentrations of electrons on the surface of the Ag-Ag:S structure at
different concentrations of Na:S are given in Table 1. The following is the formation mechanism
of Ag-Ag:S core-shell type structures: sulfidation starts from defects on the surface of Ag
nanoparticles [36] and Ag:S is formed. Sulfur ions undergo two types of diffusion when a small
amount of Ag:S islands are formed on the surface of Ag nanoparticles. It spreads until it reaches
its already-formed islands. In the second type of diffusion, with an increase in the concentration
of sulfur ions, the amount of Ag:S on the surface and in the volume relative to Ag increases at
different rates. It is clear that surface diffusion is faster than volume diffusion. After penetrating
the Ag:S layers formed by increasing concentrations of sulfur ions, the amount of light reaching
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the main surface of Ag decreases, which causes unstable excitation of the plasmon on the Ag
surface. At the highest concentration of sulfur ions, the thickness of the surface layers begins to
increase. Since the thickness of the volume layer is controlled by diffusion, its thickness does not
change. Instead, it further reduced the size of the Ag core.

A

— Ag-Ag2S(10mM)
— Ag-Ag2S(15mM)

Absorbance (a.u.)
(athv)? x10°3

300 400 500 600 700 800
Wavelength (nm) hv(eV)

Fig.2 UV-Vis absorption spectra (A) and width of the forbidden band (B) of samples with
Ag nanoparticles and Naz2S solution.

Table.1 Plasmonic parameters of Ag-Ag:S structures prepared at different concentrations.

Nanostructure Experimental plasmon | Concentration of plasmon | Band gap
peaks (nm) electrons

Ag-Ag:S (5mM) 395 6.92x10%cm 225eV

Ag-Ag>S (10mM) 399 6.77 x10 %*cm 3 219eV

Ag-Ag:S (15mM) 403 6.15x10%cm 3 210eV

The band gap values of the samples were determined using the Tauc method.
(ahv)? = A(hv — Ej) ()

hv is the photon energy, A is a constant that depends on the structure and type of the
sample, E; is the band gap, and the value of n depends on the nature of the transition: n = 2 for
direct allowed transition, n=1/2 for indirect allowed transition, « is the absorption coefficient, its
value is obtained from the Beer-Lambert formula. As shown in Figure 2B, the pure AgNPs have
a band gap of 2.8 eV. This value is related to the optical properties of Ag and quantum size
effects. Also, as seen in Figure 2B, the bandgap at different concentrations of Na:S solution
obtained different values: 2.25 eV at 5 mM concentration, 2.19 eV at 10 mM concentration, and
2.10 eV at 15 mM concentration. When Ag nanoparticles react with NazS solution, Ag:S is formed
on their surface. The kinetics of this reaction depend on the solution concentration. At higher
concentrations, the reaction was faster, resulting in more Ag:S being formed. The thickness of the
Ag:S layer formed on the surface of Ag particles during the reaction increased with increasing
concentration. In 5 mM Na:zS solution, the surface of Ag particles was covered with a small
amount of AgS, as a result, the band gap decreased to 2.25 eV. In 10 mM and 15 mM Na:S
solutions, the Ag:S layer is thicker, and as a result, the bandgap decreases from 2.19 eV to 2.10
eV, respectively. The formation of Ag:S narrows the band gap of Ag nanoparticles because the
Ag:S material has a different electronic structure than pure Ag. As the Ag:S layer on the surface
thickens, the quantum size effect of the Ag nanoparticle weakens and the band gap decreases.
According to the available literature, the bandgap of Ag>S nanocrystals is in the range of Eg=0.9-
1.1eV [37]. Consequently, the analysis of the results shows that the introduction of sulfur (S) can
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lead to changes in the bandgap of Ag-Ag:S core-shell type structures. The reason for this is that
the excited electrons passing into the conduction band of Ag:S easily transfer to silver at the Ag-
AgS interface. The formation of Ag and Ag:S heterostructure changes the structure of the band
gap of Ag:S at the interface, facilitates the separation of charges, and reduces the recombination
of charge carriers.

4. Conclusion

In this study, silver nanoparticles were synthesized via chemical reduction. Then, Ag-Ag:S
core-shell structures were prepared by adding different concentrations of Na2S solution to
AgNPs . The properties of AgNPs and Ag-Ag:S structures were studied. The structural analysis
results showed that a layer of Ag:S formed on the surface of the AgNPs because of the
sulfidation process. In addition, there was a decrease in the degree of crystallization of AgNPs.
This structural change depends on the increase in the concentration of sulfur ions. Moreover,
UV-Vis spectroscopy showed that the intensity of the plasmon oscillation peaks of the silver
nanoparticles decreased and a red shift occured with increasing concentrations. In addition, the
band gap decreased from 2.25 eV to 2.10 eV. It can be associated with the formation of Ag.S
nanoparticles .
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crystal parameters, specific electrical temperature range of 300-650 K, and the charge transport mechanisms were
conductivity, Hall coefficient, investigated. The dependence of magnetic resistance on composition,
magnetoresistance, temperature, and magnetic field intensity was studied. The chemical bond
zone structure and crystallization type structure in Tin monoselenide has also been

investigated. Using a special X-ray diffractometer, the X-ray structural
analysis was carried.

1. Introduction

Interest in semiconductor compounds of the A*B® type is due to the prospects for their use
in semiconductor instrumentation. For example, SnS and SnSe are used as a base material for
creating active elements that operate in the infrared region of the optical spectrum, in
thermodynamic converters [1-2], an absorbing layer in thin-film solar energy converters [3-4],
and also as photoconductors [5], semiconductor sensors [6], micro-batteries [7]. The fundamental
characteristics of these compounds a small band gap, high permittivity, relatively high radiation
resistance, and the predominance of ionic bonding - further expand the possibilities of their
application [8]. In recent years, much effort has been directed at creating photovoltaic devices
from cost-effective, low-toxic, low-cost materials with a simple production technology. In this
regard, SnSe semiconductor compounds have proven to be very promising due to the low cost of
the material, which is due to the widespread occurrence of tin and selenium in nature.

Tin monoselenide has a complex ionic-covalent chemical bond and crystallizes in the
NaCl —type structure. One of the main features of SnSe is the presence of defects to a certain
extent [9]. It was found that the presence of vacancies in both sublattices and their interaction is

81


mailto:rabayramov@beu.edu.az

O.M.Hasanov, C.I.Huseynov, H.A.Aslanov, X.A.Adgozalova, G.A.Garashova’, R.B.Bayramli

caused by antistructural ~10%7sm™3 defects. A high concentration of these defects in SnSe leads
to the formation of p-type conductivity. Tin selenide is a base material for creating active
elements that operate in the infrared region of the optical spectrum, as well as in thermodynamic
converters [10,11].

Doping them with impurities that create quasi-local levels expands the possibilities of their
practical application. The introduction of rare earth metal (REM) elements into tin monoselenide
causes the emergence of a number of physical properties associated with the nature of the defect
and the interaction of defects. The behavior of REM impurities in semiconductors is
characterized by some distinctive features, for example, a combination of low solubility and the
ability of REM to “purify” the material, which makes it possible to significantly reduce the
concentration of background impurities and defects [12].

The corresponding studies are of particular importance in fundamental physics, as well as
from the point of view of their application. Substances obtained with the participation of rare
earth metals (REM) are widely used in the manufacture of some converters of electrical energy,
various types of thermistors resistant to radiation, pressure and humidity. With incomplete
filling of the electronic structure of REM level 4f, an easy transition to 4f — 5d — 6s occurs, and
the creation of a variable valence due to mobile electrons of atoms of level 4f makes the materials
obtained with their participation an interesting object of study. From this point of view, the
possibility of obtaining new promising materials with the required physical properties based on
alloys and compounds with the participation of REM makes their study especially important [13,
14]. Therefore, the study of the interaction between chalcogenides SnSe and GdSe, as well as a
comprehensive study of the galvanomagnetic properties of the formed solid solutions is of
scientific and practical interest.

2. Experimental procedure

The initial components of tin macri "B4-000", selenium grade "OC417-4" and chemically pure
prosedium (99.98%) were used to synthesize the SnSe — GdSe alloys. The synthesis was carried
out in evacuated quartz ampoules, at a pressure of 0.1333 Pa, by the method of direct melting of
the components in two stages. At the initial stage, the ampoule together with the substance was
heated to the melting point of selenium at a rate of 4 — 5 degrees / minute and maintained at this
temperature for 3 — 4 hours, then the temperature was gradually increased depending on the
composition to 950 — 1000 °C, and maintained for 8 — 9 hours. The synthesized samples for
complex physicochemical analysis and electrophysical studies were annealed for 140 —
210 hours depending on the composition: the annealing time was increased with an increase in
the gadolinium content. Homogenizing annealing of the obtained single-phase samples was
carried out in a spectrally pure argon environment.

The interaction in the SnSe — GdSe system was studied by differential thermal analysis
(DTA), X-ray phase analysis (XPA), microstructural analysis (MSA), as well as by measuring
microhardness and determining the density. To determine the thermal effects of the obtained
samples and phase transitions, DTA was carried out on a Perkin Elmer Sinintltaneons Thermal
Analgiyzer, STA 6000 (USA). Nitrogen was used as the working gas with a feed rate of
20 ml/sec, the sample is heated to melting at a heating rate of 5 °C/min.

X-ray structural analysis was carried out on a Miniflex X-ray diffractometer by Rigaku
Corporation, operating at 30kV,10mA, and CuKa radiation (1 = 1.5406 A). Diffraction
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reflections were observed at a displacement angle of 2q in the range of 0-80°. A Japanese JEOL
JSM6610-LV scanning electron microscope was used to study the morphology and
microcomposition of the sample surface. The galvanomagnetic properties of samples of different
compositions obtained in the field of solid solutions of the  quasi-binary = compound
(SnSe);_yx — (GdSe), were studied in a wide temperature range, and an analysis of the general
pattern was carried out. The specific electrical conductivity (o), Hall coefficient (R), and relative
magnetic resistance (Ap/p) were measured in the temperature range of 300 + 650K in a

constant magnetic field in the mode direct current [15]. The experimental error did not exceed
4.2%.

3. RESULTS AND DISCUSSION
3.1. Physicochemical analysis

Sharp peaks corresponding to melting and solidification are observed on the heating and
cooling curves in the thermograms of the obtained Gd,Sn;_,Se alloy system. This allows us to
state that congruently melting alloys are formed during the synthesis. In the binary compound
SnSe, partial replacement of Sn atoms by Gd atoms contributes to a decrease in the melting
temperature, which apparently causes REE in these crystals to act as softeners.
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Fig. 1. X-ray diffraction spectrum of crystals Gd,Sn,_,Se: 2- x=0,005

An analysis of the intensities of X —ray reflections shows the presence of a predominant
direction in the crystal, and also that the studied sample consists of a single phase. Indexing of
X —ray patterns shows that in the solubility region of Gd based on SnSe, the studied alloys
crystallize in the orthorhombic syngony with the space group Dj5-P.py, (Fig. 1). In the X-ray
diffraction patterns in the range 0 < x < 0.02, no shifts of diffraction lines are observed, and only
a change in their intensity in the specified range indicates that solid solutions based on
SnSe have formed. In the binary compound SnSe in the dissolution region, due to the partial
replacement of Sn atoms by rare-earth metal atoms of larger radius, the intensity of reflections
decreases and the parameters of the orthorhombic unit cell of the lattice increase additively. In
this region, the growth of the lattice parameters is linear and no deviation from Vegard's law is
observed.

From the analysis of X —ray structural data it follows that with the introduction of
gadolinium selenide an increase in the parameters of the unit cell of SnSeis observed as the
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concentration of Gd increases, as well as intense scattering of carriers by lattice "distortions"
coinciding with studies of the thermal conductivity of alloys [16]. With an increase in the
Gd content in the alloy, the density of Gd,Sn;_,Se does not change significantly. This confirms
that the Gd atoms introduced by us into the Gd,Sn;_,Se alloy primarily occupy the interstitial
vacant place in the crystal, i.e. defect formation occurs according to Frenkel [17].
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Fig. 2. X-ray microanalysis of the crystal surface GdxSnixSe: 2- x=0,005

The observed growth of the lattice parameters, good agreement of partial substitution of Sn
atoms by Gd atoms of larger radius and observance of Vegard's law allow us to speak about the
formation of solid substitution solutions based on SnSe. A study of the dependence of the
microstructure, microhardness and density of the composition, also revealed by X —ray and
pycnometric methods, shows that the region of dissolution of GdSe in SnSe at room temperature
is limited to 2 mol%.

The results of the conducted complex physicochemical analyses show that the Gd,Sn;_,Se
alloy system, like the main substance SnSe, crystallizes in the orthorhombic syngony. With an
increase in the percentage of GdSe in the composition, a weak increase in the parameters of the
unit cell of the crystal lattice, density and microhardness is observed, and the thermal effects shift
to the region of relatively lower temperatures.

Since the atoms of Snand Gd belong to different subgroups, differ greatly in electron
configurations, the sizes of the atoms of the soluble element differ from the sizes of the solvent
atom, therefore, when a solid substitution solution of Gd,Sn;_,Se is formed, the SnSe crystal
lattice is slightly distorted, without losing its basic structure.

Quantitative X —ray microanalysis determined the phase composition and distribution of
chemical elements on the surface of the sample under study (Fig. 2). Analysis of the results
obtained shows surface homogeneity, but with a change in stoichiometry within the
homogeneity region of SnSe on the side of excess selenium.

3.2. Electrical conductivity in solid solutions Gd,Sn,_,Se

With an increase in the amount of Gd in small concentrations in the Gd,Sn;_,Se alloy
system, the specific electrical conductivity decreases, and at x > 0.01, an increase in electrical
conductivity is observed. At Gd concentrations 0 < x < 0.01, filling of tin vacancies and a change
in chalcogen antistructural defects leads to a decrease in the values of the charge carrier
concentration and specific electrical conductivity. It can be said that with a subsequent increase
in the amount of GdSe, antistructural defects do not occur. It is very likely that a partial increase
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in specific electrical conductivity is associated with the appearance of the second type of charge
carriers as a result of the action of donor Gd atoms.
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Fig. 3. Temperature dependence of electrical conductivity of solid solutions
GdxSnixSe:1)x=0.0;2)x=0.005; 3)x=0.01.
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The temperature dependence of the electrical conductivity of Gd,Sn,_,Se crystals is shown
in Figure 3. As can be seen from the graphs plotted on the scale o « f(103/T), the value of
electrical conductivity (o) at a given temperature proportionally decreases upon moving from
the SnSe compound to solid solutions based on it. On the other hand, the o(T) dependence
changes according to a law close to exponential. In the temperature range T = 300 + 400K, the
electrical conductivity changes according to a weak and monotonic law. In the temperature
range T = 400 + 480K, the o value remains relatively constant. At T > 420K, the graph passes
through a minimum and partially increases, and at T = 560K, a monotonic, sharper increase
occurs again. In the sample with composition x = 0.01, this anomalous change is partially weak,
and at temperature T > 620 K the change in o(T) occurs with the same intensity in both
compositions.

For the studied samples, the thermal activation energy of charge carriers was determined. It
was found that in the temperature range T = 300 -+ 400K in sample 2, containing x = 0.005:
E, = 0.27 eV, and for sample 3 (x = 0.01) E, = 0.02 eV [18].

On the other hand, the strengthening of the o(T) dependence at temperatures T > 500K
indicates that “heavy” charge carriers also participate in conductivity due to the activation of
additional impurity energy levels located deep [19].

3.3. Hall coefficient in solid solutions Gd,Sn_,Se

The temperature dependence of the Hall coefficient of the obtained samples of the
composition (x = 0.0,0.005 and 0.01) was studied and the results are presented in Figure 4. As
can be seen from the graphs, the temperature dependence of the Hall coefficient R(T)
corresponds to the dependence of electrical conductivity o(T). As in the electrical conductivity
mechanism, the Hall coefficient in the region of impurity conductivity is weak, monotonically
decreasing. This decrease corresponds to an increase in the concentration of charge carriers as a
result of thermal excitation with increasing temperature. With a subsequent increase in
temperature, the Hall coefficient increases. This anomaly is explained by the presence of traps in
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the forbidden zone for electrons or the formation of additional acceptors with an increase in
temperature [20].

With a subsequent increase in temperature (T > 560K), it passes through a weak
extremum, sharply decreases and approaches the temperature characterizing the intrinsic
conductivity. The decrease in the R(T) dependence, although insignificant, after passing the
extremum, shows that the band structure of these samples is complex. This type of dependence
is found in the base compound SnSe, as well as in its structural analogs. The reason for this is the
complex nature of the band structure of these compounds, the state of the valence band from
two lower bands and is explained by the existence of light and heavy holes, respectively.

In the presence of light and heavy holes, due to the weak dependence of the ratio of their
mobility on temperature, the temperature dependence of the Hall coefficient is determined by
the distribution of charge carriers in the valence subbands. Due to the weak mobility of holes in
the second valence band, their share in the Hall effect is weak, due to the passage of holes into
the second zone, the effective concentration decreases, and the Hall coefficient increases.

Experiments show that the electrical conductivity and Hall coefficient of the samples in the
temperature range of our study change according to the regularity of semiconductor materials.
Depending on the sign of the thermo EMF and the Hall coefficient in the samples, it was found
that at room temperature the sample with the content of x = 0.005 has p —type conductivity,
and the sample with the content of x = 0.01 has n —type conductivity. The Hall coefficient of
the sample with the composition x = 0.005 changes sign from positive to negative at a
temperature of T = 455 K. With a further increase in temperature, the sign of the Hall
coefficient becomes negative.

A change in the sign of the Hall coefficient when passing the inversion point can occur for
two reasons. The first reason: due to an increase in temperature due to the activation of charge
carriers at partially localized energy levels, the concentration of electrons can increase, and in the
second case this can be due to the high mobility of electrons participating in conductivity. The
obtained sample compositions are partially compensated semiconductor materials; three types of
charge carriers participate in conductivity simultaneously.
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Fig. 4. Temperature dependence of the Hall coefficient in solid solutions GdxSn1-xSe: 1) x=0,000; 2) x=0,005; 3) x=0,010
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The temperature dependence of the Hall coefficient for the sample with x = 0.01 is shown
on the 3rd curve. This sample has n —type conductivity, and the absolute value of the Hall
coefficient slightly increases with temperature. It decreases, passing through a weak maximum
at T = 525K. Such an anomalous change in the R(T) dependence can occur for two reasons. The
first reason can be associated with the depletion of the number of free electrons participating in
conductivity from donor energy levels at this temperature (T = 525K), and the second reason
can be associated with the complex structure of the energy band. The complexity of the band
structure leads to the fact that excited electrons at this temperature become "heavy" electrons and
create exciton pairs. For this reason, the value of the total electrical conductivity decreases. The
temperature dependence of the Hall coefficient R(T) indicates that the scattering of charge
carriers from different centers is quite complex [21].

3.3. Magnetoresistance in Gd,Sn,_,Se solid solutions

Figure 5 shows the temperature dependence of the magnetoresistance of the Gd,Sn;_,Se
melt system (x = 0; 0.005; 0.01). As can be seen from the graph, magnetic resistance is
observed in all the studied samples and at a temperature of T = 300K Ap/p has a maximum
value. With increasing temperature, due to the (fp/p, of charge carriers of the second kind,
i.e., minor charge carriers, and their change in the magnetic field, is the cause of a different
increase in magnetic resistance.

Fig.5. Temperature dependence of the change in the relative magnetoresistance of the solid solution of the GdxSni-
xSe system: 1-x=0.0; 2-x=0.005; 3-x=0.01 1) x=0,000; 2) x=0,005; 3) x=0,010

The magnetic resistance in the binary compound SnSe at room temperature is 3%. With
increasing temperature, the absolute value of the magnetic resistance decreases and after 420 K,
having performed an inversion, changes sign from positive to negative (Figure 3, curve 1). With
an increase in the amount of Gd element in the composition, the absolute value of magnetic
resistance (Ap/p) increases, but its temperature dependence changes similarly to a binary
compound.

The inversion points in solid solutions of SnSe with the element Gd shifts to the region of
higher temperature: for samples of composition x = 0.005 the inversion point occurs at
temperature T = 460K; and for samples of composition x = 0.01 at temperature T = 470K. As a
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result, due to activation of charge carriers of the second kind, the magnetic resistance created by
them is of great importance.

With further increase in temperature the sign of (Ap/p) is negative and in the temperature
range T = 530 — 560K, having passed through the maximum, decreases. The change in the sign
of magnetic resistance in this temperature range also shows a change in the mechanism of
scattering of charge carriers. A large absolute value of (Ap/p) shows the presence of charge
carriers of the second kind in the composition [22].

Thus, it was determined that the change in the mechanism of scattering of charge carriers
also involves carriers of the second kind of this composition. The dependence of the magnetic
resistance on the magnetic field strength (H) near this inversion point at a temperature of
T = 420 K was investigated (Fig. 6).
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Fig.6. Dependence of the magnetoresistance of GdxSni~Se on the magnetic field strength:
2- x=0.005; 3- x=0.01; 4- x=0.02.

The dependence of the magnetoresistance on the magnetic field strength is given in the
coordinates (Ap/p) = f(H?). It is evident from the figure that the magnetic resistance (Ap/p)
does not change linearly from the magnetic field strength. This is explained by the expenditure
of additional energy on the direction of spin ordering of "light" and "heavy" electrons.

The study of the dependence of magnetic resistance on the magnetic field strength shows
that at low values of the magnetic field strength in the direction of the field H, energy is spent on
the direction of spin ordering of both free and localized microcenters. Due to the increase in the
magnetic field strength and spin, the number of shared electrons increases, and then at a certain
value of H, the magnetic resistance increases linearly [23].

At a relatively large field value, with an increase in H, the increase in the number of shared
electrons along the spin is observed linear dependence Ap/p) = f(H?). Here there is a probabi-
lity of the transition of partially localized microferromagnetic centers to paramagnetic ones.

From the analysis of the literature, it was determined that if magnetic resistance and its
change are observed in these samples, then such substances have a complex structure of the
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energy band. In general, the observation of an arbitrary composition of magnetic resistance and
its high value shows both the complex structure of the energy band of the substance and the
presence of charge carriers of the second kind. Due to the activation of charge carriers of the
second kind, the emergence of a large value of magnetic resistance in the samples is observed.

4. Conclusion

The results of the complex physicochemical analyses show that the dissolution region of
GdSe in SnSe at room temperature is limited to 2 mol%. The Gd,Sn;_,Se alloy system, like the
main substance SnSe, crystallizes in the orthorhombic syngony. With an increase in the
percentage of GdSe in the composition, a slight increase in the parameters of the unit cell of the
crystal lattice, density and microhardness is observed, and thermal effects shift to the region of
relatively lower temperatures.

In solid solutions of Gd,Sn;_,Se, impurities are compensated by intrinsic defects, with
moderate compensations, the concentrations of current carriers decrease accordingly and with
an increase in the concentration of hodolinium in solid solutions (x = 0.005), a change in the
sign of p to n type conductivity is observed. From the dependence o (T), the activation energies
of levels located in the forbidden zone are determined, approximately 0.2 eV below the bottom
of the conduction band, and the degree of compensation slightly affects the activation energy.
Filling of tin vacancies and change of chalcogen antistructural defects leads to decrease of
specific conductivity, concentration of charge carriers, activation energy and width of forbidden
zone. Temperature dependence of Hall coefficient is well explained on the basis of two-zone
model.

As temperature increases, absolute value of magnetic resistance decreases and inversion
changes sign from positive to negative. As amount of Gd element in composition increases,
absolute value of magnetic resistance increases and inversion point shifts to the region of higher
temperature. From magnetic field dependences of resistance in Gd,Sn;_,Se samples, it follows
that magnetoresistance of samples is typical for semiconductors, in weak magnetic fields
standard, quadratic growth is observed.
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ARTICLE INFO ABSTRACT
Article history: This study presents a comprehensive analysis of experimental data on the
Received: 2025-02-07 density, dynamic viscosity, and kinematic viscosity of the thermal waters of
Received in revised form: 2025-02-20 "Ilisu Sangar” and "Ilisu Beshbulag,” located in the northern region of the
Accepted: 2025-02-25 Gakh district in the Republic of Azerbaijan. The experiments on the density,
Available online dynamic viscosity, and kinematic viscosity of the thermal waters were
Keywords: conducted using advanced instrumentation manufactured in Germany. The
thermal waters, densities of the "Ilisu Sangar” and "llisu Beshbulag” thermal waters were
renewable energy sources, precisely quantified using the "Anton-Paar SVM-300 Stabinger”
dynamic viscosity, viscometer, while their dynamic viscosities were determined with high
kinematic viscosity, precision utilizing the DMA 5000 M apparatus. Using the experimental
density. data of p=f (u) p and p=f (v) p at selected temperatures, analytical

dependences of thermal waters were derived. The obtained values are
described by polynomial equations. Polynomial equations enable the
calculation of the experimental density values of the "Ilisu Sangar” and
"Ilisu Beshbulag” thermal waters in the Gakh district at wvarious
temperatures, with a maximum error margin of +0.25%.

1. Introduction

Adoption of alternative energy sources has become increasingly prevalent in both
developed and developing nations. This transition is primarily driven by the imperative for
environmental sustainability and the objective to minimize the harmful waste emissions into the
ecosystem. Furthermore, there is an escalating demand for alternative energy sources as
substitutes for conventional ones. Although the economic costs associated with renewable
energy sources are generally higher than those of non-renewable sources, efforts are being made
to enhance their economic viability. In pursuit of this, the United Nations and various
international organizations have implemented a range of policies aimed at promoting the
utilization of renewable energy. Consequently, Azerbaijan has fostered considerable
opportunities for the advancement and utilization of alternative energy sources.

Azerbaijan has a favorable geographical position for utilizing thermal waters. The country
can harness the energy from 172 million m? of geothermal waters, with temperatures ranging
from 40 to 100°C, year-round.
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Solar energy is regarded as an economically viable solution for heating administrative and
residential buildings, warming greenhouses, and processing agricultural products.

On a local scale, both biomass and geothermal energy are actively utilized. In an effort to
enhance the deployment of alternative energy sources, drawing upon global best practices, the
President signed Decree No. 4 on November 24, 2003. The preparation of the document on the
use of these energy sources was entrusted to the Ministries of Ecology and Natural Resources,
Economic Development, Fuel and Energy, as well as the Azerbaijan National Academy of
Sciences (ANAS).

To gain from global experience, the Republic of Azerbaijan became a member of the
International Renewable Energy Agency, which was established on June 10, 2009. This initiative
will be carried out continuously, as outlined in Decree No. 182, signed by the President of the
Republic of Azerbaijan in November 2009 [1].

The State Program advocates for the development and implementation of regulatory and
legal frameworks to facilitate the utilization of alternative energy sources in the Republic of
Azerbaijan. Engaging private investors in the preparation of projects is essential for the
successful deployment of alternative and renewable energy sources. This involvement will
ensure the efficient operation of these projects under optimal conditions and foster the
integration of environmentally sustainable energy solutions into the energy market.

The action plan also encompasses public education on alternative and renewable energy
sources, alongside the development and dissemination of educational materials in this field.
Currently, various higher education institutions in Azerbaijan are effectively undertaking these
initiatives.

To attract investors with international expertise, the Ministry of Energy and Industry has
engaged specialists in consultations with international institutions, embassies, global
organizations, and foreign enterprises. These efforts aim to acquire valuable insights for the
effective implementation of this State program and to facilitate the invitation of foreign investors
to participate in initiatives within Azerbaijan [1].

Azerbaijan is endowed with a substantial reserve of mineral waters, with more than 1,000
natural springs distributed across the country. These springs are predominantly located in the
mountainous regions, which are characterized by a high concentration of natural water sources.
The extraction of mineral waters is typically conducted through drilling. Azerbaijan has a highly
diverse and complex relief structure from a physical and geographical perspective.

Approximately 90% of Azerbaijan's natural mineral water sources, totalling 905, are located
in mountainous regions, while the remaining 10%, or 98 sources, are found in flat, plain areas.
The composition of mineral water, determined by the concentration of various elements by
weight, is chemically highly active. Unlike ordinary water, mineral waters contain dissolved
gases, salts, and trace elements. The physical and chemical properties, as well as the quality of
the mineral waters, vary depending on the types and concentrations of elements present.

The temperature of mineral waters in Azerbaijan varies between 4 and 65°C. This applies
only to natural water sources. In addition, waters reaching 95°C are extracted by drilling deep
into the earth in Azerbaijan.

In our republic, there are high-temperature mineral waters—Donuzutan (64°C in Masalli)
and Istisu (62°C in Kalbajar). Waters with a temperature of 35-36°C are more valuable due to
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their temperature characteristics. This temperature closely matches that of the human body,
giving these waters significant therapeutic benefits.

This type of water can be found in Khaltan (in the Shabran district), Ilisu (in the Gakh
district) (36°-42°C) etc.

Problem statement. Among geothermal energy resources, the Ilisu spring group, located
within the Sheki-Zagatala economic-geographical region (figure 1), is particularly well-known.
Situated in the northwestern part of Azerbaijan, the Gakh administrative district is distinguished
not only by its other natural advantages but also by the abundance of its thermal and mineral
waters. The Ilisu thermal water groups, known for their hydrosulfide and hydro carbonate
properties, along with the mineral waters found on both banks of the Gurmukh River near the
village of Alibeyli and in the Qaynama area, hold significant potential for resort and tourism
development. However, these resources remain underutilized. The Ilisu mineral water group
operates 10 outlets and consists of hydrosulfide waters containing sodium bicarbonate
(NaHCQO3). This mineral water has been used for therapeutic purposes by the local population
since ancient times. The names of the two main springs —Oglan-Bulag (for men) and Qiz-Bulag
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Fig.1. Map of the thermal and mineral water resources in the Sheki-Zagatala economic-geographical region.

The thermal energy resources of the Gakh administrative district, which is part of the
studied Sheki-Zagatala economic-geographic region, are particularly valuable. As such, their
diverse chemical composition, high healing properties, and favorable geographical location of
the area create a good basis for their wide application for therapeutic purposes and in various
sectors of the national economy [2]. The experimental study of the thermal properties of water,
specifically its (viscosity and density), in this administrative region is highly relevant. The
viscosity (internal friction) of liquids and gases is one of the most important transfer properties.
To accurately calculate flow rate, velocity, and pressure drop, it is essential to know the dynamic
viscosity coefficient. Additionally, viscosity plays a crucial role in determining heat exchange in
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both liquids and gases, as it influences both free and forced convection. The viscosity coefficient
is a key component in several important criteria (modules), including Reynolds, Prandtl,
Rayleigh, and Stanton numbers.

The coefficient of viscosity plays a significant role in the molecular-kinetic theory of liquids
and real gases. It is well-established that the most accurate viscosity information is obtained
through experimental methods. Various techniques have been proposed for measuring viscosity,
and new viscometer designs have been developed. Additionally, existing viscometers have been
modernized, and formulas for calculating viscosity have been refined.

The geographical coordinates of the “Ilisu Sangar” and “Ilisu Beshbulag” thermal springs in
the Gakh administrative district, along with the temperatures of these waters at the point of
emergence, are presented in Table 1.

Table 1. The geographical coordinates of the Gakh thermal springs and their temperatures
at the point of emergence from the source.

The name of the source Geographical coordinates Temperature at the point of emergence

41°28'05" North
47°03'37" East

41°27'58" North

“llisu Beshbulag” 47903'50" East T=303,15K

“Ilisu Sangar” T=305,15K

Purpose of the study. It consists of an analytical summary of the experimental results of the
density, dynamic and kinematic viscosity of the thermal waters of the "Ilisu Sangar" and "Ilisu
Beshbulag" thermal waters of the Gakh district of the Republic of Azerbaijan at different
temperatures.

2. Problem-solving approach.

Extensive experimental studies have been carried out over several years to accurately
examine the density, dynamic viscosity, and kinematic viscosity of the thermal waters in the
Gakh administrative district of the Republic of Azerbaijan, specifically at "Ilisu Sangar" and "Ilisu
Beshbulag." The results of these studies have been published in esteemed scientific journals both
nationally and internationally [3-9].

The thermal waters under investigation were collected directly from their surface sources
and processed for experimental analysis using various chemical methods. To measure density
under atmospheric pressure, a high-precision DMA 5000 M instrument from the Anton Paar
series was used [10]. The density measurements of the liquids were conducted at temperatures
ranging from T = 278.15 K to 343.15 K and at a pressure of p = 0.101 MPa. To determine the
dynamic viscosity, the German-made SVMB3000 Stabinger viscometer was utilized. This
instrument offers an exceptionally broad range of measurement capabilities in terms of viscosity
and temperature.

The experiments were conducted at atmospheric pressure and temperature T=

(278.142+373.150) K and it is also possible to calculate the kinematic viscosity in (szj by using
s

the equation v = Lad (1). Here, p represents the dynamic viscosity (Pa-s), and @ denotes the
Yo,

density (kg/m?3).
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The experimental values of density (0), dynamic viscosity (p), and kinematic viscosity (v) of
the “Ilisu Sangar” and “Ilisu Beshbulag” thermal waters in the Gakh administrative district of
the Republic of Azerbaijan are presented in Tables 2 and 3.

Table 2. The experimental values of the density of the "llisu Sangar" and "llisu Beshbulag" thermal waters at various
temperatures in the Gakh administrative district of the Republic of Azerbaijan.

“llisu Sangar” “Ilisu Beshbulag”

T/K p/ kg/m’ T/K p/ kg/m?
278.16 1000.40 278.15 1000.56
283.14 1000.12 283.14 1000.18
293.14 998.71 293.14 998.64
298.15 997.61 298.14 997.50
303.15 996.27 303.15 996.12
313.14 992.90 313.14 992.73
323.15 988.68 323.15 988.55
333.16 983.71 333.15 983.67
343.15 978.12 343.16 978.19

m2

Table 3. The experimental values of dynamic viscosity pu (Pa's) and kinematic viscosity v ( . ) at various temperatures

of "Ilisu Sangar" and "llisu Beshbulag" thermal waters in the Gakh administrative district of the Republic of Azerbaijan.

“Ilisu Sangar” “Ilisu Beshbulag”

T/K w109 v-100 T/K u-109 v-100
278.147 1549.52 1.5489 | 278.148 1526.15 1.5253
283.148 1348.26 1.3481 283.148 1325.24 1.3250
293.151 1052.64 1.0540 | 293.154 1031.39 1.0328
298.155 943.93 09462 | 298.151 924.88 0.9272
313.151 697.01 0.7020 | 313.152 694.91 0.7000
333.151 | 502.68 0.5110 | 333.150 519.38 0.5280
343.151 435.26 04450 | 343.150 461.71 0.4720
353.150 | 382.96 0.3940 | 353.152 417.08 0.4290
363.150 339.81 0.3520 | 363.150 382.85 0.3964
373.150 305.74 0.3190 | 373.150 355.06 0.3702

Based on the experimental results for the thermal waters studied at the same temperature,
the data were analyzed in the p-y and p-v coordinate systems using the polynomial equations
presented in equations (2) and (3). The article highlights the derived relationships and key
findings p = f (u) p = f(v) from this analysis.

3 .

p=8-u @)
i=0

p=Sb, v ©)
=0

Here, ai and bj represent the polynomial coefficients determined from the experimental data
through the least squares regression method and are provided in Table 4.

Table 4. The values of coefficients ai and bi obtained from equations (2) and (3) for the thermal waters of "Moksu,"
"Ilisu Sangar," and "Ilisu Beshbulag" in the Gakh district of the Republic of Azerbaijan.
“Ilisu Sangar” “Ilisu Beshbulag”
ai ai

0.926312506572- 103

0.905605233673- 103

0.172757438379

0.241573032787

-0.136742202183- 1073

-0.206702661061- 10~3

0.362714422921- 1077

-0.206702661061- 103
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“llisu Sangar” “llisu Beshbulag”
bj b
0.923496875591- 103 0.912248432340- 103
0.179754846953- 103 0.211873411334- 103
-0.142463926142- 103 -0.172041331853- 103
0.378093573540- 102 0.466817289082- 102

3. Conclusion

Considering equations (2) and (3) along with the polynomial coefficients provided in Table

4, it is possible to calculate the density values of the thermal waters from the “Ilisu Sangar” and
“Ilisu Beshbulag” thermal springs located in the Gakh district of the Republic of Azerbaijan at
various temperatures. The maximum error in these calculations is +0.25%. Furthermore,
equations (2) and (3) enable us to derive both extrapolated and interpolated density values of the
thermal waters from the “Ilisu Sangar” and “Ilisu Beshbulag” springs at different temperatures.

10.
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ARTICLE INFO ABSTRACT

Article history: This scientific work is devoted to study the spatial structure and
Received: 2025-03-05 conformational possibilities of the tripeptide Phel-Gly2-Gly3 and tetrapeptide
Received in revised form: 2025-03-17 Phel-Gly2-Gly3-Phe4 molecules. The knowledge of the structural and
Accepted: 2025-04-11 functional properties of these peptide molecules is of great practical importance
Available online for medicine and pharmacology. This neuropeptide molecules are stable
Keywords: nociceptin, structure, analogues of the nociceptin molecule. The calculations were carried out by the
molecule, tripeptide, tetrapeptide, method of theoretical conformational analysis with regard to nonvalent,
conformation. electrostatic and torsional interactions, energy of the hydrogen bonds and a

special computer program. The low-energy conformations of these molecules
and the values of the dihedral angles of the main chains and side chains are
found and the energy of the intra- and inter-residue interactions were
estimated. 15 low-energy conformations were found for tripeptide for four
spatial structures and 12 low-energy conformations were found for tetrapeptide
for six spatial structures. It is revealed that low energy conformations of these
molecules have the half-folded and folded type of backbone. The side chains of
the Phel and Phe4 amino acids in low-energy conformations carry out effective
interactions and are conformationally labile amino acids. They bring together
sections of the main chain and side chains of amino acids that are part of the tri-
and tetrapeptide, which leads to important interactions.

1. Introduction

It I s known, that new families of the regulatory peptides are being discovered and their
properties are being studied. One of these families is nociceptins. For medicine and
pharmacology, knowledge of the structure-functional properties of these peptide molecules is of
great practical importance. Nociceptin is an opioid-related peptide with strong anti-analgetic
properties. It is widely present in the central nervous system, affecting motor, anxiety and pain
sensitivity. It is important to note that the original synthetic analogues of the N-terminal
fragment of nociceptin, the tripeptide Phel-Gly2-Gly3 (FGG) and tetrapeptide Phel-Gly2-Gly3-
Phe4 (FGGF). It causes the binding of natural nociceptin to a specific ORL1 receptor [1, 2].

More recently, new nociceptin analogues FGGF-GP, FGGF-PGP and FGGF-VGP have been
synthesized. It has been shown that the FGGF-VGP peptide, like natural nociceptin, significantly
reduces the level of locomotor activity of animals [3, 4]. The most pronounced effect of FGGF-GP
was the anxiolytic effect. Our scientific work is devoted to study the spatial structure and
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conformational possibilities of the tripeptide Phel-Gly2-Gly3 and tetrapeptide Phel-Gly2-Gly3-
Phe4 molecules. It was found that the N-terminal tripeptide and tetrapeptide of this molecule are
active [5, 6].

The short linear regulatory peptides in solutions do not have a fixed spatial structure.
Usually, the amino acid sequence and physicochemical properties of the solvent determine the
set of low-energy conformations of the peptide molecule. The biologically active conformation of
this peptide molecule, which is realized upon interaction with the receptor molecule, is included
in the set of low-energy structures. Therefore, the study of the spatial structure and
conformational capabilities of peptide molecules is of great interest. The peptide molecules and
thear biological functions in living systems are related with their specific spatial structures.
Therefore, to understand the mechanism by which the peptides function it is necessary to know
their three-dimensional structures. It is important to know the full complement of low-energy
conformational states.

The calculations were carried out by the method of theoretical conformational analysis with
regard to nonvalent, electrostatic and torsional interactions, energy of the hydrogen bonds and a
special computer program [7]. The low-energy conformations of this molecule and the values of
the dihedral angles of the main chain and side chains are found and the energy of the intra- and
inter-residue interactions was estimated. The present paper is an extension of our previous
investigations of structural and functional organization of peptide molecules [8-19].

2. Materials and methods

Neuropeptides play an important role in all nervous systems and structure-functional
studies of these peptides is one approach to understanding this role. The objects of our scientific
research are the analogues of noceciptin molecule tripeptide Phel-Gly2-Gly3 and tetrapeptide
Phel-Gly2-Gly3-Phe4. These molecules have the amino acid Gly, which has no side chain and
amino acid Phe with large and labile side chain. Our calculations were carried out by the method
of theoretical conformational analysis. The potential energy of these molecules were chosen as
the sum of the nonvalent, electrostatic and torsional interaction energies and the energy of
hydrogen bonds. Non-valent interactions were assessed using the Lennard-Jones potential.
Electrostatic interactions were calculated in the monopole approximation according to
Coulomb's law using partial charges on atoms. The conformational properties of these molecules
were studied in an aqueous environment, and therefore the dielectric constant was taken to be
10. The energy of hydrogen bonds was estimated using the Morse potential.

In presenting the results of the calculation of the spatial structure of these molecules we used
the classification suggested in the work [20]. All structural versions according to it break down
into shapes including certain forms of the main chain, each form is represented by a set of
conformations. The conformations are determined by the number of rotational degrees of
freedom of the side chains of the residues being included in the molecule. The conformational
state of each amino residue is conveniently described by the backbone ¢, 1\, w and side chain x3,
Xz2... dihedral angles. The terms “conformation” used in the following analysis will always imply
exact quantitative characteristics of residue or fragment geometry. For a stable conformation, the
¢ and  dihedral angles are located in low-energy region R, B, L and P of the conformational
map. We introduce the notion “form of a residue” to denote the region of its backbone dihedral
angle. The conformation of the backbone forms of residue in a given amino acid sequence will
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specify the backbone form of a fragment. Forms belonging to a particular shape have an
analogous peptide chain contour and a similar mutual arrangement of backbones and side
chains. Designations indications of dihedral angles have been measured up to the generally
accepted nomenclature [21].

3. Results and Discussion

The three-dimensional structure and conformational possibilities of the tripeptide Phel-
Gly2-Gly3 and tetrapeptide Phel-Gly2-Gly3-Phe4 molecules were determined based on the
stable conformations of the monopeptides. It is known that the active site of the noceciptin
molecule that activates the receptor is the N-terminal tetrapeptide Phe1-Gly2-Gly3-Phe4 [5, 6].

The conformational properties of the tripeptide Phel-Gly2-Gly3 were studied based on
the stable conformations of the monopeptides N-acetyl-L-phenylalanine and N-acetyl-L-glycine.
For a given tripeptide containing 37 atoms and 10 variable dihedral angles, 4 shapes are possible
(ee, ef, fe and ff), represented by 16 forms of the main chain. In total, about 100 conformations
were calculated, all of them were minimized in energy, and their geometric and energy
parameters were estimated. The calculation results are presented in Table 1. The geometric
parameters of the four low-energy conformations of the tripeptide molecule are presented in
Table 2.

The calculation revealed the presence of a sharp energy differentiation in the forms of the
main chain and shapes. Just as in the experimental work [2], these conformations can represent
four structures. The B2BL conformation has the lowest energy (Utwt = -2.6 kcal/mol), which
belongs to the ef shape. This semi-folded shape is represented by the largest number of low-
energy conformations - 12. In the global conformation of B2iBL (AUr=0 kcal/mol), the energy of
nonvalent interactions is -6.4 kcal/mol, electrostatic 2.3 kcal/mol and torsional 1.5 kcal/mol. The
fully unfolded form of the main chain B2BR (Utotal

Table 1. The energy parameters: monopeptide (Ui, Uz, U 3), dipeptide (Urz, Uz), tripeptide
(Uis) energies, relative energy (Ur) and energy of nonvalent (Unv), electrostatic (Uer) and torsion (Utors)
interactions of optimal conformations of tripeptide molecule

No Shapes, Ui U2 Us Un Ux Un Uw | Ud | Uos | U
conformations monopep tide energy dipeptide energy tripeptide
1 ee BuBB 0.6 1.3 1.6 -1.4 0.4 -4.3 55 |26 |16 13
2 BuBR 0.6 13 1.6 -14 04 -4.3 56 |26 |16 12
3 B21BB 0.8 13 1.6 24 0.3 4.2 60 |27 |15 09
4 B2BR 0.7 1.3 1.6 2.4 0.3 -4.3 62 |27 |15 0.6
5 BaiRL 0.6 13 15 22 -0.5 -3.7 56 |28 |14 1.3
6 Ra1LB 1.3 1.2 1.5 -1.9 -0.3 -3.6 61 |33 |17 1.1
7 ef Bz2iBL 0.7 1.3 1.6 2.5 0.2 -4.9 64 |23 |15 0.0
8 BiBP 0.8 13 1.6 25 0.3 -49 63 |23 |17 03
9 BuRB 0.6 13 1.6 22 -0.6 3.1 52 |25 | 14 14
10 BuRR 0.6 1.3 17 -1.7 0.7 -4.1 53 |24 | 14 1.1
11 R2iPR 1.2 1.3 1.6 -1.8 0.4 -0.5 61 (32 |21 1.7
12 fe BnPL 0.6 12 1.6 -1.7 04 2.8 40 |26 |15 2.8
13 ff Bs1PB 0.6 1.2 15 -1.8 0.3 -3.8 44 (20 |15 1.7
14 B2iPR 0.7 13 1.6 -1.8 0.3 -3.8 44 120 |16 1.8
15 RxuPL 13 13 1.6 -19 0.3 47 -61 |33 |17 15
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Table 2. Geometric parameters (degree) of the optimal conformations of Phe-Gly-Gly tripeptide molecule

Residues Shape (conformation)
ee (B2 BR) ef (B2BL) fe (BaPL) ff(RaPL)
Phe 1 -61149 178 -59 153 180 -59150179 -56 -69 -177
174 80 180 86 180 86 17073
Gly2 -83 69 180 -7878177 82-70180 81-69 180
Gly3 -93 -84 180 9471176 8892180 9385178
Ut 0.6 0.0 2.8 15
(kcal/mol)

= -2.0 kcal/mol) of the ee shape is inferior to it by only 0.6 kcal/mol. The conformations of the
completely folded shape ff B2PR (Utota= -0.6 kcal/mol) are low-energy. More than 3 kcal/mol is
inferior to the conformation of another half-folded shape fe BiiPL (Utotal = 0.4 kcal/mol). It should
be noted that the main contribution to the energy of low-energy conformations is made by
dipeptide and tripeptide interactions. The main energy contribution comes from nonvalent
interactions. This contribution varies in the range from -1.1 to -7.0 kcal/mol. Figures 1(a, b, c, d)
represent schematically the backbone forms and positions of residues in four low-energy
conformations B2BR (0.6 kcal/mol), BaiBL (0.0 kcal/mol), B21iPL (2.8 kcal/mol) and Ra1PL(1.5

Note: The values of dihedral angles are given in the sequence ¢, ¥, w, X!, X3 ...

kcal/mol) of the tripeptide molecule Phel-Gly2-Gly3 (table 2).

Figure 1b. Spatial structure of the low energy conformation B21BL (0.0 kcal/mol) of the tripeptide molecule
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Figure 1c. Spatial structure of the low energy conformation B21PL (2.8 kcal/mol) of the tripeptide molecule

Figure 1d. Spatial structure of the low energy conformation R21PL (1.5 kcal/mol) of the tripeptide molecule

Figure 1b shows that in the global conformation BaBL (0.0 kcal/mol) of the tripeptide
molecule, the phenylalanine side chain hangs over the backbone of the two glycines. This
promotes efficient di- and tripeptide interactions. In the case of a fully folded structure Rz1PL (1.5
kcal/mol), the phenylalanine side chain is folded into the solvent and can interact with the
receptor. All low-energy conformations of the tripeptide molecule were taken into account when
calculating the structure of the tetrapeptide molecule Phel-Gly2-Gly3-Phe4.

The amino acid sequence of the tetrapeptide molecule included two amino acids each
phenylalanine and glycine. Tetrapeptide Phel-Gly2-Gly3-Phe4 contains 57 atoms and 15 variable
dihedral angles. The specificity of the amino acid side chains of the tetrapeptide molecule
determined the number of initial approximations. In total, over 150 conformations were
calculated, belonging to 64 forms of the main chain and 8 possible shapes for this molecule. All of
them were minimized in energy, and their geometric and energy parameters were estimated.
The calculation showed the presence of a sharp energy differentiation of conformations.

Representatives of 22 forms of the main chain fall into the energy range 0 — 4 kcal/mol. The
relative energy of the conformations of the tetrapeptide molecule varied within the range 0— 8
kcal/mol. There are the energy differentiation both in respect of the conformations, and forms of the
main chain and shapes.

The low-energy conformations of the tetrapeptide molecule are presented in Table 3.
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The global conformation of this molecule (Ur=0 kcal/mol) is BuRRRu1. The contribution of
the stabilizing nonvalent to this conformation is (-14.6) kcal/mol, where as electrostatic
interactions account for 2.6 kcal/mol and torsion for 1.9 kcal/mol. The main contributions of the
interresidual interactions in this conformation were dipeptide contributions (—4.8) kcal/mol,
tripeptide (-2.8) kcal/mol, tetrapeptide (-6.6) kcal/mol. In this conformation, amino acid residues
Phel-Gly2-Gly3-Phe4 form folded structure. The geometric parameters of this conformation of
the tetrapeptide molecule are presented in Table 4. It is revealed that low energy conformations
of this molecule have the folded and half folded types of backbone. These folded forms bring
parts of the backbone and the side chains of the amino acids together, and they result in
convenient interactions.

Table 3. The energy parameters: contributions of monopeptide (Ui, Uz, Us, Us), dipeptide (Urz, Uz, Us), tripeptide (Us,
Uu), tetrapeptide (Uus) energies, relative energy (Url) and energy contributions of nonvalent (Un), electrostatic (Ud),
torsion (Uters) interactions of optimal conformations of the tetrapeptide molecule

Shapes, Ui U2 Us Us Un Uxs Uz Ui Uxn Un Unv Uel Utors | Urel
conformations
1 eee BuBBBu -0.2 1.3 1.2 -0.3 -1.7 -0.2 2.3 -3.0 -32 -1.5 -13.1 34 21 24
2 Ra1iPLB2 1.3 13 13 -03 -1.8 0.3 2.8 -3.5 -1.6 2.3 -12.3 4.0 22 41
3 | efe BuBLBu -1.0 12 | 13 | 03 | 23 | 03 | -19 | 26 | 0.7 | 61 -135 | 3.2 21 1.8
4 B2BLR11 1.2 1.2 1.3 -02 2.3 -0.3 -19 2.6 -0.7 -6.0 -13.2 32 2.0 21
5 eff BuRRBu 0.3 1.3 1.3 -04 -1.8 -0.4 2.1 -1.8 -0.7 -6.6 -13.4 2.7 2.0 1.3
6 BuRRR11 0.1 13 13 -0.5 2.0 -03 -25 2.1 -0.7 -6.6 -14.6 2.6 19 0.0
7 fee BuPLBu -0.2 13 13 -03 -14 0.2 2.8 -1.2 -1.6 4.4 -12.0 32 22 3.4
8 ffe BuPBR21 -0.1 13 13 -0.1 -14 0.1 -14 -1.0 -12 -3.2 -10.2 29 25 53
9 | fff BuPRBn 0.3 13 | 13 | 04 | -14 | 02 | 20 | 12 | 06 | -68 | -11.0 | 09 20 21
10 | BuLPBu -0.1 13 | 13 | 04 | -16 0.3 -16 | 04 | -16 | -70 | -109 | 08 20 20
11 | BuLPRnu -0.1 13 | 1.3 | 02 | -16 0.1 -16 | 04 | -16 | 74 | -108 | 08 20 20
12 BuPRRut 0.2 13 13 -0.3 -14 -0.3 -1.7 -1.2 -0.8 -7.3 -11.3 1.0 19 17
Table 4. Geometric parameters (degree) of the optimal conformations of Phe-Gly-Gly-Phe tetrapeptide molecule
Residues Shape (conformation)
eff (Bu RRRn) efe (B2z1 B L Bu) fff (BuL P Bu) fee (BuP L Bu)
Phe 1 -67 161 176 -71156 179 -80 166 179 -85163 179
Gly2 -90 -69 180 -84 84 175 79-74176 79-73176
Gly3 -81-62-179 9093 -179 -77 -51-179 8183175
Phe 4 -150 -37 180 -147 151 180 -143 -43 180 -140 151 180
Urel 0.0 1.8 1.7 34
(kcal/mol)

Note: The values of dihedral angles are given in the sequence ¢, ¥, w, X%, X3 ...
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The results can be used to study the spatial structure of tetrapeptide molecule as well as to
study the conformational capabilities of side chains of the Phel and Phe4 when interacting with
receptor molecules. The side chains of these residues have conformational freedom in the low-
energy structures of the tetrapeptide molecule. Thus, the theoretical conformational analysis of
this peptide molecule led to such structural organizations of molecules that do not exclude the
realization by the molecule of a number of various functions that require strictly specific
interactions with various receptors.

Figures 2 (a, b, ¢, d) represent schematically the backbone forms and positions of residues in
low-energy conformations BuRRRii, BaBLBi, BuLPRBu and BuPLBu of the tetrapeptide
molecule. The figures show that this molecule has folded N-terminal fragment of the molecule.
Conformational possibilities of side chains of Phel and Phe4 in the best low energy
conformations of peptide molecule have been investigated by plotting conformational maps. The
conformational maps show that side chains of this residues have conformational freedom.

Figure 2a. Spatial structure of the low energy conformation Bit RR Ru1 of the tetrapeptide molecule

Figures 2b. Spatial structure of the low energy conformation Bz B L Bu of thetetrapeptide molecule
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(¥

Figure 2d. Spatial structure of the low energy conformation Bi1 P L Bui of the tetrapeptide molecule

4. Conclusion

We have studied in detail the spatial structure and conformational properties of tri- and
tetrapeptide molecules Phel-Gly2-Gly3 and Phel-Gly2-Gly3-Phe4. The conformational
possibilities of these molecules were studied by the method of theoretical conformational
analysis. The potential function of the system is chosen as the sum of non-valence, electrostatic
and torsion interactions and the energy of hydrogen bonds. The low-energy conformations of
these molecules, the values of the dihedral angles of the main and side chains of amino acid
residues were found, the energy of intra- and inter-residual interactions was estimated. The
spatial structure of the tripeptide and tetrapeptide molecules were calculated based on the low-
energy conformations of the corresponding amino acid residues. It has been shown that the
spatial structure of the tripeptide molecule can be represented by 15 low-energy conformations
for four spatial structures and the spatial organization of the tetrapeptide can be represented by
12 Jow-energy conformations.

Conformational maps were constructed around the dihedral angles of the Phel and Phe4
side chains. The conformational maps show that almost complete conformational freedom is
possible around the dihedral angles x1 of the Phel and Phe4 residues. The positions of the Phel
and Phe4 side chains found by us are energetically the most favorable. It is revealed that low
energy conformations of these molecules have the half-folded and folded type of backbone.
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