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ABSTRACT

In this article, the bound states and thermodynamic properties are investigated for Hultén plus a class of
Yukawa potential by solving the Schrédinger equation. We use the Greene—Aldrich approximation to evaluate the
centrifugal term and apply Nikiforov—Uvarov (NU) method for the analytical solution. With the help of the
energy spectra, analytical expressions of the vibrational partition function Z, entropy S, Helmholtz free energy F,
internal energy U, and specific heat capacity C thermodynamic functions are derived by employing the Poisson
summation formula. These thermodynamic functions are also studied for the diatomic molecules CrH, NiC and
CulLi because they vary with temperature and upper bound vibration quantum number.

Keywords: Schrodinger equation, Hulthén plus Yukawa-class potentials, Nikiforov-Uvarov method, energy
spectrum, partition function, thermodynamic properties, diatomic molecules.

TEPMOAVHAMMUYECKUE CBOVICTBA ITOTEHIIVA1OB XFOABTEHA I1AFOC
K/ZACCA IOKABA AA151 HEKOTOPBIX ABYXATOMHBIX MO/EKY /1

PE3IOME

B oT0i1 cTaThe CBA3aHHBIE COCTOSHUA WM TepMOAMHaMMYeCcKue CBOJICTBA JMCCAeAYIOTCA AAs TOTeHIMasa
XioapTeHa naioc kaacc IOkaspl myTeM pemenus ypasHeHus Ilpeamnrepa. Mbl mcrioansyeM pasBUTYIO
anmpokcnManuio I'puna-Oagprudga 448 TpeojoAeHus MpoOAeMBl, BO3HMKAIONIEN B I[eHTPOOEXXHON YacTu
IIoTeHI[Mada ¥ IpuMeHseM Meto Hukundoposa-Ysaposa (HY) aas anaautmyeckoro perenns. C IOMOIITBIO
DHEPTeTUYECKNX  CIEKTPOB IIOAYYEHBI aHAAUTUYECKME BBIpaXKeHMS TepMOAMHaMUYECKMX  (PYHKITUI
KOoae0aTeAbHON CTaTMCTUYECKON CyMMBI Z, ®HTpormmu S, cBoOOgHOV sHeprum l'easmroasua F, BHyTpeHHel
sHeprim U u yaeapHoit TeraoeMmkoctu C ¢ mcroap3oBaHueM ¢GopMyaAbl cymMmuposaHus Ilyaccona. Dtnm
TepMoAMHaMIdeckre GyHKINM TakKe U3ydaioTcsa aas gByxatoMHbIx Moaekya CrH, NiC n Culi, mockoabKy oHm
MEHSIOTCS B 3aBMCHMOCTY OT TeMIIepaTyphl U BepXHell TpaHMIIbI KoAebaTeAbHOr0 KBaHTOBOTO JcAa.

Kaiouesble caoBa: ypasHenme Illpeaunrepa, moreHnmaasl XioAbTeHa HAIOC Kaacc IOkaBbl, MeTOZ
Huxudoposa-YBaposa, SHepreTmdecKuii CIEKTp, CTaTUCTUYeCKas CyMMa, TepMOJAUHaMUYecKle CBOJICTBA,
ABYXaTOMHBIE€ MOAEKYABL.

HULTEN VO YUKAVA SINiF POTENSIALLARININ COMININ BOZi iKi ATOMLU
MOLEKULLAR UCUN TERMODINAMIK XASSOLORI

XULASO

Isde Sredinger tonliyini Hultén {isto gol Yukawa sinif potensiallarinin comi iigiin analitik sokilde hall
etmoklo bagli hallar ve termodinamik xiisusiyyatlor Oyranilmisdir. Markezdenqa¢ma potensialinda meydana
¢ixan sinqulyarligr aradan qaldirmagq tigiin Greene-Aldrich yaxmlasmasindan istifade etmakls Nikiforov-Uvarov
(NU) metodunu tatbiq edarak analitik formada hall edilmisdir. Enerji spektrinin analitik ifadesnden ve Puasson
comlomsa formulundan istifads etmakls statistik com funksiyasi Z, entropiya S, Helmholts sarbast enerjisi F, daxili
enerji U va xiisusi istilik tutumu C termodinamik funksiyalarinin analitik ifadaleri tapilmisdir. Temperatur ve
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vibrasiya kvant adadinin yuxar: serhaddinin qiymatindan asili olaraq dayisen bu termodinamik funksiyalar iki
atomlu CrH, NiC va CuLi molekullari {i¢iin genis sokilde dyrenilmisdir.

Acar sozlar: Sredinger tonliyi, Hiilten {istogol Yukava sinf potensiallari, Nikiforov—Uvarov metodu, enerji
spektri, statistik com, termodinamik xassaler, iki atomlu molekullar.

INTRODUCTION

Study of the analytical solution of wave equations in potential fields in relativistic and
non-relativistic quantum mechanics always plays and will continue to play an important and
possibly the main role in nuclear and elementary particle physics as well as in physics of
atoms and molecules [1,2]. The physical properties of microobjects in potential physical
models are described and interrelated using various wave equations, for example, the
Schrodinger equations, Klein-Fock—-Gordon equations, and the relativistic finite difference
equations and the Dirac equations.

The analytical expression of the vibrational energy and partition functions are very the
important values are basic requirements in statistical mechanics and thermodynamics. The
partition function [3] can be evaluated by direct approach or by approximate methods,
provided that the energy levels are known. The analytical solution of the Schrodinger
equation give possibilities way for the calculation of the partition function Z followed by
evaluation of other thermodynamic functions such as the entropy S, Helmholtz free energy
F , internal energy U , and specific heat capacity C.

In the last few years, the study of thermodynamic properties has drawn a lot of attention
from researchers [4-8]. In Ref. [9] investigated the thermodynamic properties with Hua
potential. Using Poisson summation approach, the authors in Ref.[10], studied the
thermodynamic properties of Deng-Fan-Eckart potential for some diatomic molecules.
Bakhti et al. [11] evaluated the thermodynamic properties of O, and H, molecules with the
multi-parameter exponential-type potential and obtained results identical with experimental
reports. The thermodynamic properties of a hyperbolic Poschl-Teller potential has been
studied [12]. Chabi and Boumali [13] have evaluated the thermal properties of the Morse
potential using the Euler MacLauarin method. The thermodynamic properties for modified
Rosen-Morse potential have been reported [14]. In Refs. [15,16] Jia et al. discussed
thermodynamic properties with the improved Manning-Rosen potential for a Lithium dimer
and a sodium dimer with improved Rosen-Morse potential.

Presently lots a authors quite an effort is made for a better understanding of
thermodynamic properties for quantum systems as diatomic molecules in molecular physics.
Moreover, the importance of molecular vibration and rotational spectroscopy has extensive
research fields for widely scientific areas [17]. Ikot and his collaborators [18] studied
thermodynamic functions for exponential-type molecule potentials in D-dimensions. Also,
Okorie et al. [19] calculated the thermodynamic functions for CO, NO , and N, with the
modified Kratzer plus screen Coulomb potential using the modified factorization method.
Recently, Ghanbari and Khordad [17] investigated thermodynamic properties for CO and
N, using pseudo harmonic and Mie-type potentials and many other efforts by several
researchers [18-25]. In addition, Jia and collaborators successfully predicted the
thermodynamic properties for some diatomic substances by employing suitable potential
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models to represent the internal vibrations of diatomic molecules [26-30]. By employing the
improved Tietz potential and Fu-Wang-Jia potential to represent the internal vibrations of
triatomic molecules, some authors have successfully predicted the thermodynamic
properties for some triatomic substances and the equilibrium constant for water gas shift
reaction [31-35]. In Ref. [36], carried out a comprehensive study of the thermodynamic and
thermomagnetic properties of the system for the new Morse interacting potential by using
analytical solutions of the 2D Schrodinger equation. Recently, in Ref. [37] solved the
Schrodinger equation with the linear combination of Hultén plus a class of Yukawa potential
by using the Nikiforov-Uvarov (NU) method.

In this study our main goal is to obtain thermodynamics properties of few diatomic
molecules by the solving Schrédinger equation with Hultén plus a class of Yukawa potential
by using the Nikiforov-Uvarov (NU) method.

The rest of the present work is organized as follows. In section 1, solutions of the
Schrodinger equation with the Hulthén potential plus Yukawa-class potentials are obtained
for the bound state using improved approximation scheme obtained by the NU method.
Thermodynamic properties and analytical computation of the thermodynamic values are
presented in Section 2. Numerical evaluations and discussion are presented in section 3.
Concluding comments on the work are presented in Section 4.

1. ANALYTICAL SOLUTION OF THE SCHRODINGER EQUATION WITH THE
SUM OF THE HULTHEN POTENTIAL AND THE YUKAWA-CLASS POTENTIAL

The Schrodinger equation for the particle with mass m in the spherical system of
coordinates has the form [2]
2

—ga?vma@+vwna@=EMna@«n

Taking into account this equation, the general wave function in the spherical system of
coordinates is written as

0,00 =205, 0.0).

Let us substitute function (2) into Eq. (1); then for the radial Schrédinger equation we
obtain

d?2(r) 2m| _ K%I(1+1
d’ig )+h—2{5——fn; )—V(r):lz(r):o. 3)

The Hulthén potential in the interaction system is widely used to describe continuous
and bound states. This potential is used in different fields of physics, including atomic and
nuclear physics, condensed state physics, elementary particle physics, and solid state
physics. The Hulthén potential is defined as follows [38,39]:

Ze?®e ™

Y=

L (4)

Here J- is the screening parameter parameter, and Z - is the atomic number in the
Mendeleev table. The Hulthén potential is one of the important potentials in physics at small

5
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distances. The potential was used in nuclear physics, elementary particle physics, atomic
physics, and solid state physics. The general wave functions of this potential were used to
solve problems of solid state physics and atomic physics. It should be noted that the radial
Schrodinger equation for the Hulthén potential can be solved analytically only for the states
with zero angular momentum | = 0. For small values of the radial coordinate I, the Hulthén
potential behaves as the Coulomb potential, whereas for large I wvalues, it decreases

exponentially, so that its influence on the bound state is less than that of the Coulomb
potential. This potential is also used to describe vibrations of a diatomic molecule and is a
suitable model for other physical phenomena.

Our second potential, is the potential proposed by Yukawa [40] as the effective non-

relativistic potential describing very well strong interactions of nucleons. The Yukawa
potential decreases faster than 1/r due to the presence of the exponential factor. The
Yukawa-class potential can be represented in the form

Ve ™ Ve

v(n=-=2 70

where V,,V, - determine the potential depth. By summing the Hulthén potential and the

Yukawa-class potential, we obtain the unique approximation for the Yukawa potential in the
form [41]

1 28
—R 5y (6)
ro@-e=)
i 4526—2&

r——e— . (7
2 (1—e 2%)2 )

Hence, it is possible to represent the sum of the Hulthén potential and Yukawa-class
potential in the form

(A+B)e?¥  De ¥

V() =- 1_e 2 _(1_e—25r)2'(8)

where
A=27e5, B=26V,, D =454, (9)

A linear combination of these two potentials can be used to study interactions of the
deformed pair of nuclei and spin-orbit coupling of the particle in a potential field. One more
important property of this potential is its application for a description of oscillations within a
hadron system. By investigating the Schrodinger equation with linear combination of the
potentials, it is possible to estimate deeper and more exactly the physical properties of the
wave functions and energies of the bound, discrete, and continuous states of interacting
systems. Based on investigations in this direction, in this work we solve the radial
Schrodinger equation with the linear combination of the Hulthén and Yukawa-class
potentials. With these combined potentials, the examined quantum system can be studied at
large distances. Substituting potential (8) into Eq. (3), for the radial Schrodinger equation we
obtain
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d2x(r) L A21(1 +1) (A B)e 2% . De 4
dr2  »? 2mr? 1-e2%  (@1-e2)

2}((r)zo. (10)

From Eq. (10) it follows that as r — 0 a singularity arises in the centripetal potential.
This equation is solved exactly for |#0. To solve the problem arising in the centripetal
component of the Hulthén potential plus the Yukawa-class potential analytically for | =0 ,
we substitute Eq. (6) into Eq. (10) and obtain

d? d’x(r) E_2h252l(l+1)e’25' L (A+ B)e 2 . De ™4 "=0.(11)
a? hz m—e 272 1-e 2 (1_g 27)? 2\ =0

From Eq. (11), we obtain the effective potential of the sum of the Hulthén potential and
the Yukawa-class potential in the form:

48°101+1)e®™  2m (A+B)e® 2m D™
ml-e2%)2 52 1-e2%  j2 (1_e %)

Veff (I’) =

5z (12)

To solve Eq. (11) by the Nikiforov-Uvarov method, it should be transformed into the
hypergeometric equation of the form [42]:

z(s) ()
o(s)” ¥ ()"

To reduce Eq. (11) to hypergeometric equation (13), we must introduce a new

2'©)+——

variable S =e2¥ then we obtain

d2x(s) 1dy(s) 1 |[2mE 48%(1+1)s 2m (A+B)s  2m Ds?
>t to 22 2 2 T2 22 2
ds s ds  45°s°| @a-5s) he 1-s h @d-5s)

x(s)=0 (14)

To rewrite the differential equation in a more compact form, in Eq. (14) we introduce
new designations of the form
2 mE az_m(A-f-B) 2 mD
2ns%’ 260 " 257’

. (15)

Using designations (15) in Eq. (14), we obtain

2'(s)+ £(5)+ | e2a- 9210+ D5+ as@-s)+ y352|(s) = 0. (16)

L1
(l—) (1-s)?s?

Now we can successfully use the Nikiforov—-Uvarov method to solve Eq. (16).
Comparing Eq. (16) to Eq. (13), we obtain for 7 (s), o(s)and &(s) as,

o(s)=@1-79)s,
7(s)=1-s,
&(s) = —£2(1-9)2 = 1(1 +1)s + a®s(1—s) + B%s%. (17)

Using formulas (A4) and expression (17), we obtain for the function 7(S) as,

7(s) = "(5);;(5) i\/(“'(s)z‘;(s))2 —5(s) + ko (s) = —%i\/(a—k)sz —(b—k)s+c, (18)
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Here
1
a==+&’+a’-y*?,
4
b=2s%+a®-1(1+1),

c=¢2.(19)

The parameter k can be found from expression (18) as follows. From the condition that
the discriminant of the expression under the square root of Eq. (18) is equal to zero, we
obtain:

(a—k)s?—(b—k)s+c=0, (20)
D=(b-k)* —4(a—k)c =k? + (4c — 2b)k + (b? — 4ac),

k? + (4¢c — 2b)k + (b? —4ac) =0,

ko =(b—2c) £2y/c? +c(a—b) . (21)

Substituting expressions (21) into Eq. (18), we obtain for the function 7(S):

s |(Joc—+cra—b)s—+c,omk=(b-2c)+2,c?+c(a—h)

r(s)=——==

2" |(Je+era—b)s—c, omk = (b-2c) - 2:/c2 + c(a—b)

As follows from expression (22), the NU method yields four values of the polynomial
7(s), but we choose the 7(s)value for which the function 7(s) has a negative derivative.

(22)

Other values are not physical. Thus, the corresponding functions 7z(s)and 7(s) have the form

7Z'(S)=\/E—S|:%+ c+\/c+a—b] (23)
7'(s) =—%—[\/E+\/c+a—b], (24)
k=(b—2c)-2yc®+c(a—b), (25)

7(s) =7(s) + 27(s) = (L—) + 27(S) =1—12+2\/E+\/c+a—bJs+2\/E,
(s)=—2+2(Jc +era-b)|. (26)

The energy eigenvalues are conventionally determined from the expressions given
below:

A=k+7'(s) (27)

A =-n7'(s) —@M(g) (28)

By substituting expressions (24) and (25) into Eq. (27), we obtain for A:

A= (b—2¢)—2yc + c(a+b) —%—(\/E+\/c+a—b) (29)

8
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On the other hand, 4, is determined as follows:

A =-nz'(s) —@a"(s) —n@2+2Jc+2Jcra-b)+n(n-1) (30)

The left sides of Egs. (29) and (30) are equal and hence, equating the right sides of these
expressions, we obtain

(b—2c)—2y/c? +c(a—h) —%—(\/E+\/c+a—b)=n(n—1)+2n(1+\/5+\/c+a—b) (31)

Solving Egs. (31) for Jc we obtain that the energy eigenvalues are determined by the
analytical expression of the form

b—20—%—(2n+1)\/c+a—b—n(n+1)

CcC =

32
1+2n+2Jc+a-b (52)
Here

b—2c=a?-1(1+1)

Je+a- =1/%+|(|+1)—}/2 (33)

Taking into account expression (33), from formula (32) we obtain

a®—I(l +1)—1—(2n+1)1/£+l(l +1)— 2 —n(n+1)
Jo = 2 4

1+2n+2\/i—y2+l(l+1)

(34)

Taking into account expression (15), from formula (34) we obtain the following
analytical expression for the energy spectrum:

2
2 a? 10+~ S @n+1) [ L1 -y2 —n(n+1)
Eni=- 2 4 0

2m 1 \/1 )
=+n+, > +1(1+D) -
5 , HA+D =7

(35)

To determine the radial function of the particle moving in the field with the Hulthén
potential plus the Yukawa-class potential, we factorize the radial function y(s)in the form

2(8) =¢(3)y(s) - (36)

Using the NU method, we find the function ¢(s) from the condition Eq.(AS8):
6 7S o)

#(s) o(s)

Solving Eq. (37), we obtain for the function ¢(s):

1 1 )
K =st@—g)2 Ve VT e
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The function y,(s) is determined from the Rodrigues formula

Ya(S) = dnb(ﬁﬂﬁ]@%

p(s)

Here C,- is normalization constant, and p(s)- is the weight function obtained by

solving the Pearson equation in the form
d
45 (0)p(s)) = 7()p(s) - (40)
Solving Eq. (40) for p(s) , we obtain

o) =5y 8

Substituting the weight function p(s) into Eq. (39), we obtain for the function Yy, (s):

n n+2, 1+I(I+1)—,B2
Gy a st (1-s) V4 . (42)

2\/%+I(I+1)—,6’2 ds"

Yn(s) =
s%(1-5)
Taking into account that

" iz L7 2[Laanpt e[t
d—s’”z‘g(l—s) 4 =nis®(1-s) V4 p, 4 (1-2s), (43)

ds"

we obtain for the function y,(s):

(2¢,2, 7+I(I +1)— ,8 )
yn(s) Cn n (1_25)~ (44)

Substituting expressions (38) and (44) into expression (36) for the radial wave function

x(S), we obtain:
20(3) =C, 55 (1—-5)X P22KD(1_2s)  (45)

Using the properties of the Jacobi polynomials, we express the radial wave function
#(8) in terms of the hypergeometric function. From here we obtain [43]:

(P.4) (g} — D" £ _ Q\p+n g+n
Far(e) n2"(1—s)P(1+5)% ds" [(1 7 +e) ]’(46)

P(Pa(1_25) = (D" d” sP (- S)q+n] (47)

n2"sP(1-s)9 ds ds"

d"

S §)7" = nisP—5)TR(PD(1-25) (48)

10
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I'n+p+1)

() nIC(p +1)

JR(=np+q+n+l p+1;%(1—8)) . (49)

Then for the function y, (s) we obtain the expression in the compact form:

k(n+2e+1)

() =Cps"A=5) nIC(2s +1)

2B (—n,2¢ + 2K +n,1+ 2¢;5) . (50)

In our case,
p=2¢,q=2K-1.
The normalization constant C,,-is determined from the normalization condition:

0

© 1
[[R@Pr2dr = I|;g(r)|2dr=%j‘%|z(s)|2ds=l, (51)
0 0 0

And we obtain

n=

\/ 20n(n+K + &)['(2¢ + 2K + n)['(2¢ +1) (52)

(n+K)I'(n+ 2K)I'(2e)T'(n + 26 +1)

where K:%+‘/%+I(I+l)—72 .

2. THERMODYNAMIC PROPERTIES AND ANALYTICAL COMPUTATION OF
THE THERMODYNAMICS FUNCTIONS

In this section, we present the thermodynamic properties for the combined new
potential model. Must be noted that the vibrational partition function is the beginning point
to determine any thermal functions of a system [3].

The vibrational partition function can be calculated with the aid of direct summation
over all possible vibrational energy levels at a given temperature T which defined as

Z(p2)=> e, p =ﬁ, (33)
n=0 B

where kg is the Boltzmann’s constant, n,,,is the upper bound quantum number, E,, - is

the ro-vibrational energy eigenvalues of the linear sum Hulten’s and a class of Yukawa
potentials.

First, we simplify Eq (35) to have
2
E, = —p[i ~(n+ v)} , (54)
n+v

22

2
5 7 Q=a2_72’ V= (I+%j _}/2 >OI n:011’213!"'![\/Q_V]/
m

where p =

nmax:[\/a_v]zﬁ“
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Substituting Eq (54) into Eq (53) gives

Nmax 2 Al - () i
Z(p,A) = Z exp{— ﬂ{_ p(i—(n +v)j }} = Ze {nw } . (55)
n=0 n=0

n+v

In evaluating Eq (55), we employ the Poisson summation formula for lower order
approximation as [44]

max+1
Z f(n)= [f (0) = f (Nay +1)]+ j f (x)dx. (56)
By using Eq (56) on Eq (55), the partition function is obtained as follows

1 2 A+l {Q X+V)T
Z(ﬂ,z)=§[eﬁpgl —eﬁpgz} j o Lxwv dx, (57)

where g; = Q. V; Oy = Q (A +v+1). Then for integral in Eq.(54) we obtain:
v A+v+1
A+l A+1 Q 2
ﬁ‘p( -(x+v))
[ toode= [ e T de (58)

0 0

Q

Here we introduce a new variable y =—— —(x+v), then for variable X we obtain:
X+v
(X+v)2+y(x+v)-Q=0,

vt v v+ fv? _ [ 2
X+v=y_fy+Q or Xz)l_fm—v.Where x>0, then X:ny“‘Q_

So, in the new variable for integral (58) we obtain:

A+l A+1 Q 2

Ao(——( ))
jf(x)dx= I T =—j MY ( —-1dy=
0 0 9 y? +Q

9, 5 Ao
:_%Ieﬂpv dy + j\/‘ﬂ’ L {erfl(,/ﬂp(g +Q)) —erfi(yBp - 9,) -
91

—erfity po(a? + Q) +erfi(yfp )] . (59)

The detail of this calculations are

I T ﬁpyZd :\/Ey 1 rg zd 1 { .Cf Zd \/ﬁjﬁgz Zd }
= [eMdy = 1 i —_— e’ dr+ e dr;=
' 0 dy:\/ﬁdr \/_Fgl \/% TR 0

TR 2 VBogy 2
:ﬁ{ﬂf e dr— ﬁf e’ dr}zé\/%[erﬁ(\/ﬁgz)—erﬁ(\/ﬁgl)].(60)
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r=\Ap(y* +Q)

T e

y +
1 VAEE+Q)  (ei+Q) (61)
T [ etde— [ eTdr)=
V(97 +Q) 0

=;\/g[erfi(\//fp(g§ +Q))-erfit po(of +Q)) |

where erfi(u) -is called the imaginary error function and is defined as
erfi(u) 2 Tefzd (62)
= — T .
a

Thus, for partition function Z (3, 1) we obtain:

2(p.2) =5 M~ |1 \F ety (a2 + Q) -
—erfi(y/fp - ;) —erfity fp(aZ + Q) + erfi(y /n ) | (63)

Note that, the derivate of the imaginary error function is

%e“z (64)

With the help of the vibrational partition function of Eq (63), the other thermodynamic
functions of the considering potential can be obtained in the following form.

d .
—erfi(u) =
U (u)

For vibrational internal energy we obtain

1 az(pa) _
Z(ﬂl) op

1 20 0; Bpas 7 21 p
= e
Z(ﬂ /1){ (oie —9 )+ 1/
|: Igz +Qeﬂp(92 +Q) _gzeﬁpgzz _ 'gf+Qeﬁp(gl +Q) +gleﬁpgl ]_

Lt [erfn(\/ (02 +Q)) —erfi(y/ fp - 0,) — erfi(y fp(0? +Q)) +erfi(/p - gl)}}
o1 ){p(glz oMol _ggeﬁpgg}r%[ [42 +QefP(e3+Q) _ g s} _

z(p.2

—J? +Qeﬁp<gl+Q>+geﬂpﬂ \F [erfl(\/ﬂp(gﬁQ) erfi(y/fp - g,)— (62
—erfi(\/ﬂp(gf+Q))+erfi<%gl)}}

The vibrational free energy defined in this form:

uw,z):—%anzw,z»:—

F(B8,4) = —%In Z(p,2) (66)
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For vibrational entropy we obtain:

S(B.A) =kgIn Z(ﬂ,ﬂ)—kBﬁ%ln Z(B,4)=kg I Z(B, 1) -

2
[ [g2 +QeP98+Q) _

—kgfB

ﬂpgz_ Bog?
Z(,b’/l){ (ofe sePeiy = I,

_ g% _ [g2 £ Qe (i +Q) +gle/fpgf}_
1 %[erfi(\/ﬁn(gé +Q)) —erfi(y/Apa,) —erfiy A(g? + Q) +erfi<%gl)}}

Vibrational specific heat capacity defined in this form:

(67)

62
C(ﬂ,ﬂ):kBﬁza?an(ﬁ,ﬂ):
=k ” aﬁ{z(ﬂl ﬂ){p[gi’-eﬂpgf_ eﬁpgz) (Hem<gz+Q) eﬂpgg__meﬁp(glzw)
+gleﬁpglz)—8ﬂ\/g[erfi( polgZ +Q))—erfilyp - 02 - erfi(y olgZ + Q )+erfi(\/ﬁ.gf)}}:

=ksﬂ2{ L {P(g oM _ ggeﬁpggj_l_i( [g2 +Qemloi 0] _ g oot _ /gl2+Qeﬂp(gf+Q)+gleﬂpgf)_

2°(p.a)L2 4h
_é %{em(mj—erfi(\/ﬁgz)—erf( ﬁpg1+Q +erf'\/791ﬂ2+

T ){ (g ool _ geﬁpgz) 7 (/g +QeMlodra)_ g omet _ [2 eﬁpgl+Q+gEﬁpglj

iﬂ(p V(g +QePloi+0)_ pgiemst _p (g7 + Qf eleial. pgfeﬁpglzJ+
16ﬂ \/7 erfi w/ﬂpigz +QD erfl(\/—gz) erf( Polg? +Q +erf|\/—glj

:kBﬂz{ 1 {p(gf o ggeﬂpgi]Jr%( 1922+Qeﬁp(g§+Q g, o5 _ /g +Q eﬁp gl+Q

Z%(B.A) 2
2
+gleﬁpgl)—$ ﬁp(erfi(dﬁpig%+QU—erfi(\/ﬁgz)—erfi(dﬁpigf+Q0+erfi(mgl)ﬂ +
. (; l)[(gfeﬂpgf‘ggeppggj_gzz( o2 +QeMlo3+Q) _ g ek _ /g12+Qeﬁp(gf+Q)+gle/>‘pgf)+ (68)

+7[ (o3 +Qfer (62+0) _ g3es0% _ l(g12+Q)’eﬁp(gf+Q)+glseﬂpgf]+

4p
e E ) -k - )i

3. NUMERICAL EVALUATIONS AND DISCUSSION

In the present study, the focus is on analytical solving the Schrodinger equation for the
Hulthen plus a class of Yukawa potential within the framework of the Nikiforov-Uvarov
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method and by using analytical expression of the energy spectrum for widely studing
thermodynamic properties of the few diatomic molecules.

The analytical solution of the Schrodinger equation give possibilities way for the
calculation of the partition function Z followed by evaluation of other thermodynamic
functions such as the entropy S, Helmholtz free energy F , internal energy U, and specific
heat capacity C. In the present investigation, we use the energy spectrum to study for the
thermodynamics properties of three selected diatomic molecules, CrH, NiC and CuLi. The
spectroscopic parameters of these molecules are given in Table 1 and taken from Ref. [45].

It should be noted that in numerical calculations here that the following conversion

0
factors have been employed: #ic = 1973296 eV A, lamu= 931.494028 MeV / CZ,
k =8.617333262 -10°eV /K and lcm™ =1.239841875 -10~*eV for all computations [46]. In the

calculation, we set A=2cm™, B=2cm™ and D =1cm™. Also in all numerical calculations we
adopt the orbital quantum number | =0. Obtained results of the thermodynamic properties
are visualized through in Figs1-5. In Fig.1 present the dependence partition function Z() of

the g =1/KT for three selected CrH, NiC and CulLi diatomic molecules. As is seen that the

partition function Z in the region 0.0001K ' < #<0.0007K ™ is slowly incresing with an
increase in the S =1/kT.

18 T T T T T T v T v T ¥ T

16

14
12

10

1 " 1 n 1 n 1 " 1 n 1

2 - 4 "
0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008

B (K™
Fig.1. Vibrational partition function Z versus [ ( K _l) for CrH, NiC and CuLi diatomic molecules.

In Fig.2, we have displayed the vibrational mean energy U with the dependence of the
B =1/KT for various diatomic molecules. As is seen that the vibrational mean energy U for

CrH, NiC and CulLi diatomic molecules have same behavior. Vibrational mean energy for all
three molecules with increasing S =1/KkT are slowly decrease slowly and smoothly when

with increasing f=1/kT, but from the point =0.008 more quickly decrease. For molecules

CrH and Culi vibrational mean energy U is slowly incresing with an increase in the
L =1/KT.

In Fig.3 the dependence of the Helmholtz free energy F is displayed for the CrH, NiC
and CulLi diatomic molecules as a function of f#=1/kT. It is seen from Fig.3 Helmholtz free

energy F are monotonically decreasing with an increase in the f=1/kT.
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In Fig.4 present the dependence vibrational entropy as a function of the f=1/kT. It

should be noted that for, NiC and CuLi diatomic molecules vibrational entropy have same
behavior, monotinically decreasing with an increase in the £ =1/KkT . But, for molecule CrH

vibrational entropy is slowly decreasing with an increase in the f=1/kT.

0 T T T T T T ’ T

-1000 -

-2000

-3000

U (cm™)

-4000

-5000

-6000

-7000 L 1 L 1 ) | A 1 L
0,000 0,002 0,004 0,006 0,008 0,010

B (K™

Fig.2. Vibrational mean energy U versus S(K _1) for CrH, NiC and CuLi diatomic molecules.

-2000

-4000 |
-6000 [
8000 |
__ -10000 B
E 12000 |-
L 14000 |

-16000

-18000 -

-20000 -

-22000 - ' - ' - ' - ' -
0,0000 0,0002 0,0004 0,0006 0,0008 0,0010

B (K"

Fig.3. Vibrational free energy F versus (K _l) for CrH, NiC and CuLi diatomic molecules.
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----NiC Y ool
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0,0000 0,0002 0,0004 0,0006 0,0008 0,0010
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Fig.4. Vibrational entropy S versus ,3 (K _l) for CrH, NiC and CulLi diatomic molecules.
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C (cm™ K™

2b y
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0,0000 0,0002 0,0004 0,0006 0,0008 0,0010
B (K™

Fig.5. Vibrational specific heat capacity C versus f (K _l) for CrH, NiC and CuLi diatomic molecules.

Finally in Fig.5 we have displayed the vibrational specific heat capacity C as a function
of the F=1/kT. As is seen from figure specific heat capacity for all three molecules

monotonically decreasing with an increase in the f =1/KT.

4. Conclusion

In this work, the modified Schrodinger equation has been solved with the Hulthén
potential plus the Yukawa-class potential by using an appropriate approximation by
applying the Nikiforov—-Uvarov method within the framework of conventional quantum
mechanics.

The analytical expressions of the ro-vibrational energy spectra and the corresponding
normalized eigenfunction have been obtained. Using the ro-vibrational energy spectra of the
Hulthén potential plus the Yukawa-class potential, the vibrational partition function and
other thermodynamic functions like vibrational free energy, vibrational mean energy,
vibrational entropy and vibrational specific heat capacity have been deduced using the
Poisson summation formula. With these results, the thermodynamic properties of CrH, NiC
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and CuLi diatomic molecules have been studied graphically and discussed extensively, as it
varies with temperature and upper bound vibration quantum number. It should be note that

our new suggested combined potential have more general applications, because this

combined potential can be reduced to the few potential model.

Therefore, obtaining results can contribute to important information about the dynamics

in atomic and molecular physics and provides an opportunity for a deeper study of this
problem. Thus, we can conclude that the results obtained by us will be of interest not only to
a theoretical physicist, but also to an experimental physicist, due to accurate and more
general results.

10.

11.

12.

Table 1. Spectroscopic constants of the diatomic molecules studied in the present work.

Molecules 0 u(am U)
5 Al

CrH 1.52179 0.988976

NiC 2.25297 9.974265

CulLi 1.00818 6.259494
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ABSTRACT

In this work, the composition and amount of a low molecular weight organic additive that modifies the
electrophysical properties and structures of LDPE brand 10803-020 are determined. Phthalimide (Phl) was used as
modifying organic additives. The content of additives in the composition of LDPE varied in the range of 0.01-0.1 wt.%.
Based on experimental studies, it was found that the content of 0.05 wt% phthalimide is optimal, since it provides the
greatest stability of electrical properties compared to both the original LDPE and LDPE with other additive contents. It
is shown that this additive contributes to maintaining an increased value of the specific volumetric electrical resistance
in all temperature ranges (20-110°C) of the test and has a relatively stable value of the dielectric loss tangent.

Keywords: Supramolecular structure, volume electrical resistivity, phthalimide, dielectric loss tangent.

BAVISTHUE OPTAHUYECKMX AOBABOK HA CTPYKTYPY U DAEKTPOPV3NUYECKUE CBOVICTBA
IIOANMDTUAEHA BBICOKOI'O AABAEHVSI (IT9BA)

PE3IOME

B aanHOII paboTe ompeJeAeHBl COCTaB I KOAMYECTBO HU3KOMOJAEKYASPHOV OpPTaHMIECKON J00aBKI,
MoaupUIUpYIOmIeil  »AeKTpoduamdeckue cpoiictBa U CTpykrypsl IIDB/  mapxm 10803-020. B  xawectse
MOAVPUITUPYIOIIEl OpraHmIeckoit 406aBku ycroassosaan ¢prasammg (PU). Coaepsxanme a06aBok B coctase [1B/]
Bappuposaaock B mpegeaax 0,01-0,1 macc.%. Ha ocHOBaHUM DKCIIepUMEHTAABHBIX MCCAEAOBAHNMII YCTAaHOBAEHO, 4TO
cogepxanue ¢prasamuaa 0,05% Macc. sBASETCA ONTUMAABHBIM, TaK KaK oDecriedrBaeT HaMOOABIIYIO CTaOMABHOCTD
9AEKTPUIECKIX CBOJCTB IO CpaBHEHMIO Kak ¢ mcxoaHeM ITOHIL, tak u ¢ TIDHIT ¢ apymiM cogepskaHueM A00aBKIL.
ITokasaHo, uyTO JaHHasl Ao0DaBKa CIIOCOOCTBYeT COXPaHEHMIO IIOBBIIIEHHOIO 3HAueHMs YAeAbHOIO OOBbeMHOIO
9AEKTPUYECKOTO COIPOTMBAEHMA BO BCeX AmanasoHax Temmepartyp (20-110°C) mcrbITaHuil M MMeeT OTHOCHTEABHO
cTab1ABHOe 3HaueHNe TaHTeHCa YIAa AUDAeKTPUIeCKIIX ITOTePb.

KaroueBrie caoBa: HaaMOA€KyAsIpHasl CTPYKTYypa, o0beMHOe yAeApHOE DAEKTPOCOIIPOTNBACHIIE, d")TaAaMI/IA,
TaHIeHC yIda AUDAEKTPIIECKIX IIOTEPb.

UzVi OLAVOLORIN YUKSOK TOZYIQLi POLIETILENIN (YTPE) QURULUSUNA VO ELEKTROFIZiKi
XASSOLORINO TOSIRI

XULASO

Bu isda YTPE markali 10803-020-nin elektrofiziki xiisusiyyatlarini ve strukturlarim deyisdiran asagi molekulyar
agirligh {izvi olavenin terkibi ve miqdari miioyyen edilmisdir. Ftalamid (FI) deyisdirici {izvi alavelor kimi istifade
edilmisdir. YTPE -nin terkibindski asqarlarm terkibi 0,01-0,1 kiit.% araliginda doyisdi. Eksperimental todqiqatlar
asasimnda miiayyen edilmisdir ki, 0,05 kiit% ftalamidin terkibi optimaldir, ¢iinki o, ham optimal YTPE, hem de digar
alave torkibli YTPE ilo miigayiseds elektrik xassalarinin an boyiik sabitliyini temin edir. Gosterilmisdir ki, bu slavs,
tacriibanin biitiin temperatur diapazonlarinda (20-110°C) xiisusi hacmi elektrik miigavimatinin qiymsetinin artimina ve
dielektrik itki bucagmin tangensinin nisbaten stabil qalmasima sebsb olur.

Acar sozlar: Molekulyariistii qurulus, hacmi elektrik miiqavimeti, ftalamid, dielektrik itki bucaginin tangensi.
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The study of changes in the structure and properties of polymeric dielectrics is of great
importance, since the necessary condition for the normal operation of electrical insulation is the
stability of its electrical characteristics: breakdown voltage U, specific volumetric electrical
resistance pV, 7 (lifetime), dielectric loss factor tgo, etc.

The electrical properties of polymers depend on the imperfection of the structure, the
presence of impurities and regions with different densities, cavities, etc., which in turn depend
on the aggregate and developed state of the polymer. At present, the effect of supramolecular
structures on their electrical properties has been clearly established [1,2].

This work is devoted to the study of the effect of a modifying additive on the change in the
electrophysical properties and structure of high-pressure polyethylene (LDPE) brand 10808-020.
Phthalimide (chemical formula C8H5NQO2) was used as a modifier.

PhI was introduced into the feedstock of LDPE by mechanical mixing in the amount of 0.01-
0.1 wt%. To achieve a uniform distribution to the FI additive in the composition of LDPE,
repeated regranulation was carried out. The formation of films from LDPE granules and
modifications based on it was carried out by blown extrusion on industrial equipment of the LRP
45-700M brand. The thickness of the samples was 40-50 pm.

The electrical strength of the LDPE film, depending on the composition and amount of
additives, was determined based on the study of the kinetics of electrical breakdown
development (lifetime) according to the method developed by us [3,4]. The results of the
experiments are shown in Fig.1. The introduction of a small amount of phthalimide (PhI)
additive into the composition of LDPE (1,2,3,4,5 and 6) leads to a significant change in its
electrical durability (Fig. 1).
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Fig.1. Dependences of the electrical durability of the LDPE film and its modification on the electric field
strength. 1- LDPE + 0.05 wt.%,; 2-LDPE + 0.03 wt.%, 3-LDPE + 0.07 wt.%; 4-LDPE + 0.01 wt.%;
5-LDPE + 0.1 mass PHI; 6-LDPE (no additive).

As follows from the experimental data, in the case under consideration, when an optimal
amount (0.05 wt.%) of phthalimide is introduced into LDPE, its electrical strength increases. This
means that by studying the change in the lifetime of an LDPE film with the introduction of an
additive, it is possible to determine the optimal conditions for modifying the electrophysical
properties of LDPE. For a more visual representation of electrical destruction development in the
modified polymer the dependence of the electric strength of the LDPE film on the mass percent
of the indicated additives is shown under other identical conditions (t=const, T=const) on the
Fig.2. The dependence E»=f(C) was built according to the data used to plot the graphs in Fig.1.
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Fig.2. Change in the electrical strength of LDPE film modifications depending on the
mass percent of the phthalimide additive.

As can be seen from Fig. 2, the electrical strength of the LDPE film reaches its maximum
value when 0.05 wt.% phthalimide is introduced into its composition.

As follows from the obtained experimental results, when the optimal content of the
proposed phthalimide additive is introduced into the composition of LDPE, its electrical strength
increases from 14-107 to 220-107 V-m7, i.e. about 40%.

Obtaining information about the most important parameters of the dielectric, such as the
specific volumetric electrical resistance, the dielectric loss tangent, as well as the effect of organic
additives on these properties, is of great scientific and practical interest. Figure 3 shows the
results of experimental studies of the temperature dependence of the specific-volume electrical
resistance of the LDPE film and its optimal modification (LDPE + 0.05 wt% phthalimide).
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Fig.3. Influence of the FI additive on the change in the temperature dependence of the specific volumetric
electrical resistance of the film. 1-LDPE + 0.05 wt% Phl, 2-LDPE (without additive)

From Fig. 3 it follows that the introduction of 0.05 wt% phthalimide into the composition of
LDPE leads to a significant increase in the specific volumetric electrical resistance. Samples from
LDPE with phthalimide additives contribute to maintaining an increased value of specific-
volume resistance in all temperature ranges (20-1100C) of the test. A good correlation is observed
when studying the dependence of the specific volume electrical resistance on the content of
phthalimide at room temperature. Experimental studies are shown in Fig.4.
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Fig.4. Dependence of the specific volume electrical resistance on the content of phthalimide

From Fig. 4 it can be seen that the specific volume electrical resistance increases with
increasing content of phthalimide and passes through a maximum at 0.05 wt.%. With a further
increase in the content of phthalimide, its decrease is observed. Thus, the specific volumetric
electrical resistance of LDPE is also sensitive to the introduction of an organic additive of
phthalimide, and the content of 0.05 wt.% of this additive is also optimal here, since it provides
the greatest stability of electrical properties compared to the original LDPE.

The increase in the specific volumetric electrical resistance of the LDPE film that we have
established when 0.05 wt.% phthalimide is introduced into its composition can be explained on
the basis of the formation of an optimal supramolecular structure in them.

As has been shown, the dielectric properties of polymer insulations are closely related to the
structure of the polymer. Naturally, one should expect a change in the dielectric loss tangent of
the LDPE film with various additives.

We have studied the change in dielectric losses (tgo) of the LDPE film and its optimal
modification at different temperatures.

Figure 5 shows the effect of the addition of phthalimide on the change in the temperature
dependence of tgo of the LDPE film.

20 30 60 80 100 3:'20 140 160 180 @
—

Fig.5. Influence of the optimal content of the phthalimide additive on the change in the temperature dependence
of the dielectric loss tangent of the LDPE film. 1-LDPE (no additive), 2- LDPE + 0.05 wt.% phthalimide
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As follows from Fig. 5, when 0.05 wt.% phthalimide is introduced into the composition of
LDPE, it leads to a significant change, i.e. decrease in dielectric losses (curve 2) than that of the
LDPE film without additive (curve 1).

Similar to the dependence of the specific volumetric electrical resistance of LDPE on the
content of the phthalimide additive, Fig. 6 shows the dependence of the dielectric loss tangent of
LDPE on the amount of this additive.
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Fig.6. Dependence of the dielectric loss tangent on the content of phthalimide

As can be seen from Fig. 6, the tangent of the dielectric loss angle at the maximum tgomax,
depending on the content of phthalimide, first decreases, as it is expected to pass through a
minimum at 0.05 wt.%, with a further increase, the content of the additive begins to increase.

Thus, from the experimental data it can be seen that the introduction of 0.05 wt.% of the
amount of this additive into the composition of LDPE under the same conditions is optimal and
leads to a decrease in the dielectric loss tangent. It is likely that additives introduced into the
composition of LDPE affect the crystallization kinetics and significantly increase the packing
density of macromolecules. As a result, molecular interaction increases in polymer chains and
the movement of kinematic segments becomes more difficult; some impurity polar radicals lose
their mobility, falling into crystalline regions [5,6,7].
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PE3IOME

B pabore meroaoM MoaekyaspHou AmHamukyu (M) c¢ mcnoassosanmem mnporpamMm NAMD m VMD
nccAezoBaHa KOH(QOpPMAaIIMOHHAs ITOABUKHOCTE OOKOBEIX IIerell aMMHOKICAOTHBIX OCTaTKOB KaTaAUTUIECKOTO
AOMeHa Ka3eMHKMHa3bl lcsn. PaccamTaHsl reoMeTpudeckne mapaMeTpsl U M3ydeHa 3aBUCHMOCTh SHEpPIUI KOH-
¢opMalOHHBIX COCTOSHMIT aMUHOKIMCAOTHBIX OCTaTKOB JOMEHa OT YCAOBUI UM TeMIIepaTyphl MOJAeANpPOBaHUA.
Ha ocHoBe pacueToB 3HaueHMII CpeAHEKBaApaTUUIHBIX OTKAOHEHMIT OTAeAbHBIX aToMoB (RMSD) mccaezosana
MOJeKyAsipHas AHaMMKa KaTaAUTUYeCcKOoro JoMeHa 0eaKa, cAeAaHbl BBIBOABI O CTaOMABHOCTY OTAEABHBIX ydacT-
KOB MCCAeAyeMOTO JOMeHa.

Karouesble ca0Ba: Ka3eMHKIHA3bl, MOAeAUPOBaHNe, MOAEKyAsIpHas AHaMIKa, KOHPOpMaIi.
THE STUDY OF CATALYTIC DOMAIN CASEINKINASE 1CSN BY THE MOLECULAR DYNAMICS METHOD
ABSTRACT

The molecular dynamics method was used to study the catalytic domain of casein kinase 1csn. Computer
simulation was performed using the NAMD and VMD programs. In the process of MD, the conformations of the
protein chain change. To find out which sections of the protein and to what extent changes affect the standard
deviations of the RMSD of various types of protein atoms from their initial state, which give an idea of the
stability of the protein. As a result of the MD simulation, an equilibrium state of 1csn and detailed information
about the structure, energy, temperature, etc. were obtained The analysis of the obtained results was conducted.
Calculations prove the stability of the structure of the studied of the 1csn protein.

Keywords: casein kinases, 1csn, modeling, molecular dynamics, conformation
MOLEKULYAR DINAMIKA USULU iLO 1CSN KAZEINKINAZANIN KATALITiK DOMENININ TODQIiQi
XULASO

fsdo NAMD vo VMD programlarindan istifade etmokls, kazeinkinaza 1csn-nin katalitik domeninin amin
tursu qaliglarmin yan zancirlerinin konformasiya miitsherrikliyi molekulyar dinamika (MD) ftisulu ile
Oyranilmisdir. Hondasi parametrlor hesablanmis ve domenin amin tursusu qaliqlarinin konformasiya hallarinin
enerjisinin simulyasiya sortlorinden ve temperaturdan asililig1 Syranilmisdir. Ayri-ayr1 atomlarin orta kvadratik
kenarlagmalarinin hesablamalar: asasinda ziilalin katalitik domeninin molekulyar dinamikas: dyranilmis, tedqiq
olunan domenin ayri-ayri1 hissalarinin stabilliyi haqqinda naticalar alds edilmisdir.

Acar sozlar: kazein kinazalar, 1csn, modellasdirma, molekulyar dinamika, konformasiya

BBeaenne

Kasemnkmnasza 1 (CK1) mpeacraBasier coboil cepVH/TPeOHMH KMHaA3y M OTHOCKUTCS K
04HOMY 13 HamboJee Ba>KHBIX CeMeNICTB (PepMeHTOB - CeMeNCTBY ITPOTeMHKIHA3, 00CTOsI-
TeABHO U3y4aeMbIX B OMOXMMMYECKMX U MeAMUIIMHCKMX MCCAeA0BaHMAX. UaeHbl ceMelicTBa
CK1 npucyTcTByIOT B OOABIIMHCTBE TUIIOB KAETOK M PEeryAMUpYyIOT BHYTPU KAETKU OO0Ab-
IIMHCTBO CUTHAABHBIX IPOLIECCOB, BKAIOYas mnpoueccuur u penapanuio AHK, npoandepa-
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LMIO, alloNTo3, AMPPepeHINpPOBKY U HMOABVMXKHOCTh KAETOK, KA€TOYHOe JeleHue, cOOpPKY
pn1OOCOM, BHYTPUKAETOYHBIV TPAHCIIOPT U CIIOCOOHBI M3MEHATh aKTMBHOCTh KAIOUeBbIX Dea-
KOB B MO/eKyJax IyTeM Ilepejadyy M uHTerpaumm curdaaos Wnt [1]. Hapymenne peryas-
uym nzodpopm CK1 cBs13aHO ¢ 9aCTOTON BO3ZHMKHOBEHIS BOCIIaAMTEABHBIX U ITpoAndepaTus-
HBIX 3a00/€BaHMI1, a TakXKe ¢ HelipoJereHepaTUBHBIMI HapyIlleHMsIMY. AHOMa/AbHas aKTUB-
HOCTb M MyTaIly STUX IHPOTEeMHKMHA3 IIPUBOAUT K PsAy I1aTOAOIMI, TaKUX KakK IICOpuas,
PeBMaTOMAHBIN apTPUT, OCTEONOPO3, CENTUYECKNUII IIOK, 001e3Hb AabplreliMepa M 4acTO
OOHapy>KMBaIOTCs B Pa3AMYHBIX OIIyXOJeBBIX OOpa3oBaHMAX, BKAIOYasi OHKOJAOIMIO ITOYEK,
MO/JOYHBIX >KeAe3, POTOBOI II0AOCTM, XOPMOKapLIMHOMBI, KapIIMHOMBI, ale€HOKapIITHOMBI
IOAKeAYA04HOM >KeAe3bl U paK AMYHUKOB [1]. ¥V yeaoBeka 3apermcrpmpoBaHO LIECTh M30-
¢opm CK1 (a, Y1, v2, ¥3, d 1 &), KOTOpbIe PEryAUPYIOT HECKOABKO OMOA0TMYeCKUX ITpoliec-
coB 1 110 KpaiiHeit Mepe Tpu nzodpopmer CK1 (a, d 1 €) ObLAM 3aperncTpUpOBaHbl KaK OHKO-
TeHHbIe [2], urpaolue KAI04eByIO POAb B BLDKMBAHUM KAETOK M KaHIlepOoreHe3e II0CPeACT-
BOM IPSIMOI MAM KOCBEHHOM cTaOmAm3anum 3-KaTeHrHa BO BHYTPUKATOYHOM CUTHAAbHOM
nytn Wnt [3], xoTopriii peryaupyer smOpuoreHes, AudpepeHIpoBKy KAEeTOK U pa3Bu-
TUe 3/10KayeCTBeHHBIX OITyXoJell. BbIcokmil ypoBeHb sigepHOTo (3-KaTeHMHa yKa3blBaeT Ha
aKTUBHYIO poAb pa3andsbix nzodpopm CK1 B kaHIIeporeHese yepe3d Wnt-cUrHaABHBIN ITyTb.
3HaunTeabHOe yBeandeHne yposHs CK1 O / € oOHapy>keHO B paKOBBIX KAeTKaX MOAKeAyA04-
HOM >Ke/Ae3bl I MOAOYHOI Xeae3dl [4, 5]. Yuntsiasa BaskHocTs CK1 B mmporiecce TouHOTO Je-
A€HUs KAETOK U Te II0CAEACTBMs, KOTOpble HaOAI0AAIOTCA HPU BO3MOXKHBIX MYTalMAX U
M3MEHEeHMSIX UX aKTMBHOCTH, B IIOCAeHee BpeMs B Hay4HBIX MCCAeAOBaHMX ITOBBIIIIEHHOE
BHUMaHUe ctaao yaeasartbes: poan CK1 B passutun paka n paspadborke CK1-crienmduyecknx
MHIMOUTOPOB B KayecTBe IIPOTMBOOITYXOAEeBBIX IperaparoB. OAHako pa3dpaOOTKa TaKMX
COeAVIHeHUM, AOCTYIIHBIX AAs IIPUMMEHeHMs in vivo, Bce eIlje OCTaeTCsl CAOXKHON 3ajadernl.
CK1 B kauecTBe IpuBAeKaTeAbHON Ae€KapCTBEHHOV MUIIEHU AAs pasdpaOOTKM IIPOTUBOOIIY-
XOA€BOM Tepanmuy usydaacsi B padore [6]. Vcxoas m3 BbIIIecKa3saHHOTO, Ka3eMHKMHA3bI
SIBASIIOTCSI BaXKHBIMU A€KapCTBEHHBIMI MUIIIEHSIMU AAs HIMPOKOTO CHeKTpa 3a00AeBaHmil
4ye0BeKa U X BCeCTOPOHHee 1CCAe0BaHNe ABASIeTCS aKTyaAbHON 3a4adeli.

beaxn CKI1-kuHa3bl MMeIOT OOIIMe POACTBeHHbIe BBICOKOKOHCepBaTUBHbBIE KaTaAUTH-
JecKue A4OMEeHBI, OTBeTCTBeHHbIe 3a KaTaAUTHYecKyl0 akTubHOCTh Ha N-konne. Ha C-xonre
pacIioA0XeH BecbMa pa3HOOOpa3HBIl PeryAsSTOPHBIN AOMeH, OTBeTCTBEHHLIN 3a oIpejele-
HI1e CyOCcTpaTHOM el u(pUIHOCTHA.

buoaormueckas pynkumsa nsopopm CK1 3aBucut oT ux criennaabHOTO KaTaaAuTUIeCcKo-
ro caira, kotopsniil ¢pocpopnuanpyer CK1 Geaok [7]. B pabGote [7] onpesesena xpucraaam-
JecKkas CTPYKTypa yCe4eHHOTO BapMaHTa KasenHKMHasbl-1 u3 Schizosaccharomyces pombe B
komizekce ¢ MgATP. Mogear HanoMuHaeT «3aMKHyTble» AT®-cpsazaHHble KOHpOpMaun
IMKAMH-3aBUCUMON KuHas3bl 2 1 HAM®-3aBucuMOli TPOTEeMHKMHA3hl, HO C SBHBIMM pas3-
AVMUAM M OT OPOTEMHKMHA3 B CTPYKType HOBEPXHOCTHBIX IIeTeAb, MPUAAIOIINX Ka3elH-
KMHase-1 yHMKaAbHBIE CBOVCTBa. ABTOopamm [8] Oblaa IoayyeHa TakKe KpucCTadaudecKas
CTPYKTypa KaTaAMTUYECKOIO JOMeHa KasemHKMHasbl-1 Schizosaccharomyces pombe B
KomILlekce ¢ N-(2-aMMHO®TUA)-5-XA0pU3OXMHOAUH-8-CyAbPOHAMIA, U3OXUHOAMHCYAbPO-
HaMUAHBIM COeAVIHEeHIeM, MHIMOMPYIOIIUM IIPOTeMHKIHA3bl, KOHKYPUPYs C aAeHO3UHTPU-
docparamn (ATD). Paccmorpen mexannsm ATO-KOHKYpPeHTHOTO MHIMOMPOBaHIS, II03BOAN-
BILNI 3aKAIOYNUTH, YTO MX CEACKTUBHOCTh B OTHOILIEHNI Pa3ANYHBIX IIPOTEMHKMHA3 AOCTHTa-
eTcs 3a cyeT rmApodpOOHBIX KOHTAaKTOB U BOAOPOAHOM CBSA3M C M30XMHOAMHOBBIM KOABIIOM. B
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paborte [9] mnccaeaoBanbl KaTaautndeckue gomensl Hhpl/2, spasiommecs: ywaeHaMy ceMericTsa
CK1 B Schizosaccharomyces pombe u 1moaydeHHble JaHHBIE ITO3BOAMAM OIIPeJeAUTb MO-
AeKYAAPHBII MeXaHM3M, ncroasdyeMbri ¢pepmentamu CK1 a4 HaleamBaHUSA Ha KOHK-
PeTHYIO KAeTOYHYIO A0KaAU3aluIo AAs pa3AeAeHHON Ilepejadlt CUTHAAOB.

bruoaormueckass PpyHkIus O0eAKOB HaIpsAMYIO 3aBUCUT OT mx rumokoctu [10], Geaxm
BBIIIOAHSIOT CBOM crenuduyeckne (QyHKIIUM ITOCPeACTBOM KOAJAEKTUBHBIX ABVIKEHUI
atomos. Caej0BaTeabHO, KOAJAEKTUBHOe aTOMHOe ABVDKeHMe  KOHKpPeTHOro  0Oeaka
UCIIOAB3yeTCsl B KadecTse IlapaMeTpa A4s INOHMMaHUA cTabuabHOCTH Oeaka. B obzope [11]
IIpeACTaBA€HO  KpaTKoe OIlCaHle paHHero NCIIOAb30BaHUA  OMOMOJEKYASPHOTO
mogeanposanyst. CKI-1roao06Hs1i1 6e10K Ob11 MAEHTU(UIIMPOBaH B PacTeHILIX, B TOM 41CAe B
puce. B pabore [12] coobmaeTcss 0 KpUCTaaAMyeckoil CcTpyKType KuHasHoro gomena CKI-
mogo0HOTO Oeaka M3 puca U IIOKasaHO, uyTO (ocdopuanposaHne AUIMasbl, Kak cydOcTpaTa
9TOro OeaKa, pe3KO CHIDKaeT ee KaTaAUTUYeCcKyl0 aKTMBHOCTh. /JAuHa U OpMeHTalus
Horaroro ramnyHoM AT®-CBA3BIBAIONIErO caiiTa SBASIOTCSA AVHAMUYECKUMU B CeMeliCTBe
CKI. Cunraercs, uyro kmHadpl CKI1 sBASIOTCA BaKHBIMM OeaKamy, IIpeTepIieBaloIIMU
f6oapmme  KOHQOPMALVMOHHBIE  M3MEHEHIS, HeIOCPeJCTBEHHO  CBs3aHHbIE C  UX
CTPYKTYPHBIMM KOAeOaHMAMU U (PYHKIIUSIMIY, YTOOBI peryAupoBaTh pa3ANdHble KA€TOYHBIE
nporieccel.  C  IIOMOIIBIO  MOAEKYASIPHOM  AMHaAMMKM ~ MOXHO  oOmmcath — oOlree
(yHKIIMOHAaABPHOE ABIDKeHNE B MoJeKyle. MeTogoM MOAeKyASIpHOM AMHAMUKU ObLAY
UccAeA0BaHbI CTPYKTYPHBIE 1 KOHPOPMaLVIOHHBIE CBOVICTBA TpeX M30(POpM KazeMHKIHa3bI-1
[2], n3yueHsl AMHaMMKa, CTaOMABHOCTh UM MexaHU3MBbI cBA3biBaHUA ATD ¢ MaaapuiHBIM
napasutoMm Plasmodium  falciparum CKI [13]. B paGote [14] mposejeHO MOAEKyASPHO
AVHaMImJecKkoe 1uccaegoBaHye MoAekyapl AT® u moaydeHbl pasamdHble KOH(POpMauuu B
pactsope 1 B 6eake CK1.

B aanHHOII paboTe A4s MccAejOBaHUSA METOAOM MOAEKYASIPHON AMHaAMMUKM Oblaa
BbI6paHa MOoJ4eAb CTPYKTYPBI yCe€4€eHHOTO BaplaHTa Ka3eMHKIHa3bI-1 ns3
Schizosaccharomyces pombe B xommaexkce c MgATP.

Metoasbl pacuera

B nportecce nsydeHns: 61OXMMMUIECKMX IIPOIIECCOB, MTPOTEKAIOIIUX B JKMBOM KAeTKe, Bce
Doaplllee 3HayeHMe IpUOOpeTalOT TeopeTudecKyue MCCAeJOBaHNs, OCHOBaHHbIE Ha
Pa3AMYHBIX MeTo4aX KOMIIBIOTEpHOro MmoJeamposaHus. Hamboaee TOYHBIMM CUMTAIOTCS
KBaHTOBOXMMIYECK/ € MeTOAbI pacyeTa C UCII0Ab30BaH1eM MeTo0B ab initio Xaptpu-Poka n
MeToAa (yHKIMOHada DAekTpoHHoN mnaotHoctm DFT/B3LYP B pacmupennom Oasmce.
OaHako A44s1 MOAEKy4, COCTOAIIMX U3 O4eHb OOABIIOrO 4mucAa aTOMOB KBaHTOBOMeXaHM-
JyecKue MeTOAbl HeNpUIOAHBL B HacTosIee Bpemsi O4HUMM M3 BaKHEMIINMX CIIOCOOOB
uccaeAoBaHmusl 00ABIIMX OMOAOTMYECKMX MOAEKYA SBASETCS METOA MOAEKYASPHON
AVIHAMMKY, CIIOCOOHBII MOAEAMPOBaTh IIOBeJeHME MOAEKYyA, COCTOSIIUX U3 OO0ABIIOTO
4ycaa atoMoB. MeTog MOAeKyAsSpHOU AMHAMUKM UTpaeT BaXKHYIO pOAb B OIlpejeleHUN
CTPYKTYPHBIX, AMHAMMYECKMX U TepMOAMHAMMYECKMX XapaKTepPUCTUK OeAKOBBIX MOAEKY4,
M3Yy4eHUM IIPOLIeCCOB MOHHOIO TPaHCIOPTa, CTaOMABHOCTM 0eAKOB, KOH(POPMaIlMIOHHBIX
IpeBpaliennii, AJOKMHIa AUTaHAOB.

MOAGAI/IpOBaHVIe MOAGKy/UIpHOI;I AVTHaAaM UK SIBASACTCSI O4HIUM ns3 T'1aBHBIX
VHCTPYMEHTOB AA51 IIOHVMMaHII Cl)I/ISI/I‘-IECKI/IX OCHOB CTPYKTYPbI I CIJYHKI_II/II/I OMOA0TMYECKIX
MaKpOMOA€EKYyA. KpI/ICTaA/H/I‘IeCKa}I CTPYKTypa Deaka IIpeAaCcTaBAsIET €r0 CTaTN4IeCKOoe CpegHee
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COCTOsIHME B ompeaeAeHHbIX ycaoBusix. OgHako, B HacTosdllee BpeMsl HpeAcTaBAeHNe O
Deakax, KaK OTHOCUTEABHO >KeCTKMX CTPYKTypaX 3aMeHeHO AVHaMI4ecKoil MOJAeAbIO, B
KOTOpPOJ BHYTPeHHMe ABVDKEHNs I BO3HUKAIOIINe B pesyAbTaTe KOH(OPMaIVOHHbIE
U3MEHEeHNsI WIPalOT CYIIeCTBeHHYI0 poAb B UX (PYHKIMOHAABHON aKTUMBHOCTH. B
¢usmosornyecknx ycaousx OeAKM Bcerda HaxoadTcsa B AsioKeHmu. Kak mpasmao, mx
IOTeHIIMaAbHasl DHEPINs HIUKOIJa He paBHa MUHUMYMY, a KOAe0AeTcs B eT0 OKPeCTHOCTSIX
13-3a IIOCTOSIHHOTO B3aMIMOAEVICTBIS C HAaIrPeTO! A0 TeMIlepaTyphbl CpeAbl BOAOIL.

MoaexyasipHas AMHaMUKa CBs3aHa C BHYTPEHHNM ABVDKeHNeM 0eaKOB 1 oOecriednBaeT
6oapmylo Aetaamsanuio uHpOpMauuyu 00 MHAUBUAYaABHOM ABVDKEHNMM aTOMOB Kak
¢yHKUMM BpeMeHN. B ocHOBe MeTOAa MOAEKYASAPHON AVMHAMMKIU A€XKUT IIpeACTaBAeHIe O
MHOTOAaTOMHOI MO/J€eKyJe, B KOTOpPOI BCe aTOMBI IPeACTaBASIIOT COOON MaTepuaabHBIE
TOYKM, a IIOBeJeHNe aTOMOB OIIMCBIBAeTCSI KAACCUMYECKUMI YpaBHEHUSIMU ABVDKEHUS.
UncaenHoe WHTerpupoBaHUEe 9STUX YpaBHEHUI II03BOASET PacCUUTHIBATL TPaeKTOpUU
ABVDKEHMsI BCeX TOdeK, MaTemaTuyeckasi oOpaOOTKa DTUX TPaeKTOPHMII JaeT BO3MOXKHOCTD
110Ay4aTh CTPYKTYPHBIE U AVHAMMUYECKNe XapaKTePUCTUKIU U OTCAEKMBATh VX BO BPeMeHI.
OCHOBHBIM ITPEMMYIIIECTBOM MOAEKYASPHOM AMHAMUKMN SIBASETCS €€ CIIOCOOHOCTD IMOAYIUTD
“peaapHyl0” MUKPOCKOINYECKYIO AMHAMMKY, COOTBETCTBYIOIIYIO CBOOOAHON DHeEPTUU
CIUCTeMBl U MeXaTOMHBIM B3alIMOAENCTBUAM. BsamMogeincTsms MeXay dacTUIlaMU
(Hampumep, cuanl BaH-gep-Baaabca, »aekTpocTaTnueckme B3aMOAEIICTBUA, KOBaJA€HTHBIE
CBSI3M) BO BCeX CAy4asX OIMCHIBAIOTCA MPYU ITOMOIIM IOTeHIMaAbHOM (PYHKIIUM CHUAOBOTO
10451, KOTOpasl 3aBUCUT OT KOOPAMHAT BCeX YacTUI] (aTOMOB MAM IPYIIII aTOMOB), UX THUIIOB,
3apsA0B U OIIMCBIBAEMBIX CTeIleHell CBOOOAB!I (BMOpammii, IIOBOPOTOB, TOPCHOHHBIX
BpallleH!I U T.4.).

B aanHOi1 pabore Ml mcnioanzoaamu nporpammy NAND [15] gas1 Mogeamposanums
AVHaMUKI OMOAOIMYecKUX Moaekya u 1mporpammy VMD [16] aad Busyaamsanuu,
IIOCTPOEHMSI U TepPBUYHON 00pabOTKM pe3yabTaToB Mogeanposanus. Ilporpam-
Ma MoaeKyaspHon anHamuku NAMD Hammcana ¢ 1CIIoAp30BaHNeM MOAEAN MapaAAeAbHO-
ro nporpammuposanus Charm++ u mcroapsyerca A44s MOAEAMPOBaHU: O4YeHb OOABIINX
cucrem. C momomnisio niporpammel VMD 13 pdb daitaa koopannar atoMoB cozgaetcs ¢aiia
Tonnoaormu psf ¢ omnmcaHmeM aToOMOB, 3apsJAOB, CBs3ell M OIpeseAsIONINil KaKoe
B3alIMOJENICTBIe 445 KaKMX aTOMOB HaJ0 paccumMThiBaTh. IIporpamma gobaBasieT TakKe Bce
H-cBs1311, KOTOpBIE OTCYTCTBYIOT B ®KCIIEpMMEHTaAbHOM CTPYKType, pacTsopuTeab 1 MoHbl. C
IIOMONIBIO BTUX MPOrPaMM MOKHO AMHAMIMYECKU OTCAEXKMBATh M3MEHeHIs BbhIOpaHHOTO
IlapaMeTpa CO BpeMeHeM, HallpuMep, IIPOCAeAuTh, KaK MeHseTCs CO BpeMeHeM PacCTOsIHue
MeXay aToMaMu. Bece maMeHeHms1 MOXHO paccMaTpuBath B rpadpuueckom suge. B NAMD,
Ha HayaAbHBIX 9TallaX, MPOM3BOAUTCA MUHMMM3aLMs DHEPIUM, HarpeB M CTaOMAM3alus
CHCTeMBI, 3aTeM IIPUCTYIIaIOT K HeIOCpeACTBEHHOMY MOAeAMPOBaHNUIO.

PesyabTaTbl 1 00CyXaeHue

Aas Hamiero mccaeioBaHus Oblaa BpIOpaHa MoOJeAb KPUCTaAAMIECKON CTPYKTYpPBI
YyCeUeHHOTO BapMaHTa Ka3eMHKMHa3bl-1 or Schizosaccharomyces pombe B komnaekce ¢ MgATP
[7] n3 Protein Data Base (PDB xoa: 1CSN). BDra crpykTypa nokasaaa 45,5% MAeHTUIHOCTH C
110CAe0BaTeAbHOCTBIO JeaoBedeckoro ckla m  sABAseTcs  Aydieill CTPYKTypoil  AAas
mccae 0BaHMs, TTIOCKOABKY KIMHa3a HaXOAUTCs B aKTUBHON KoHpopmariuu [17]. B pabote Bce
IIpoIlecchl  MOAeAMPOBaHMS IPOBOAMANCH METOAOM  MOAEKYASIPHON AMHAMUKU  C
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UCIIOAb30BaHMeM HanboJAee IIOIYAAPHOIO IlakeTa IIPOTPaMMHOIO oOecrieuyeHus AAas
MOAEKYASPHON AMHaMMKU Omoaormdyecknx Mmoaekya NAMD [15] n nporpammer VMD [16]
AAsl BU3yaAU3alyiy, IIOCTPOEHMS VM IEePBUYHON OOpabOTKM pe3yabTaToOB MOAEAVPOBAHI.
ITocae mpoBeaeHMsI MOAIOTOBUTEABHBIX OIepaluii 1ccaedyeMas CTPYKTypa IIOMeIlaeTcs B
TUMOTeTUYeCKUI SAIUK C BOAOW MAU B BOAAHYIO cepy. DTu ABa criocoda ydera BOAHOTO
OKPY>KeHUsI OTANYAIOTCS TeM, UTO B SAIMKE YIMTBIBAETCA B3aMOACICTBIE C OKPY>KeHHeM, a
B chepe He yuuThiBaeTca. B Hamem MogeampoBaHUM —KaTaAUMTUYECKOTO JOMeHa
Ka3eMHKMHa3bl lcsn MBI MCIIOAB30BaAM oDa criocoba ydyeTa BOAHOIO OKpy>keHus. Ha
Havya/bHOM DBTalle MOJAEAMPOBAHUA IIPOU3BOAUTCI MUHUMM3ALNA BSHEPTUU C LEeABIO
OOHyAeHMs CKOPOCTeNl ¥ HaKAaAbIBaIOTCs IIePUOANYECKIe YCAOBIASL.

Crpykrypa ©Oeaka lcsn cocrouT u3 298 aMMHOKUCAOTHBIX OCTaTKOB, KOTOpBIE
cocTaBaAOT 2386 aTOMOB, O0AHONM NOAHON MoOAekyabl AT®, ognoro mona Mg* u 103-x
MoaeKya Boasl. ITocae Toro, kak Oea0K MoMeIiaeTcs B BOASHYIO cdepy KOAMIECTBO aTOMOB
BMeCTe C MOJeKyJdaMI BOABI cocTaBasgeT 15473, a B I'MIIOTETMYECKOM SINMKE MX 4YMCAO
aocturaet 14408 aromos. ITpu pasmerennu 6eaka B BOASAHYIO cpepy AU B AIIMK C BOAOA,
Hada/AbHas TeMmIlepatypa Oblaa 0K, a moToM IpomsBoAMACs IMOCTeIIeHHBIN HarpeB CUCTeMBI
20 310K. Aasa nonnmanms pexxuma ceasbiBannst AT ¢ 6eakom lesn 1 ero gnHaMI4ecKoro
IIOBeAeHIsI OBLAY BBIIIOAHEHBI MoJeAnpoBaHus M/ ¢ ncnoas3osannem nporpammsl NAMD
¢ cuaoBeiM moaeM Charm.

Ha punc.l mokazan 0eaok lcsn B OKpy>KeHUU MOAEKYA BOABI B BOASHOM SIINKe.
OcnoBHas nens OeAKa MOKa3aHa B BIAE A€HTBI, a OOKOBbIe 1eln B AMHNSX. B HIbKHeM 2eBom
YTy IIOMeILeH 3Ha4OK CHCTeMbl KOOpAMHAT, KapTUHKa IToAydeHa 13 mporpammer VMD.

ITocae 1000 mrarop MMHMMM3alIUM BEIXOAHBIE daHHBIe IporpaMMbl NAMD nipuseeHbl B
TabAulle — BTO DHEpreTHYecKye 3HauyeHUs CBsA3ell, BAaJAeHTHBIX I ABYTPaHHBIX YIAOB,
KIMHeTHYecKas, ®AeKTpocTaTideckas M IIOTeHI[MaAbHAasl DHEPIUIM, DHepIusl ImapopOOHBIX
B3alIMOAEVICTBUI, CyMMa KMHETHYECKOM 1 BCeX ITOTeHIMaAbHBIX SHePIuil (II0AHAas DHEPIVL),
3HaYeHNs AaBAeHNs (PacCdMTaHHOE Ha OCHOBE OTA@ABHBIX aTOMOB) U TemIlepaTypsl. Iloanas
DHEPTIUA™- DTO Bapumanus IOAHON BHEPINM C ropa3A0 MEHBIINMM KpaTKOBPeMeHHBIMI
KoAeOaHMAMM, TI0O KOTOPOI JAerde OOHapYXUTh AJe(eKThl IIpU MOJAeAUPOBaHUU C
TIOCTOSIHHOM DHEePTUEI.

GPRESSURE - »TO0 KOrda K 004ee TsoKeAbIM aTOMaM Ao0OaBA€HBI aTOMBI BOAOPOAA.
TEMPAVG, PRESSAVG n GPRESSAVG - cpegnue 3HaueHus TeMIlepaTyphl U JaBACHNS CO
BpeMeHI MpeAbIAyIIero BbIXO4a Ha IleyaTb 3HadeHUil »Hepruil. Bce »Heprermueckue
IapaMeTpHl AaHHI B KKal/MOAb, AaBAeHue B Oapax, TemriepaTypa B KeansuHax.

B Ttabamie B mepBBIX ABYX CTpOKax IlOCAe Ha3BaHUA IIapaMeTpOB IIpeAcTaBAeHBI
3Ha4YeHUs A0 (IlepBasi CTpOKa) M pe3yAbTaThl I10CAe MUHUMM3alu (BTopas cTpoka) Oeaka
lcsn, TIOMEIIEHHOTO B TMIIOTETUMYECKMI SIIITUK C BOAOI, a B TPEThell M YeTBePTOil CTPOKax
IpuBeAeHbl COOTBETCTBYIOIIMEe 3HaueHMsl Aas Oeaka lcsn B BogHoOm cdepe. V3 Tabamiis
BIIAHO, YTO HaOOABIIINII BKAaJ B DHEPIUIO AAIOT IMAPOPOOHbIe B3alIMOAEVICTBIASL.
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TaGanmna. 3HaueHnst sHepruit (kkaa/Moan), Temrepartypst (K) u gasaenns (bap)

KaTaAUTN4YeCKOTIO A0MeHa Ka3eMHKITHAa3bl lcsn.

ITapametpsr Tunoretnueckmit smk Cdepa

a0 MA nocae M/ a0 MA nocae M/
Dueprus BaaenTHo casu | 3457.7709 4638.6834 3853.5967 5229.1144
DHeprus BadeHTHOro yraa | 2351.5087 4394.5677 2454.5325 4847.1250
DHeprus AByTpaHHBIX | 785.5646 1134.7400 785.5646 1206.0575
yI40B
DaexTpocTaTdeckast -35914.6455 -51630.1819 -40570.3994 -58381.5411
SHeprus
Dueprus rmapodobusx | 4901.0531 2854.3853 2974.2846 3667.3742
B3aIMOAEMCTBUI
Kunernyeckast sHeprus 0.0000 13136.6842 0.0000 14334.5235
IToTennuaapHast SHEPINS -48981.7534 -38445.0347 -30488.9194 -43285.5806
IToanas sHepryL -48981.7534 -25308.3505 -30488.9194 -28951.0570
IToanas sueprms* -48981.7534 -25144.6626 -30488.9194 -28755.1228
Temnepatypa 0.0 305.8801 0.0 310.7977
Jasaenne 82389728.5462 1023.7745 - -
TEMPAVG 0.0 305.2452 0.0 309.4917
GPRESSURE 82394581.5562 -872.6562 - -
PRESSAVG 82389728.5462 -710.1190 - -
GPRESSAVG 82394581.5562 -708.2290 - -

Aast ToHMMaHNUs MeXaHn3Ma CBs3biBaHms auraHga AT® akTuBHBIM caiiToM Oeaka ObLaa
IIpoBeJeHa MOAeKyAspHas AMHaMMKa yJacTKa CBA3bIBaHM Ka3eMHKIMHAa3bl 1csn ¢ ITOMOIIIBIO
nporpamMmsl PyMol. Ha puc.2 npeacrasaena crpykrypa Oeaka lcsn B Buge auHuit (purypa
caesa), aurans AT® nokasanH maaodkamy. Ha mpasoil cropoHe puc.2 mokasaHa Ta >Ke
CTpyKTypa OeaKa, IpeAcTaBAeHHas B BuJe rnosepxHoctu. VI3 pucyHka xopomio BUAHO, Kak
AUTaH/, paclioAaraeTcs B CBsA3bIBalOlleM KapMaHe Oeaka lcsn.

Ha puc.3 npeacrabaena Ta >xe CTpyKTypa Ka3eMHKMHa3bl lcsn B aeHTOdHON (popme. B
aKTMBHOM cajiTe IIOKa3aHbl OOKOBbIe IIeIM BCeX aMMHOKUCAOTHBIX OCTAaTKOB, ITOIIaJaioImNX B
aKTUBHBIN LIeHTp lcsn u 0OO3HaYeHbl Ha3BaHMA TeX aMMHOKUCAOTHBIX OCTaTKOB, KOTOpbIE
MOIYT B3aIMOAEIICTBOBATh C AUTaHAOM.

a5 OoAbIeN HarAsAAHOCTY Ha puc.4 IOKa3aH TOABKO aKTVUBHBIN IEHTP Ka3eMHKIHA3bI
lcsn ¢ AMraHAOM ¥ aMUHOKMCAOTHBIMY ocTaTkaMy B HeM. Kak Bugum, aurang ATO aexur B
KapMaHe OeaKa M OKPY>KeH CBepXy aMMHOKUCAOTHBIMU ocTaTkamu Lys133, Asp154, Aspl135
n Asnl36, c mpaBoil CTOPOHHI pacrioaoxkeHsl ceepxy BHU3 Leul38, Glyl89, Leu88, Asp86,
Leu87, nixe Ala39 u I1e85. C aeBoit cTOpoHBI cBepXy BHIM3 HaxoaATca Ser22, Phe23, Gly21,
Glu20, Gly19, Gly24, Ile18, Ile26, Gly24 n Lys41. AdoctaTouHO 6AM3KO K AUTAHAY MOAXOAST
Ooxosble nerm Lys133 (2.9A) u Lys41 (2.8A), a Takke Ser22 (3.1A) n Leul38 (3.6A). C stumn
ocTaTKaMM B IepByI0O odepeab  OOpPa3ylOTCs
yaep>kusaromue auraia AT® B cBA3bIBaIOIIEM caliTe.

HeKOBaJleHTHbIE B3aIMOAEMCTBIUSI,

B nporecce M/ kondopmanmsa beaka MeHsieTcs. /as1 TOTo, YTOObI BHIICHUTDH HaCKOABKO
CIABHO 9TO M3MeHeHMe M KaKMX JacTell Oeaka OHO KacaeTcs, OBLAM BBIUMICAEHBI CpegHeK-
BagpaTyuHble OTKAOHeHMss RMSD pa3AnyHbIX TUIIOB aTOMOB Oeaka OT MX HadaAbHOIO
COCTOsIHI:, a TaKKe cpelHeKBajpaTuyHble PpAykTyauuu atomos RMSF B 3aBucuMocTtu ot
HOMepa OcCTaTka, KOTOPOMY OHU IIpuHaaAexxaT. OOmine M3MeHeHMsl CTaOMABHOCTY ObLAM
nccaeaoBaHbl ¢ momomipio pacdeta RMSD. IMocae BbrumcaeHnit msydaercs: cTabMABHOCTD U
IOABVKHOCTD Pa3AMYHBIX KOMIIOHEHTOB CMCTeMBI B IIpollecce MOAEKYASPHONU AMHAMUKIL.
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Tpaexkropun aBy>KeHus aTOMOB Ka3eMHKMHAa3bl lcsn mpoaHaAM3MpoBaHBI IO Tpadukam
cpeanekBagpaTnyHoro otkaoneHmus (RMSD), cpeanexsagparmunbix gaykryanuii (RMSF),
paanyca unepumu (Rg), Bogopoanoir cpsasu. Ha Bcex mpusedeHHBIX rpaduKax C AeBOM
CTOPOHBI pa3MellleHbl IpaMKy, COOTBETCTBYIOIINE PaclOAO0XKeHMIO CTPYKTYpsl 1 csn B
TUIIOTETUYECKOM SIUKe C BOAOI, a C IIpaBoil CTOPOHBI IpadUKM, COOTBETCTBYIOIINE
Pa3MeIIeHnIo CTPYKTYPBI B BOAHOI cepe.

Puc. 2. CtpykTypa 6eaka lcsn B Bude AuHNII (CAeBa) U B BIA€e TIOBEPXHOCTH (CIIpaBa) C AMTaHAOM-MOAEKY. 101
AT® B Buge «I1aa0ueKk» B CBA3YIOIIeM KapMaHe. VIoH MarHus 11okasaH B BIAe YepHOI TOUKI.
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Puc. 3. CrpykTypa lcsn B 2€HTOUHOI (pOpMe U BBIAeAEHHBIM aKTUBHEIM IIeTPOM C AUTaHAOM- MOAEKYAO
AT® 1 OOKOBBIMM LIETIAMM aMUHOKMCAOTHEIX OCTaTKOB, B3aIMOAEICTBYIOIIIX C HUM.

Puc. 4. AXTUBHBIN caiT KazemHKuHa3bl 1csn ¢ anranaom ATO.

Ha pwuc.5 mpusegeH rpaduk M3MeHEHMsI CpeAHEKBaApaTMYHOIO OTKAOHeHms: RMSD
KOOpAMHAT aTOMOB Ka3eMHKMHa3bhl lcsn B mpollecce MOAEKYASPHOM AMHAMUKM  CO
spemeneM. Ha rpaduke crout ¢aaxok «<noh» n, caegosatearHo, RMSD paccuntsiBaeTcs
AAsl BceX aTroMoB Oeaka Kpome aromMoB Bogopoda. Ilo ocu opamnHaTt OTKAaAbIBaeTcs
CcpeAHeKBagpaTUIHOe OTKJAOHEeHIe B aHICTpeMax, IO ocu abCLMCcC BpeMsl B IIMKOCEKyHAaXx.
Moaeanposanne mnpogoaxaaocs 2000 mc. BuaHo, 4to B AmIMKe ¢ BOAON HaOAIOAAIOTCS
CIABHBIE OTKAOHEHMs B CTPYKType, CBs3aHHbIE C B3aIMOJEIICTBIEM C OKpY>KaloIlell cpeoi
(aeBbi1 rpadumK), cTabMAM3aIUM CTPYKTYPBl IIpaKTUMYecKy He Ha0A104aAo0Ch 3a BCe BpeMs
MogeanpoBaHms. OTKAOHeHM: OT KPUCTaAAWYeCKOM CTPYKTyphl IIpUM MOJAeAUPOBaHUM
00yCA0B/A€HHI TeIIA0BBIM ABVKEHIEM aTOMOB 1 IIpolleccoM peaakcanyiu. I10AHOCTBIO AeBbIit
U HpaBblil TpapUKM CpaBHMBATh HEAB3s BBUAY TOTO, UTO IIO OCH OPAMHAT IIIKaAbl pe3Ko
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OTAMYAIOTCA — eCAM IleHa JedeHus Ha mnpasoM rpaduke cocrasaser 0.1 A, To Ha aeBoMm
cooTseTcTByIOIIee gesenue cocrapaser 0.05 A. Tem He MeHee, BUAUM, KaKylO OOABIIYIO pOAb
UTPaIOT B3aMOAEIICTBISI aTOMOB Oe/Ka ¢ OKpY>KaloIlel cpeoii.

b doadoa dad

At oot ot

S R R 1

T v T T

Puc. 5. RMSD (A) ot BpeMeHn B Iic 6e3 yueTa aToMOB BoAopoda. ITpasslit rpadpuk cOOTBETCTBYET
6e/u<y 1 csn B BOAHOII Cq)epe, a /AeBbIN — B SIIUKE C BOAOIL.

Ha puc.6 cuar paaxok «noh», mosromy RMSD paccuntsiBaeTcs 4451 BceX aTOMOB OeKa,
BKAIOUas aToMbl Bodopoda. Kak Buamm wu3s rpaduka, Haandme BOAOPOAOB IIpU
B3aMMOJEVICTBUN C OKPY>KAIOIIEeN Cpeaoul Cpa3y IPUBOAUT K MeHee Pe3KMM OTKAOHEHVSIM
aTOMOB OT IIOAOXeHUil paBHOBecus. llo-BmammoMy, ®TOMy CIIOCOOCTByeT —y4eT
B3alIMOAETICTBUI aTOMOB BOJOPOJAO0B OeaKka ¢ aHMoHaMu cpedbl. OTMeTUM, 4TO B IIpoIjecce
MoJeaupoBaHus Hac uHTepecyeT RMSD, BosHuKalomas 13-3a KoaeOaHMII CTPYKTYphI, a He
U3-3a CMeILleHNI1 U BpallleHNII MOAeKYABI B 11e10M.

Puc. 6. RMSD (A) xazenHkmnHa3p! 1csn oT BpeMeHH B IIC C y4eTOM aTOMOB BOAOPOJa.

Ha puc.6 mkaael o ocu OpAMHAT OAMHAKOBBI Ha oOoux rpadukax. Kak sumano ms
rpaduxa, B TeueHne nepssix 100 1ic HabAIOAaeTCs pe3KMIl CKadok B 3HaueHrsix RMSD, satem
IIPOMCXOAST He3HauuTeAbHble KOJeOaHMsI OKOJAO paBHOBECHBIX IIOAOXKeHMI. B BogHOM
SIIUMKe y4eT B3aMOAENCTBUII C OKpY>KeHMeM HpPUBOAUT K 0Ooaee OBICTPOMY BBLIXOAY
CTPYKTyphl Ha IaaTo npubamsureapHo depes 1000 1mc, B BoaHON cdepe Oe3 ydera
B3alIMOACVICTBUI ~ OTKAOHeHUs B CTPyKType 0OoJee TIAaBHble, HO OKOHYaTeAbHO
cTabmamnsanus CTpyKTypsl Habar04aeTcs Toapko yepe3d 1700 1ic.

Ha pucynke 7 mokasaHs! pAyKTyalnym BOAOPOAHBIX cBsseii. [To ocn opAnHAT OTA0KeHSI
HOMepa BOAOPOAHBIX CBs3€ell, IO ocu aOcIice BpeMs B IMKOCeKyHAax. Bogopoausle cBs3u
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SIBASTIOTCSI Haunbosee Ba>KHBIMI crienprIecKIMI Me>KMOAEKYASAPHBIMU
B3alIMOACVICTBMAMY, OOeCleuynBaloN MM CTabMABHOCTL KOMILAeKca IIPU  CBSA3BIBAHUM
auranja [13]. AHaan3 BO4OPOAHBIX CBs3€M BasKeH A5 IIOHMMaHI: He TOAbKO CTabMABHOCTH,
HO M TuOKocTHM Oeaka B 1jeaoM. YToOBI omnpeseauTh CTaOMABHOCTH OOPa3yIOLINMXCS
BOJOPOAHBIX CBsI3ell IPU CBA3bIBAHMM aKTMBHOIO caliTa KasemHKMHa3bl lcsn ¢ AT®, 6b1a
IIOCTpOeH TpapuUK AMHAMMYECKUX (PAYKTyalluil MeXMOAeKyAspHbIX H-cBsseil B TeueHme
2000 mc. PeayabTaTsl CBUAETEABCTBYIOT O CTaOMABHOCTI OOPa3yIOIINXCs BOJOPOAHBIX CBsI3€lA,
IOATBEP>KAAIOIIUX IT0Ay4eHHbIe JaHHBIe 110 CTPYKType KOMILAeKca.

T T T

4
4

Puc. 7. ®ayxryanum BOAOPOAHBIX CBsI3€ll B CTPYKType Ka3eMHKIHa3bl 1csn IIpu CBSI3bIBAHMUM
auraHaa B tedenne 2000 mc.

Ha pnc.8 susyaansmposansl cpeaneksagpaTtnanble Gpaykryarun RMSF or Homepa amu-
HOKJCAOTHOIO OcCTaTKa. XOpOIIO BigHa HepaBHOMEepHas MOABMXKHOCTh aTOMOB B IIpolLiecce

MA.

|- |
\fh‘ «W’ iy w\ 4 | VA» WY |

Ha pI/IC9 npeAacTaBA€Hbl 3aBUCMMOCTIT DHEPIeTMYECKUX IIapaMeTpPOB Ka3€VMHKIMHa3bl

s

Puc. 8. ®aykryanyu RMSF ot uncaa C* aTOMOB KaTaAMTUYECKOTO A0OM€eHa KadeMHKIMHa3bl 1esn.

lcsn ot BpeMeHI. HpI/IBeAeHHbIQ Ha PpHUCYyHKe KpUBbIE IIPEACTaBAgIOT 3aBUCUMOCTU OT
BpeMeHI:

(a) BapbMpOBaHIIe TEMIIEPATYPHI IIPEACTaBAE€HO B BUe AVHUM, IIPaKTUYECKN COBIIaja-
IOILIeI C OChIO adcImce,

(6) BbIIITE A€KUT KpMBasl 3aBUCUMOCTI BHEPIUN ABYT'PaHHBIX YI10B,
(B) €I11€ BBIITI€ DHEPINSI XUMUYECKOM CBSI3U U DHEPIN BaA€HTHBIX YI10B,

(r) PE3KO IIOAHMMAIOIIAsICsI BBEPX KplBasl OIIMCBIBACT 3aBUCIIMOCTD KIHETUYECKON
DHepIrum B Irpouecce MOAeKYA}IpHOﬁ AVIHAMUIKI.
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Kak Bnaum, Bce rpapukit 40B0ABHO OBICTPO BBIXOAAT Ha I11aTO, 4YTO TOBOPUT O TOM, 4TO
BCe DHepreTHdyecKye IapaMeTphbl KaTaAUTUIeCKOro JoMeHa Oeaka AOCTaTOYHO OBICTPO CTa-
OMAMBUPYIOTCSL.

PP S N e S ERS TlS e S e A S A s A i e A e e et et

Puc. 9. 3aBucHMOCTD DHepreTMIecKuX IapaMeTpoB I TeMIIepaTyphl Ka3eMHKIHa3bl 1csn oT
BpeMeHMU B IIpoliecce MOAEKYASPHOI AMHAMMKIU.

3akaouyeHmne

Hacrosiee nccaegoBaHne gaet ImpeAcTaBAeHMe O CTPYKTYPHBIX OCOO€HHOCTAX KaTaaAl-
TIYECKOTO 4OMeHa Ka3eMHKMHa3bl 1csn, KOTopoe MOXKeT BHEeCTU BKAaJ B AaAbHeNIIee IIOHN-
MaHIe CBSI3aHHBIX CTPYKTYyp Oeaka m MexaHusMa (pocopuANpPOBaHIs, a TaKXKe CTUMYAU-
poBaTh AaAbHeIIe ccAeAOBaHIsl BaXKHOTO Kaacca KasenHkmHas CKI1.

HpaKTI/I‘IeCKa}I 3HAaYIMMOCTDb pa60Tm CBsI3aHa C TeM, 4TO O6CY>K,Z|,a€Ma}I AVIHaMIIKa Ka3e-
MHKMHa3bl lcsn MoxkeT OBITh I104e3Ha npm mnccael0BaHmmM CI)YHKLU/IOHaAbHOﬁ aKTMBHOCTU
OeaKka 1 ero CIroCOOHOCTU CBSI3BIBATH AUTaHAbI, KOTOpPble MOTYT BBICTYIIMTD B Ka4eCTBe IIepC-
IIeKTMBHBIX A€KAapCTBEHHBIX IIpeIlapaToOB. B 9aCTHOCTY, Ha IIOCAeAYIOIIeEM DTalle AaHHOIO
nccaea0BanIs IIAaHNPYETC IIpOBeAeHNI€ MOAEKYASIPHOIO A4OKNMHIA C VICIIOAB30BaHIIEM Piija
TepalleBTUYECKIX CPeACTB, IPUMEHIAEMBIX A4S A€9€HNS OHKOAOIMYECKMX 3ab04eBaHU U
BBICTYIIAIOIUX B pOAN AUTaHAA A1 Ka3€VTHKIMMHA3bI lcsn.
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ABSTRACT
The hydration numbers of ions in dilute aqueous solutions of HCI, LiCl, CsCl, NaCl, as well as in aqueous
solutions of potassium salts KBr, KCl, KI, were determined by the proposed refractometric method. It was found
that the calculated hydration numbers of anions grow with the growth of their radii. Further, the effect of
polyethylene glycol (PEG-6000) on the processes of hydration of ions in aqueous solutions of KCl and KBr was
studied. It turned out that when the polymer is introduced into the solution, the hydration numbers of ions
decrease, which is apparently associated with the role of the PEG oxygen atom, which competes with ions when
interacting with water molecules.
Keywords: hydration, hydration number, solution, salts, polyethylene glycol
KIMPOOECCAM I'MAPATAIIVIM B PA3SBABAEHHBIX BOAHBIX PACTBOPAX DAEKTPOANTOB
PE3IOME
Uncaa ruaparauyuu MoHOB B pasbasaeHHBIX BOAHBIX pactsopax HCLLiCl, CsCl, NaCl, a Taxxe B BOAHBIX
pactBopax coaent Kaausa KBr,KCl,KI, Opiau ompedeaeHbl IpedaaraeMbIM pedppaKTOMeTpUIECKNM METOAOM.
br110 ycTaHOBAEHO YTO, BHIYMCAEHHEIE YJCAa TUAPaTalliy aHMOHOB PacTyT C POCTOM UX paanycos. Jasee 6110
M3Y4eHO BAUsHMe noAnsTnAeHrankoas (I19I-6000) Ha mporieccsl ruapaTanuy MOHOB B BOAHBIX pacTtBopax KCl n
KBr. Oxasaaoce, 4TO IpM BBeJeHMM ITOAMMepa B pacTBOP 4YMcAa TUApaTallMU MOHOB YMEHBINAIOTCA, YTO, IIO-
BUAVMOMY, CBA3aHO C pOABIO aToMa Kmcaopoda IIDI, KOHKYpPUPYIOLIETrO C MOHaMM IIPU B3aMMOAENICTBUL C
MO./€KyAaMU BOABL
KaroueBble caoBa: rgpartaniis, YuCcA0 TUApaTalium, pacTBOp, COAM, IOAMDTUAEHTANKOAD.
ELEKTROLITLORIN SULU MOHLULLARINDA HIDRASIYA PROSESLERI HAQQINDA
XULASS
I§da HC], LiCl, CsCl, NaCl-in duru sulu mahlullarinda, hamginin kalium duzlarinin KBr, KCl, KI sulu
mohlullarinda ionlarin hidratasiya adadleri toklif olunan refraktometrik iisulla toyin edilmisdir. Miiayyen
edilmisdir ki, kation (anion) sabit qaldiqda hidratasiya adadi anionlarin (kationlarina) radiuslarinin artmasi ila
artir. Daha sonra polietilen glikolun (PEG-6000) KCl vo KBr sulu mahlullarinda ionlarin hidratlasma proseslarina
tosiri Oyrenilmisdir. Malum olmusdur ki, polimer mahlula daxil edildikds ionlarin adadleri azalir ki, bu da su
molekullari ilo garsiligl tesirds olan zaman ionlarla reqabat aparan PEG-in oksigen atomunun rolu ils baglhdar.

Acar sozlar: hidratasiya, hidratasiya adadi, mahlul, duzlar, polietilenglikol

As is known, all the properties of substances, including solutions, are related to their
energy state and structure. Therefore, studying the interaction between all components of the
solution leading to the formation of a certain structure is important. One of the important
processes occurring in the solution are the processes of solvation (hydration, if the solvent is
water).

As is known, when salts are dissolved in water, the salt dissociates into ions, and these
ions do not interact with each other in dilute solutions.
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As is known, hydration is the process of interaction of water molecules with ions,
atoms, and molecules introduced into it. The process of hydration characterizes practically
all structural and energetic changes occurring in the solution. The degree of hydration is
characterized by the number of hydration (h) and the thickness of the hydrate shell of the
particles of the dissolved substance.

There are multiple methods of determining the number of hydration based on the
differences in the properties of water in the general and hydrated shell (YMR, IK) [7-12].
Therefore, the obtained values of the hydration number, determined by different methods, as
a rule, do not coincide.

MATERIALS AND METHODS

In the work, we used PEG with a molecular weight of Mn=6000 produced by the
company "Panreac” (Spain), as well as salts of the "chemically clean" type (xu1), KCl, KBz, K],
HCI, LiCl, CsCl, NaCl. All experiments were carried out using bidistillation water.

As is known, polyethylene glycol (PEG) of different molecular mass is widely used in
various biotechnological processes.

Mixtures of aqueous solutions of PEG and various polymers and a number of organic
and inorganic salts form two-phase systems that are widely used for the separation and
purification of biological materials (proteins, viruses, cells, etc.), for the fractionation of some
high-molecular compounds, for the early diagnosis of some diseases, etc. Therefore, the
study of the effect of polyethylene glycol on the process of hydration of ions is important
when studying the mechanisms of phase formation in water two-phase systems.

It is known that the formation of water-two-phase systems is connected with the
interactions of phase-forming components (hydrophobic and hydrophilic hydration) with
water. Different local microstructures arise around each component, and upon reaching a
certain size, each of these structures turns into a separate stable thermodynamic phase and
the system becomes two-phase.

With this goal, we studied the process of hydration of salts used to obtain different two-
phase systems in diluted aqueous solutions of these salts and the influence of PEG on this
process, which is the main polymer component of the two-phase system PEG-sodium citrate-
water.

The hydration numbers of ions were found by the refractometric method described in
the work 11, 21.

RESULTS AND DISCUSSION

A very simple and experimentally convenient method for determining the hydration
number of salts was proposed based on the study of the concentration dependence of the
refractive index of a salt solution 11,21.

In these works, an analytical formula was obtained that relates the slope of the
concentration dependence of the refractive index of the solution to the number of hydration
11, 21:

3Mtgd . TktiN3 . TR=i\3
—i — (B3 (1
pPNaag,0 (THZO) ](THZO) ( )

h1+h2=

where 0 is the density of the solution; Na — Avogadro's number; M — molar mass KR; hi, h2 -
number of hydration ions K* and R-; and ¢ — mass concentration of KR in the solution.
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We applied this method to determine the hydration number of ions in dilute aqueous
solutions of HCL, and salts NaCl, CsCl, LiCl, KCl, KBr, KJ. The concentration dependence of
the refractive index of dilute aqueous solutions of salts was carried out on a refractometer
FR0429.

In dilute solutions, when the ions do not interact with each other, the value (n?-1) / (n?+2)

depends linearly on the concentration. When reaching certain threshold concentrations, the
linear dependence is broken (n?-1) / (n®+2) - C. We worked in the area of such concentra-

tions where this dependence does not deviate from linearity.

The obtained data in coordinates (n? —1) / (n? +2) - C for various salts are presented in

Fig. 1 and 2.
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1. KCl+ water, 2. KBr+ water, 3. KJ+ water
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As follows from the figures, these dependences have a linear character. Substituting
parameters taken from literature [1-3], (ry+ = 33pm, 1¢s = 167pm, ry,0 = 140pm, ay,o =
1.45x1073%n, p =~ 103kg/m3, v~ = 200 pm, 1+ = 138pm, 15,- = 196pm) included in
formula [1], we determined the sum of the hydration numbers of H* and Cl;, Li*and Cl, Na*
and CI;, Cs* and CI,, K* and CI- ions based on the angular coefficient of the graph presented in
Fig. 1 and 2, K* and Br, K* and J;, in aqueous solutions of HCl, LiCl, NaCl, CsCl, KCl, KBr,
KJ.

Refractive indices of dilute aqueous solutions of potassium salts KCl, KBr and K] were
measured by the refractometric method in the concentration interval 0 <c <5%. As can be
seen from table 1. the relationship is a linear function of salt concentration: . The values of the
parameters obtained from the experiment and for the aqueous solutions studied at a
temperature of 25°C were as follows: for all solutions A=0.02057, and values for KCI B=0.001,
for KBr B=0.0008, for KJ B=0.0007, etc. Fig.3 shows the graph of the dependence of the sum of
the hydration numbers of the potassium ion and anions Cl, Br -and I- on the sum of the radii
of the potassium ion and the corresponding anions constructed according to table 1.
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Fig. 3. Dependence of the hydration numbers of cation K* and anions CI, Br, J on the radius of the corresponding ions

Table 1. The sum of numbers of hydration of potassium ions K*and anions Cl -, Br -, I at temperature 250 C

rl+r2 h1+h2
KCl 319 23,7
KBr 334 24.2
KJ 358 37.3

Through hi, the number of hydration of potassium ions is indicated, and through ha -
the number of hydration of Cl;, Br, I anions, respectively. It can be seen that with the growth
of the radii of the anions, the sum of the hydration numbers of the ions increases. If the
number of hydration of cation (anion) ions is assumed to be the same in all cases, then the
increase in the amount can be explained by the growth of the surface area of anions (cations)
with the growth of their radii. Despite the identical charges of all anions (cations) in this case,
the main role is played by the steric factor: with the growth of the radii of anions (cations),
new positions for the placement of water molecules on the surface of the anion (cation) arise,
and the number of hydration of anions (cations) increases in the following sequence: Cl -, Br-
and I. (H¥, Li*, Na*, Cs*)
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Table 2. The sum of the numbers of hydration ions Cl-and cations H*, Li*, Na*, K*, Cs* at temperature

11+12 hi+h2
HCl 233 133
LiCl 276 14
NaCl 295 16.3
CsCl 348 20

The influence of polyethylene glycol (PEG-6000) on the value (hi+h2) for ions K* and CI,,
K* and Br-is studied further. The obtained results are shown in table 3 and 4.

Table 3. The sum of the numbers of hydration of anion Cl- and cation K* at temperature

Solvents hi+h2
KCIl+H20 23.7
KCI+PEG(0,04 gr 39%)+ H.O 13.5
KCI+PEG(1.1gr 39%)+ H20 5.8

Table 4. The sum of the hydration numbers of anion Br- and cation K* at temperature 25°C

Solvents hi+h2
KBr+H20 242
KBr+PEG(0,3gr)+ H20 16,7
KBr+PEG(0,5gr)+ H20 12,6

As follows from the table, when the polymer is introduced into the solution, the number
of hydration ions decreases, which is apparently connected with the competing role of the
PEG oxygen atom in the interaction with water molecules. As it follows from the obtained
data, when polyethylene glycol is introduced into the studied solution due to the structuring
of water under the influence of PEG, the number of free water molecules and the possibility
of salt ion hydration decrease, which is accompanied by a decrease in the number of

hydration of ions.
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ABSTRACT

During the tests of quasi-ternary systems FeS-GazSs(In2Ss)-PbS, it was found that in the cross-sections FeS-
PbGazSs (PbInzSs) and Fe PbInsSs - In2Ss a solid solution is formed in a limited time. The indicated solid solutions
were synthesized by melting binary compounds obtained with the use of special pure elements at a temperature
of 1250-1300K. Their electrical conductivity and temperature dependence of thermoelectric properties over a wide
temperature range were investigated and found to be semiconductors.

Keywords: solid solution, synthesis, semiconductor, electrical conductivity, electromotive force.

CUHTE3 ! DAEKTPO®UINYECKIE CBOMICTBA TBEPABIX PACTBOPOB
(PbGaz2S4)1x (FeS)x, (PbIn2Ss)1-x (FeS)x I (In2S3)1x (FePbInsSs)x

PE3IOME

IIpn mccaeaoBaHuM KBasUTPOWHBIX cucteMa FeS-GaxSs(InaSs)-PbS ycranosaeno, uto B paspesax FeS-
PbGazS«(PbIn2Ss) n FePbInsSs-In2Ss B orpaHnyeHHOM MHTepBaje IO KOMIIOHEHTaM 00pa3yIOTCsl TBEPABLl pacTBoOp.
YKazaHHbIe TBepAble PacTBOPHI OBIAY CUHTE3MPOBAHBI IyTeM I11aBA€HNU TOAYIEeHHBIX OMHaPHBIX COEAVHEHUI C
JICII0AB30BaHIEM OCOOO UMCTHIX DAeMeHTOB mpu Temiepartype 1250-1300K. VccaeaoBaHBI X 9A€KTPOIIPOBOA-
HOCTb M TeMIlepaTypHas 3aBMCUMOCTh TePMODAEKTPUYECKUX CBOVICTB B INMPOKOM UHTepBale TeMIlepaTyp U
YCTaHOBAEHO, YTO OHU SIBASIOTCS TIOAYITPOBOAHUKAMIA.

Kaiouessie caoBa: TBepAbIIZ PpacTBOp, IMOAYIIPOBOAHUK, CMHTE3, DACKTPOIIPOBOAHOCTD, DAEKTPOABIIKYIIIas
cnaa.

(PbGazSs)1x (FeS)x, (PbInzSs) 1x (FeS)x VO (In2Ss) 1.x (FePbInsSs)x TIPLI BORK MOHLULLARIN
SINTEZIi VO ELEKTROFIZiKi XASSOLORI

XULASO

FeS-GazxS3(In2Ss)-PbS  kvaziiiglii sistemlorinin todqiqi zamami miisyyon edilmisdir ki, FeS- PbGaSs
(PbIn2S4) vo Fe PbInaSs - In2Ss kesiklorinde komponentlor asasinda mahdud intervalda bark mahlul amals galir.
Gostarilon bark moahlullar xiisusi tomiz elementlardean istifads etmakls alinmis binar birlasmalarin 1250-1300K
temperaturda aridilmasinden sintez oliunmusdur. Onlarin genis temperatur intervalinda elektrik kegiriciliyinin
va termo-ehq temperatur asilihiglar: tedqiq olunmusdur.

Acar sozlari: bark mahlul, sintez, yarimkegirici, elektrik kegiriciliyi, termoelektrik harakat qiivvasi.

It is known that the chalcogenide compounds of III B subgroup elements (S%p!) of the
periodic system and the complex functional material obtained on their basis are always at the
center of attention. [1-5] Especially In2Ss and Ga2Ss have high photosensitivity with high-
temperature modification and are used. [ 6 ]. In recent decades, it has been established that
the compound Feln:Si, FeGa:Ss as a semiconductor retaining magnetic ions in Heisenberg
counters [7,8] and the PbGa:S: compound is a laser material [9] and has a potential field of
application. Therefore, the investigation of electrophysical properties of (PbGazSs ) 1« (FeS)x,
(PbIn2S4) 1-x (FeS)x vo (In2Ss) 1x FePbInsSsix type solid solutions is very important.
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It should be noted that the indicated fixed solutions were previously discovered during
the research of the respective systems. Solid solutions were obtained by melting double
sulfides in a quartz ampoule with a length of 1 = 15-18 cm and a diameter of 105 m. The
maximum temperature of the synthesis was 1250-1300K.

After the end of the synthesis, the temperature was gradually lowered to 500-600K and
homogenized in this mode for 720 hours. The homogeneity of the samples was checked by
microstructure and X-ray phase analysis methods.

The samples were placed in a cylindrical shape and were examined for some of their
electrophysical properties.

THE OBTAINED RESULTS AND DISCUSSION

It is known that solid solutions obtained on the basis of defective structures and
compounds occupy a very important place among the materials that currently attract
attention. The point is that on the basis of such compounds, the formation of the surface of
the solid solution and the properties depending on the composition can be largely controlled.
In particular, it is of interest to study the effect of transition elements on the electrophysical
properties of defect structures and solid solutions.

During the study of highly doped crystals of compounds of type B2"Cs"}, it was found
by many scientists that the additions of the elements S.i, p-element additives, as well as d-
and f- orbits have little effect on the electrical properties of these compounds.

From this point of view, transition elements with an incomplete d-orbit can be more
electroactive components. Thus, in addition to creating an additional additive level in the
energy spectrum, they can increase the electrical conductivity of the semiconductor by
covering (shielding) the wave function of the d- orbit.

With an increase in the concentration of transition elements in a substance, the degree of
shielding and, accordingly, its role in conductivity also increases sharply.

Figures 1 and 2 show the temperature dependence electrical conductivity and the
temperature of the e.m.f. according to the FeSx, (PbInzS4)1x type solid solutions. The specific
electrical conductivity of the alloy containing 5 md FeS at room temperature was found to be
four times higher than Ga:Ss and PbGa:S..

The observed break in the Igo~f(1/T) dependence indicates the beginning of the specific
conductivity area and, as can be seen, it shifts towards the low-temperature area with
increasing concentration of iron monosulfide in the alloy. For instance, depending on the
electrical conductivity temperature of an alloy containing 2 mol% FeS, the transition from the
additional conductivity zone to the specific conduction zone takes place at 580 K, while in an
alloy containing 5 mol% FeS, the transition to a specific zone takes place at 550 K.

As the conductivity area approaches, the lgo~f(1/T) curves become linear. All the alloys
in the additive zone were found to be p-type semiconductors. The reason for the formation
of mainly acceptor levels in all alloys, in our opinion, since the 3d level in iron is less stable
than the 3d5 level and, occurs by donating valence electrons for forming a stable 3d5 level.

In this case, 3d5 electrons actively participate in the conduction process, by forming
acceptor levels. With the increase in the amount of FeS, the width of the thermally barred
zone decreases and reaches AE =2.17 eV in a solid solution containing 5 mol% FeS.
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Figure 1. Temperature dependence of the electrical conductivity of (FeS)x(PbGa2S54)1-x alloys:
1-2 mol.% FeS, 2-3 mol.% FeS; 3-5 mol.% FeS
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Figure 2. Temperature dependence of thermo e.m.f. of (FeS)x(PbGa2S4)1x alloys:
1-2 mol.% FeS, 2-3 mol.% FeS; 3-5 mol.% FeS

Due to the high electrical resistance of the samples, it was possible to determine the
value of the thermal electromotive force (e.m.f.) coefficient of homogeneous solid solutions
only at temperatures higher than 450 K. Above this temperature, the thermo e.m.f. increases
sharply with temperature and at 550 K it becomes 650 mV/K.

Up to the area of specific conductivity, o (thermo e.m.f. coefficient) increases sharply,
and with a subsequent increase in temperature, it decreases regularly. Such a temperature
dependence of the thermo e.m.f. the coefficient can be explained by the fact that the alloys
have a complex structure.

The temperature dependence of eutectic conductivity shown in Figure 3 shows that
(In2Ss)1-x(FePbInaSs)x solid solutions formed on the basis of the B-In:Ss modification are
semiconductors. As can be seen from the figure, the specific conductivity starts at a
temperature of 500-550 K. In a relatively low-temperature range (up to 370 K), the
temperature dependence of the electrical conductivity of the samples varies non-linearly
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depending on the composition.

The change in electrical conductivity depending on the temperature in the temperature
range of 300-550 K is determined both by the nature and concentration of controlled
additives and by uncontrolled additives. This situation is also observed in the temperature
dependence of the thermo e.m.f. of (In2Ss)1x(FePbInsSs)x solid solutions.

The thermo e.m.f. rapidly changes depending on the temperature as it approaches the
specific conductivity area (figure 4). At 480 K, the thermo e.m.f. coefficient of alloys
containing 1.5 and 10 mol % FePbIniSs, maximum (480 and 620-800-10°¢ mkV/K) in
combination with FePblInsSs and at 560 K. In other words, as the amount of FePbInsSs in the
alloy increases, o takes its maximum value (increase).

It is known that divalent iron, due to its crystallochemical properties, is mainly located
in the octahedral state of its crystal structure. In (In2Ss)i-«(FePbInsSs) alloys, the occupation of
the tetrahedral spaces of the B-In:Ss spinel block by iron ions occurs only through a partial
electron transition Fe>*—Fe3+e.

loc.Om'sm™
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Figure 3. Temperature dependence of thermo e.m.f of (In2Sz)1-x(FePbInaSs)x alloys:
1-x=0,01;2-x=0,05; 3-x=0,1;4-FePbInSs
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Figure 4. Temperature dependence of thermo e.m.f. of (In2Ss)1-x(FePbInaSs)x alloys:
1-x=0,01;2-x=0,05; 3-x=0,1;4-FePbInSs
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In the indicated hypothesis, the increase in the value of the electrical conductivity of
the alloys from the solid solution field as compared to In:Ss can occur as a result of the
increase in free charge carriers formed during the transition of iron ions valence electrons.
However, we did not find any rapid increase in the specific electrical conductivity during the
testing of solid solution samples, in other words, the specific resistance of alloys in the area
of solid solutions takes a high value, close to the specific resistance of the In:Ss compound
(~10%-105 Om-m) [176].

We thank the head of the department of AzTU, Professor E. Godzhaev, for his help in
measuring the electrophysical properties.
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Kullanilan kaynaklar, metin dahilinde késeli parantez igerisinde numaralandirilmali, ayn1 sirayla metin so-
nunda gosterilmelidir. Ayni kaynaklara tekrar bagvuruldugunda sira muhafaza edilmelidir. Ornegin: [7,seh.15].

Referans verilen her bir kaynagin kiinyesi tam ve kesin olmalidir. Referans gosterilen kaynagin tiirli de eserin tii-
riine (monografi, derslik, ilmi makale vs.) uygun olarak verilmelidir. [Imi makalelere, sempozyum, ve konferanslara
miiracaat ederken makalenin, bildirinin veya bildiri 6zetlerinin ad1 da gésterilmelidir.

a)
b)

c)

Ornekler:

Makale: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M.. Spatial and Electronic Structure of Monomerik
and Dimeric Conapeetes of Carnosine Uith Zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832, 2010
Kitap: Christie ohn Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition, Prentice
Hall, p.386-398, 2002

Kongre: Sadychov F.S., Aydin C., Ahmedov A.I. Appligation of Information-Communication Technologies
in Science and education. 11 International Conference. “Higher Twist Effects In Photon- Proton Collisions”,
Balki, 01-03 Noyabr, 2007, ss 384-391

Kaynaklarin biiytikliigii 9 punto olmalidir.

9.

10.
11.

12.

13.

Sayfa olculeri; tist: 2.8 cm, alt: 2.8 ¢cm, sol: 2.5 cm, sag: 2.5 cm seklinde olmalidir. Metin 11 punto biiyiik-
likte Palatino Linotype fontu ile ve tek aralikta yazilmalidir. Paragraflar arasinda 6 puntoluk yazi mesa-
fesinde olmalidir.

Orijinal arastirma eserlerinin tam metni 15 sayfadan fazla olmamalidir.

Makaleler dergi editoér kurulunun karari ile yayimlanir. Editorler makaleyi diizeltme i¢in yazara geri gonde-
rilebilir.

Makalenin yayina sunusu asagidaki sekilde yapilir:

Her makale en az iki uzmana gonderilir.

Uzmanlarin tavsiyelerini dikkate almak i¢in makale yazara gonderilir.

Makale, uzmanlarin elestirel notlar1 yazar tarafindan dikkate alindiktan sonra Derginin Yaym Kurulu tarafindan
yayima sunulabilir.

Azerbaycan disindan gonderilen ve yayimlanacak olan makaleler i¢in,(derginin kendilerine gonderilmesi za-
mani posta karsiligi) 30 ABD Dolar1 veya kargiligi TL, T.C. Ziraat Bankasi/Uskiidar-istanbul 0403 0050 5917
No’lu hesaba yatirilmali ve makbuzu iiniversitemize fakslanmalidir.
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ITPABUJIA JIA ABTOPOB

«Journal of Baku Engineering University» - ®u3uka my0IUKyeT OpUTHHAIbHBIC, HAYYHBIC CTATHU U3 00NACTH
HCCIICZIOBaHIUSI ABTOPA U PaHEe HE OMyOINKOBAHHBIC.

Cratbu TIPUHUMAIOTCS Ha AHTJINCKOM SI3BIKE.

PykomuicH TOIKHBI OBITh HaOpaHs! coryiacHo mporpammbl Microsoft Word u oTripasiieHs! Ha 37IEKTPOHHBIIH
anpec (Journal@beu.edu.az). OtmpasisemMble CTaThH AOJKHBI YIUTHIBATH CIICAYIOIIKE TPABHIIA:

HazBanue ctatbu, uMs U paMUIIHs aBTOPOB
Mecto paboThI

DICKTPOHHBIN a/ipec

AHHOTAIMS 1 KJIFOYEBBIC CIIOBA

3ariaBue CTaThH IIHUIIETCS JIJIA KaXKJI0M aHHOTAaIMU 3arjaBHBIMU 6yKBaMI/I, JKUPHBIMU 6yKBaMI/I U pacrioJjiara-
€TCA TI0 LEHTPY. 3arnaBue u AHHOTAIlMH JOJI?KHBI OBITH TMPEACTABJICHBI HA TPEX SA3BIKAX.

AHHOTAIM, HAICAaHHAS HA S3BIKE MPEACTABICHHON CTaThH, MOJbKHA copepkaTh 100-150 cmoB, HaOpaHHBIX
uipudToM 9 punto. Kpome Toro, mpefcTaBisSiOTCs aHHOTAIMK HA BYX JAPYTHX BBINIC YKa3aHHBIX S3bIKAX,
MepPeBOJT KOTOPBIX COOTBETCTBYET COJIEP:KaHUIO0 opUruHaia. KitoueBble ciioBa JOJKHBI ObITh MPEACTABIEHBI
mocyie KaXKI0i aHHOTAIMK Ha ero S3bIKE U COAepIKaTh HE MEHee 3-X CIIOB.

B crarbe momxub! ObTh yKa3anbl kol UOT u PACS.

IIpencraBneHHble CTaThbU AOJKHBI COAEPKATh:

Beenenue

MeTton ucciaemoBaHus

OO6cyxneHne pe3yIbTaToOB HCCICOBAHUS H BEIBOJOB.

Ecmu ccrmmarorcs Ha paboTy Ha pPycCKOM SI3BIKE, TOTJa OPUTHHANBHBIA S3BIK YKa3hIBacTCA B CKOOKax, a
CCBUIKA JJACTCS TOJIBKO Ha JTATHHCKOM ai(aBUTE.

PuCyHKH, KapTHHKH, TpaGUKH ¥ TAOIHMIBI JOJDKHBI ObITH YETKO BBIMOJIHEHBI M Pa3MEIeHbI BHYTPH CTATHH.
INoamucu k pUCYHKaM pa3MEIIAIOTCs MO PUCYHKOM, KapTHHKON i rpadukoM. Haseanue Tabmuip! mumercs
HaJ TaOJIULEH.

CChUIKH Ha HCTOYHHKH JAI0TCA B TEKCTE IU(POH B KBAIPATHBIX CKOOKAX U PACIIONAraloTcs B KOHIIE CTaThH
B TIOPSIIKE IUTHPOBAHUS B TeKCTe. ECITM Ha OJMH M TOT K€ HCTOYHMK CCBUIAIOTCS JIBa U GoJiee pas, Heo0X0-
JIMMO YKa3aTh COOTBETCTBYIOIIYIO CTPAHHILY, COXPaHAS MOPSIAKOBHIM HOMep nutupoBanus. Hanprmep: [7,
crp.15]. bubmuorpaduueckoe OMMUCaHKUE CCHIITAEMOM JTUTEPATYPHI TOJKHO OBITH POBEIEHO C YUETOM THIIA
UCTOYHMKA (MOHOTpadust, yIeOHHK, HAydHas CTaThs U 1p.). [IpH CCBUTKE Ha HAYYHYIO CTaThiO, MaTEPHAIIBI CHM-
No3uyMa, KOH(PEPEHIINH WK IPYTHX 3HAYNMBIX HAYYHBIX MEPOIPHATHH TOJKHBI OBITH YKa3aHbl Ha3BaHUE
CTaThH, JOKJIAJA WK TE3HUCA.

Hanpumep:

Cmampwsa: Demukhamedova S.D., Aliyeva I.N., Godjayev N.M. Spatial and electronic structure of monomeric
and dimeric complexes of carnosine with zinc, Journal of Structural Chemistry, Vol.51, No.5, p.824-832,
2010

Knueza: Christie on Geankoplis. Transport Processes and Separation Process Principles. Fourth Edition,
Prentice Hall, 2002

Kongpepenuua: Sadychov F.S, Fydin C,Ahmedov A.l. Appligation of Information-Communication Nechnologies

in Science and education. Il International Conference. “Higher Twist Effects In Photon-Proton Collision”,
Bak1,01-03 Noyabr, 2007, s5.384-391

Crcok IMTHPOBaHHOM JIUTEpaTyphl Habupaetcs mpudrom 9 punto.

10.

11.
12.

Pa3mepbl crpaHunbl: cBepxy 2.8 oM, cHu3y 2.8 cM, creBa 2.5 u cripaBa 2.5. Tekcr nedaraercs wpudrom Pala-
tino Linotype, pasmep mwpudra 11 punto, uHTepBan-oanHapHbii. [laparpadsl T0KHBI OBITH pa3leicHbI
paccTosiHuEM, COOTBETCTBYIOIUM MHTEpBaIy 6 punto.

[TonHb1i 00beM OPUTHHAIBLHOM CTaThH, KaK IPaBHIIO, HE JOJDKEH MPEeBHIIIaTh 15 cTpaHuil.

IIpencraBienue cTaThbu K NEYaTH NPOU3BOJUTCS B HUXKE YKA3aHHOM IMOPAJKE:

Kaxnast cTathst mochlIaeTcss HE MEHEe IBYM dKCIIepTaMm.

CraThs MOCHUTACTCS aBTOPY IS yUeTa 3aMedaHuil SKCTIEPTOB.

CraTps, TIOCNE TOTO, KaK aBTOP yd4es 3aME4YaHHs KCIEPTOB, PEIAKIIMOHHON KOJJIETHell KypHama MOXET
OBITh PEKOMEH/IOBaHA K MICYATH.


mailto:journal@qu.edu.az
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