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The scaled particle theory is developed for the description of thermodynamical properties of a mixture of hard
spheres and hard spherocylinders. Analytical expressions for free energy, pressure and chemical potentials
are derived. From the minimization of free energy, a nonlinear integral equation for the orientational singlet
distribution function is formulated. An isotropic-nematic phase transition in this mixture is investigated from
the bifurcation analysis of this equation. It is shown that with an increase of concentration of hard spheres, the
total packing fraction of a mixture on phase boundaries slightly increases. The obtained results are compared
with computer simulations data.
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1. Introduction

A hard spherocylinder fluid is one of the simplest models widely used for the description of an
isotropic-nematic phase transition in liquid crystals [1, [2]. The first treatment of isotropic-nematic
transition in a hard-spherocylinder fluid was performed by Onsager about seventy years ago [3l]. The
Onsager theory can be considered as the density functional theory in which a low-density expansion
of the free energy functional is truncated at the level of second virial coefficient. The equilibrium
state is determined by the functional variation of free energy with respect to the orientational distribution
function. It was shown [3] that such a treatment is exact in the limit of infinitely thin rods when L — oo and
D — 0, but L?D is fixed, where L and D are the length and the diameter of spherocylinders, respectively.
It was shown that besides an isotropic-nematic transition, the Onsager theory describes a nematic-smectic
transition in a hard-spherocylinder fluid, which appears at higher densities [4]. The application of the
scaled particle theory (SPT) [5H9] provides an efficient approximate way to incorporate the higher-order
contributions neglected in the Onsager theory. An alternative way of improving the Onsager theory is the
Parsons-Lee (PL) approach [[10H12]], which is based on the mapping of the properties of a spherocylinder
fluid to those of the hard-sphere model. The SPT theory was also extended for the description of a
hard-spherocylinder fluid in random porous media [13 [14].

During the last decades the approaches developed for a hard-spherocylinder fluid have been gener-
alized for the description of mixtures of hard anisotropic particles. In such systems, new phases were
observed and their properties were richer and more complicated than those for the one-component case
[4} [15H25]). The simplest example of such multi-component systems of hard anisotropic particles is a
binary mixture of hard spheres and hard spherocylinders, for the description of which the corresponding
approaches have been proposed. Among them there are the Onsager theory [12} [16] [18], 26] and the
Parsons-Lee approach [22] 24} 25]] in the one-fluid and many-fluid approximations for a hard-spheres
mixture and computer simulations [17, 120} 22} 24 25]].
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In this paper we present a development of the scaled particle theory for the description of a binary
mixture of hard spheres and hard spherocylinders. We derive expressions for the chemical potentials of
hard sphere and hard spherocylinder components. From the minimization of free energy, a non-linear
integral equation for the orientational distribution function is obtained. From the bifurcation analysis
of this integral equation, an isotropic-nematic phase diagram of a binary mixture of hard spheres and
hard spherocylinders is analysed and discussed. The results of the presented approach are numerically
compared with some computer simulation data.

The paper is arranged as follows. The theoretical part is presented in section 2] The discussion of
the obtained results and the comparison to computer simulations data are given in section [3 Finally, we
draw some conclusions in the last section.

2. Theory

We consider a two-component hard convex body (HCB) fluid consisting of hard spheres (HS) and hard
spherocylinders (HSC). In order to characterize HCB particles we use three functionals: the volume V,
the surface area S and the mean curvature r taken with the factor 1/4m. For hard spheres of the radius Ry,
these functionals are as follows:

4
Vi = gan, Si =4nR:, 1 =R (2.1)
and for the hard spherocylinders of the radius R, and of the length L,
_ o p2 4 3 _ 2 _1
V, = J'ER2L2 + 3J'ER2 s Sy =2nRy Ly + 4mtR5, rn = 4L2 +Ry. (2.2)

A basic idea of the SPT approach is an insertion of an additional particle of a variable size, e.g.,
a scaled particle, into a fluid. Adding a scaled hard-sphere particle into our system we use the scaling
parameter Ag. Therefore, the volume Vi, the surface area S;5 and the mean curvature r|y are modified
according to the following relations

Vis= Vi, S =281, rig= A (2.3)

When we add a scaled hard-spherocylinder particle into a fluid with the scaling radius R, and the scaling
length Ly, in addition to the scaling parameter A, we introduce the scaling parameter a. Therefore, the
radius Rys and the length L), are defined as [5. 6]

st = /lSRQ, Lzs = CL'SLz. (24)

As a result, the volume Vpg, the surface area Sy and the mean curvature r,4 of the scaled spherocylinder
are equal to

4 1
Vas = R Loas A + gnRg/lf, Sas = 2nRy Loas As + 4TRIAZ, 1o = 7 Loos + R, (2.5)

The procedure of insertion of a scaled particle into a HCB fluid is equivalent to the creation of a
corresponding cavity. This cavity is free of centers of any other fluid particles. The key point of the SPT
theory is a consideration of the excess chemical potential of a scaled particle ug* [27H33]]. The work
needed to create such a cavity is equal to ug*.

For a small scaled HS and HSC particles, the excess chemical potentials can be written in the following
form [29]

3 rsSy  nSis Vi
ﬁ#iﬁ(/ls)=—1n[1—m(1+ﬂs) —nz(1+‘;—2+725+7; , (2.6)
St 1S Vas 5SSy Vas
(@ As) =—In|1—n [1+ + +—=|-m|l+ + + =11 2.7
Busg(as, 4s) n [ m ( Vi AT ) 772( m TR )} .7
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where 8 = 1/kgT, kg is the Boltzmann constant, T is the temperature, n7; = p1V] is the HS fluid packing
fraction, p; is the HS fluid density, V; is the volume of a HS particle; 7, = p,V, is the HSC fluid
packing fraction, p; is the HSC fluid density, V; is the volume of a HSC particle. It should be noted that
equation is written for an isotropic case.

After substituting equations [2.I)—(2.5) into equations (2.6)—(2.7) and having generalized equa-
tion for the anisotropic case, the chemical potentials of the HS and HSC scaled particles can be
presented as follows:

1 6 1 3(yy + 1 12
e O 130e+ D 1 ag]}, 2.8)

ki3y2=17" k2 3y2-1"7° k3321

BH(A) = ~Tn {1 () =
1

3
Busy(as, As) = —In (1 A VRS (1+ ki) + (1 + kl/ls)3}

3(y2-1)

[+ (= Dr(f)] ag + =22 a, + 822D

- 772{1 + 1+ %(72 - I)T(f)] asds

321 3y, - 17" 3yy—1
3(ya+1) 5 3(2—-1) 2 3
+ AL+ A + A7 ¢, 2.9
3y, -1 °° 3)/2—1ass 3y, —1°° 29)
where ki, s; and y; are equal to
Ry L L
k = —, = —, :1-|——’ 210
=R 1 R, Y2 3R, (2.10)
and 4
o) = 2 [ @@ siny@. 0010, @1

Here, Q = (¢, ¢) denotes the orientation of HSC particles and it is defined by the angles © and ¢, where
dQ = ﬁ sin ¥d¥dy is the normalized angle element, y(Q1, {2,) is the angle between orientational vectors
of two molecules, f(Q) is the singlet orientation distribution function normalized in such a way that

Jf(ﬂ)dﬁ = 1. (2.12)

f(Q) is defined herein below from the minimization of the free energy of a considered mixture.

For a large scaled particle, the excess chemical potential is equal to the work needed to create a
macroscopic cavity within the fluid and it is given by a thermodynamic expression. For a scaled hard
sphere particle, it can be presented as follows:

Buly = w(ds) + BPVis, (2.13)

where P is the pressure of a fluid and V5 is the volume of a scaled HS particle. Similarly, for a scaled
HSC particle, we have
ﬂﬂ;: = w(as, As) + PV, (2.14)

where P and Vg are the pressure of a fluid and the volume of a scaled HSC particle, respectively.
According to the ansatz of SPT [14}, 27H33] w(As) and w(as, As) can be written in the form of
expansions:

1
w(As) = wo + wy A + szdﬁ, (2.15)
1
w(as, As) = woo + wor s + wigds + wiasds + szo/lsz. (2.16)

We can derive the coefficients of these expansions from the continuity of uf%, u5% and their corresponding

derivatives ufs/dAs, 82/1?’;/(9/13 at A = 0 for a scaled HS particle; du5; /das, O 5, /0 As, Hz,u;’;/aasa/ls,
92 K5/ 022 at ag = A = 0 for a scaled HSC particle.
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Therefore, for a scaled HS particle, we obtain:

wo = —In(1 —1n),

m 1 6yp m

1-n ki3y-11-75’

16+ 1) m L PR 2R
m k1372—1772’

w1=3
m

wy =6 +

2T l-n @3- 1-n (1-pp

where 1 = 71 + 172 is the total packing fraction of the mixture considered. For a scaled HSC particle, we
find:

2.17)

woo = —In(1 —n),
_ m 3= 3= D*t(f)] m
wo1 = =81 + + ,
4 "1-n9 3y, - 1 3y, =1 1-7
m_ 6y, m
l-n 3y-11-n’

wyo = 3k;

_ m 6(y2—1) 3(yp-D*(N)] m

w11 = —klsl + +
2 1-7 3y, -1 3y, — 1 1-7
-1 — 1)

N §S1 m_ |302-D 30e-Dr(f)| m 36y 62 m ,

4 1-7 3y2 =1 3yp =1 1-73 1-n 3y-11-7g

2
m  6(yn+1) m 672

= 6k? 3k + ——mn| . 2.18

w20 e o B e T 1M 372_1772 (2.18)

After setting A, = 1 in equation (2.I5) and a5 = A; = 1 in equation (2.16), the HS and HSC scaled
particles become of the same sizes as HS and HSC particles of a fluid, respectively. It makes it possible
to find the relation between the pressure and the excess chemical potentials u{* and p5* of a fluid. The
total chemical potentials for HS and HSC particles in a HS/HSC mixture are as follows:

Bui = In(p1A) + B, (2.19)
Buz = In(p2A3A%R) + Bus, (2.20)
where A and A; are the fluid thermal wavelengths of the HS and HSC components, respectively; A;ll2 is

the rotational partition function of a single HSC molecule [34]. Then, we can write expressions for the
total chemical potentials as follows:

2

Brur = In(p1A) = In(1 = ) + @y + by —— + pPIL, (221)
-7 (1-mn) P1
Ui n? m
Bz = In(p2A3A%R) — In(1 =) + ay + by 5 +BP—, (2.22)
l-n (1-mn) P2
where the coeflicients ay, a», b; and b, are:
a =6y 1 6y 13+ .
n ki3y=1 ki 3y2-1|n
1 1 6 2
b= 1 (31 oL on @) (223)
2\'n ki3n-1n

and

6(y2 = 1°7(f) | m2

6+
3y, -1 n

>

a (7(f)) = [%sl(l +2ky) + 3ki(1 + ky)

a,
n
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3 3 \m [32y2-1) 3(rn-D*t()|mn 6y m
[ ) PR S )

Therefore, we have two equations @]) and @, and each of them contains two unknown quantities:
one of the chemical potentials and the pressure. In the case of an one- component fluid, we can eliminate
one of these unknowns, Bu; (Bu») or P, using equation (2.21)) or equation (2.22)) and the Gibbs-Duhem
relation. In our case, the Gibbs-Duhem equation has the form

2

9(BP) _ I(Ba)
R

(2.25)

a=1

Expressions for the chemical potentials can be obtained according to the recent paper [35], in which
an expression for the pressure is obtained from equation (2.23)), and an expression for the free energy is
obtained from an integration over the total density p. From the differentiation of the free energy with
respect to p; and p,, we derive expressions for the chemical potentials w; and 5.

In order to use equation (2.23) and to get one equation containing only one unknown instead of
equations (12.21[) and 2.22[), we take the derivatives with respect to the total fluid density p = Zizl Pa
on the both sides of equations (2.21) and keeping the fluid composition constant: x, = pqo/p,
a = 1, 2. Hence, we derive

o) [, n P4 L0BP)
—=—1 2b — _— 2.26
g pl H“(1— IR TR P (2:20)
o(pu2) 1 n n n? 2 4 3\ 9(BP)
=—11 2b R5L —nRy | —=. 2.27
ap p[ T e T TR T3 Ty 22D

The combination of equations (2.23) and (2.26))—(2.27) makes it possible to write an expression for the
fluid compressibility. Taking into account that ), x, = 1, we obtain

P 1 2 3
9BP) _ 1 s aT S (AR o (2.28)
dp l-n (1-mn (1-mn) (1-mn)
where
2 2
A= Z Xode, B= Z Xobe. (2.29)
a=1 a=1

From the integration of equation (2.28)) over the total density p at a constant concentration, we find

P A 2B 1n?
BE oy, n A _n 2B w (2.30)
p l-n 20-n* 3 A-ny
Now, we calculate the Helmholtz free energy, which is related to the pressure as
F r P
BE _ Jd L (ﬁ) 2.31)
14 g PP

We carry out this integration at fixed concentrations x,, where @ = 1,2. Thus, the final expression for
the free energy is

BF _ BFq An_ B 7
— =—+4+p|-In(l-7n)+ = + = , 2.32
v v e -n)+ = N (2.32)
where Fiq is the ideal gas contribution to the Helmholtz free energy of a mixture:
BFiq
v - P [In(ATp1) = 1] + p2 [In(A3p2) = 1] + pao (). (2.33)
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Here, o(f) is the entropic term defined as

o(f) = J £(Q)In £(Q)dQ. (2.34)

The singlet orientational distribution function f(€2) can be obtained from the minimization of free
energy with respect to variations of this distribution. This procedure leads to a nonlinear integral equation

Inf(Q)+1+C J F(Q) siny(QQ)dQ’ = 0, (2.35)

where

m |30y, — 1) 1 (y2—1)? 67>
= 3k . 2.36
1—77[372—1 M o al e ey L (2:30)

The constant A is defined from the normalization condition equation (2.12).
Using the expression for the Helmholtz free energy, we calculate the total chemical potentials for the
components of HS and HSC in a mixture. From the relationship

- i ﬁ_l
Bua = ( ) (2.37)
we derive

1 Vi Vi |3
By = lnA?pl —1[1(1 - 77) + Eﬁ{al + 6% + % [Zsl(l + 2k1) + 3k1(1 + kl)

1 2

n o1 1 6y
4o by + 38200 (3, 4 —
3a-n2 [T (m ki 372—1772)
% 1 36 3(y2 - 1)?
+P2_21 Oky (=51 + Ky |y + 12 Y2 s1 + 3k 3+M m || + BPV) (2.38)
. 2 43y, -1 3y, 1

for the chemical potential of HS and
Bz =10 A3p2 + o (f) = In(1 = 17)

1 7 piVa| 1 6y 116(y2+1)
oL+ = |- =
21-n n |ki3y-1 Zk% 3yp -1

1 7 [2 piVa 1l 6y, (3 +1 6y, n)

. ,2Va [6 N 6(y2 - 1)27'(f)] }
n 3y2 -1

+ — —_— —_—
3(1-np P ki3 -1 k3, -1
p2Vaf (3 6y2 3(y2 = D*7(f)
2 3k, |3+ 22— 2 )
TR ({4372—1s1+ R n
6 62y, — 1) 6(y; — 1)?
Lo 2y2-1) . (2 = D7(f) | (2.39)
3y, — 1 3y, -1 3y, -1

for the chemical potential of HSC.

3. Results and discussions

We use the theory presented in the previous section to study the effect of hard spheres on the isotropic-
nematic phase transition in a binary mixture of hard spheres and hard spherocylinders. This investigation
is done within the framework of bifurcation analysis of the integral equation equation for the
singlet distribution function f(Q). It is worth noting that for the first time this equation was obtained by
Onsager [3]] for a hard-spherocylinder fluid in the limit L, — co and R, — 0, when the dimensionless
density of a spherocylinder fluid ¢, = %J‘Cng%Rg was fixed. Therefore, in the Onsager limit we have

1
C—oc= EnmL%Rg. (3.1
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The result, equation (2.36), for C is the generalization of the SPT result for a HSC fluid for the finite
values of L, and R, [9,136]]. In this case,

m 3(72—1)2+ m 6y2(y2— 1)

C —
l-m| 3n-1 L=m 3y, —1)?

(3.2)

From the bifurcation analysis of the integral equation equation (2.35]) for the singlet distribution function
f(Q), it was found that this equation has two characteristic points C; and C, [37], which defined the
range of stability of a considered mixture. The first point C; corresponds to the highest possible density
of the stable isotropic state and the second point G, corresponds the lowest possible density of a stable
nematic state. For the Onsager model, from the minimization of the free energy with respect to the
singlet distribution function f(€2), and subsequently from the solution of the coexistence equations, the
following values of density of coexisting isotropic and nematic phases were obtained [38-40]:

¢ =3.289, ¢, =4.192. (3.3)

In the presence of hard spheres for the Onsager model, we have

13

C= .
I—m

(3.4)

It means that the isotropic-nematic transition in the presence of hard spheres shifts to lower densities of
spherocylinders.
For the binary mixture of hard spheres and hard spherocylinders at the finite value of L,/2R,, we can
put
Ci =3.289, Cyn =4.192, (3.5)

where C; and C, are determined from equation (2.36). The values of C; and C,, in equation (3.5)) define
the isotropic-nematic phase diagram for a HS/HSC mixture depending on the ratios Ly /Ry = 2 (y, — 1)
and k| = Ry/Ry, as well as on the densities of HS and HSC particles, 77; and 1, respectively. We note
that s; defined by equation (2.10) is not an independent parameter, since

s1=2(y2 =1 k. (3.6)

The packing fraction of hard spheres 771 as a function of the packing fraction of hard spherocylinders 77,
for y, = 21 along the boundaries of isotropic-nematic phase transition is estimated from equation (3.3)
for a HS/HSC mixture at a fixed ratio k. As it is seen from figure[I] the presence of hard spheres shifts
the phase transition to lower densities of hard spherocylinders. Moreover, the interfacial region becomes
broader if the size of hard spheres increases (k| decreases).

The effect of the size of hard spheres on the isotropic-nematic phase boundaries of the same HS/HCS
mixture, but at a fixed packing fraction 7, is demonstrated in figure 2] One can observe that an increase
of the packing fraction of hard spheres leads to a contraction of interfacial region.

The boundaries of an isotropic-nematic phase transition for the same model are presented in figure 3]
using the coordinates = 1 + 172 and x; = p1/(p1 + p2). It is seen that an increase of the composition
of spherical particles x; makes the total packing fraction 7 slightly higher in comparison with the results
obtained in the coordinates 7 and 7, (see figure[I). In the case of a pure HSC fluid (x; = 0), the SPT
results are rather close to the computer simulations data taken from [41]. It is noticed that the SPT theory
underestimates the values of 7; and 7,, and the difference from the computer simulations increases with
a decrease of the parameter L, /2R;.

The isotropic-nematic phase transition boundaries for a HS/HSC mixture when y, = 6 and k| = 1
are presented in figure || (the left-hand panel) using the coordinates  and x;. A comparison with the
computer simulations data taken from [17]] and [25] are also shown in this figure. It is found that the
theoretical prediction of the isotropic line is about Ay = 0.05 lower than the simulations results, while for
the nematic line it is approximately An = 0.023 lower. On the other hand, qualitatively the effect of the
composition x| predicted by the theory and the one obtained from the computer simulations are similar.
Hence, in figure |4 (the right-hand panel) we present the modified results of a theoretical prediction,
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Figure 1. (Color online) Coexistence lines of isotropic-nematic phases of a HS/HSC mixture for Ly /2R, =
20 presented as a dependence of the packing fraction of HSC particles 5 = poV, on the packing fraction
of HS particles 1 = pV) at fixed k; = Rp/R;. The black line below denoted by C; corresponds to the
isotropic phase, the red line above denoted by Cy corresponds to the nematic phase. The area between
the solid black and dotted red lines corresponds to the region of the coexistence of isotropic and nematic

phases.
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Figure 2. (Color online) Coexistence lines of isotropic-nematic phases of a HS/HSC mixture for Ly /2R, =
20 presented as a dependence of the packing fraction of HSC particles 77, = ppV, ontheratio k; = Ry /R
at the fixed packing fraction of HS particles 71 = p; V. The black line below denoted by C; corresponds
to the isotropic phase, the red line above denoted by C, corresponds to the nematic phase. The area
between the solid black and dotted red lines corresponds to the region of the coexistence of isotropic and

nematic phases.
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Figure 3. (Color online) Coexistence lines of isotropic-nematic phases of a HS/HSC mixture for Ly /2R, =
20 and k; = 1 presented as a dependence of the packing fraction of HS/HSC mixture n = i + 175 on
the composition of spherical particles x| = p; /(o1 + p2). For the case of pure HSC system (x; = 0) the
SPT results are close to those obtained in computer simulations with a use of the modified Gibbs-Duhem
integration procedure (filled black triangle for the isotropic branch and open red triangle for the nematic
branch) [41]].
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Figure 4. (Color online) Coexistence lines of the isotropic and nematic phases of a HS/HSC mixture for
Ly/2Ry = Sand k| = 1 presented as a dependence of the packing fraction of HS/HSC mixture n = 1y +1,
on the composition of spherical particles x; = p;/(p; + p2). The computer simulations data taken from
[17] are denoted by filled circles for the isotropic branch and by open circles for the nematic branch. The
computer simulations data taken from [25] are shown as filled squares for the isotropic branch and open
squares for the nematic branch.

where the coexistence lines are shifted up by An = 0.05 for the isotropic phase and by An = 0.023 for
the nematic phase. As one can see, in this case an agreement between theoretical and simulation results
is rather satisfactory.

It is worth noting that the isotropic-nematic coexistence lines can be also obtained from the condition
of thermodynamic equilibrium. According to this condition, the both phases should have the same
pressure and the same chemical potentials:

Pi(n;, Xi) = Po(11n, Xn), i 1 (i, Xi) = o, 1 (T, Xn), 1i2(Mi, Xi) = o200, Xn), 3.7

where pi 1 (or i) and uy 1 (or up2) are the chemical potentials of HS (or HSC) particles in the isotropic
and nematic phases, respectively.

In [37] it was shown that for the Onsager model the results obtained from the bifurcation analysis
and from the thermodynamic calculations coincide exactly. We also observe the same for the mixture of
Onsager spherocylinders and hard spheres. On the other hand, it was found in [14] that for the finite values
of L /2R;, there is some difference between the results obtained from these two different approaches,
and the difference slightly increases with a decrease of the ratio L, /2R;.

43501-9



M.F. Holovko, M.V. Hvozd

4. Conclusions

In this paper we have generalized the scaled particle theory for the investigation of thermodynamic
properties of a mixture of hard spheres and hard spherocylinders. The expressions for the chemical
potentials of hard spheres and hard spherocylinders are derived from the consideration of a scaled hard
sphere and a scaled hard spherocylinder inserted into a system under study. Analytical expressions for the
free energy and for the pressure of the considered mixture are also obtained. From the minimization of
the free energy, a nonlinear integral equation for the orientational distribution function is obtained. From
the bifurcation analysis of this integral equation, an isotropic-nematic phase transition in a mixture of
hard spheres and hard spherocylinders is investigated. It is shown that the presence of hard spheres shifts
the phase transition to the lower densities of hard spherocylinders. With an increase of the sizes of hard
spheres, the interfacial region is expanded and with an increase of the packing fraction of hard spheres,
the interfacial region decreases. It is also shown that with an increase of concentration of hard spheres, the
total packing fraction of a mixture on the phase boundaries slightly increases in comparison with phase
boundaries in the coordinates of the packing fraction of hard spheres 17, and the packing fraction of hard
spherocylinders. The obtained results are qualitatively in agreement with computer simulations data.

The present work can be extended directly to the presence of disordered porous media. For the present
time, the scaled particle theory for a hard sphere fluid in disordered porous media is quite well developed
[27H291 133 142} 143]] and has found applications in describing a reference system within the perturbation
theory for fluids with different types of attraction, such as associative [44] and ionic fluids [45] 46l. A
generalization of SPT theory for the description of a hard spherocylinder fluid in disordered porous media
is presented in [[13} [14]. Using the obtained results in our separate paper we are going to consider the
generalization of SPT theory for the mixture of hard spheres and hard spherocylinders in random porous
media.
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I3oTponHO-HEeMaTUYHUI Nepexig B cymiwli TBepaux cpep Ta
TBepAaux chepoumniHApiB: 3aCTOCYyBaHHA Teopii MacluTabHoOI
YaCTUHKN

M.®. lonoBsko, M.B. 'BO34b

IHCTUTYT $i3nkn koHAeHcoBaHMX cucteM HAH Ykpainu, Byn. CBeHuiubkoro, 1, 79011 JibBiB, YkpaiHa

JAns onuncy TepMOAVMHaAMIYHMX BAACTUBOCTe CyMilli TBepAnX chep Ta TBepAMX chepoLMNiHAPIB PO3BMHYTO Teo-
pito MacLTabHoi YacTUHKW. OTpUMaHO aHaNiTUYHI BUpa3u ANs BiNbHOI eHeprii, TCKY Ta XiMiYHMX noTeHLianiB.
MiHimizaLji€to BilbHOI eHeprii cGOpMYIbOBaHO HeniHiliHe iHTerpasbHe PIBHAHHA ANS OPiEHTALiHOI yHapHOI
byHKUiT po3noginy. 3 6ipypkaLiliHoro aHanisy Lboro piBHAHHSA AOCAIAXEHO i30TPONHO-HeMaTUYHWI Gpa3oBuii
nepexiz B AaHiii cymiwi. MokasaHo, Wo npwu 36inbLUueHHi KOHLeHTpaLii TBepanx cdep 3aranbHuii koedilieHT
ynakoBKW CyMilli Ha rpaHnusax ¢as 3nerka 3pocrae. MpejcTaBneHo NMOPIBHAHHA OTPYMaHWUX pe3ynbTaTis 3 Aa-
HUMMN KOMM'IOTEPHOTO MOAENOBAHHS.

KnrouoBi cnoBa: cymilu TBEpAMX cep Ta TBEPANX CPePOLNAIHAPIB, i30TPOMHO-HEMATUYHUI NepPexis, MeTo4
MacLUTabHol YacTUHKN

43501-11


https://doi.org/10.1140/epje/i2006-10058-4
https://doi.org/10.1103/PhysRevE.75.061701
https://doi.org/10.1103/PhysRevLett.101.237802
https://doi.org/10.1063/1.2982501
https://doi.org/10.1088/0953-8984/24/28/284128
https://doi.org/10.1080/00268976.2013.771802
https://doi.org/10.1063/1.4923291
https://doi.org/10.1103/PhysRevA.11.1040
https://doi.org/10.1021/jp809706n
https://doi.org/10.1021/jp9106603
https://doi.org/10.1063/1.3532546
https://doi.org/10.1063/1.1730361
https://doi.org/10.1063/1.1700883
https://doi.org/10.1063/1.1696842
https://doi.org/10.5488/CMP.13.23607
https://doi.org/10.1021/acs.jpcb.6b02957
https://doi.org/10.1140/epje/i2007-10197-0
https://doi.org/10.1103/PhysRevA.17.2067
https://doi.org/10.1021/ma00139a014
https://doi.org/10.1063/1.447098
https://doi.org/10.1021/ma00065a027
https://doi.org/10.1063/1.473404
https://doi.org/10.5488/CMP.15.23607
https://doi.org/10.1351/PAC-CON-12-05-06
https://doi.org/10.1021/jz502135f
https://doi.org/10.1088/0953-8984/28/41/414003
https://doi.org/10.1016/j.molliq.2016.11.030




	Introduction
	Theory
	Results and discussions
	Conclusions

