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Amnoraniss. PosrisHyTo MOmesnb KOHKYPYOUOl Mi2KYaCTUHKOBOI B3ae-
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CIIOHTaHHE BUHUKHEHHS B CUCTEMi Me30CTPYKTYpPOBaHUX (a3 pi3zHOI MOp-
douJroril. 3a3HaveH] sIBUIA CAMOOPraHI3allil CTaOTh OiIbII BUPAXKEHUMU
3a IIPUCYTHOCTI OOMEXKYIOUNX MOBEPXOHb. J[JIsT BUBUEHHSI CTPYKTYPH Ta
TEePMOJUHAMIKE ME30CKOIIYHO OJIHODPiAHOrO IimHy B 00’eéMHiil obsacTi
Ta 1Mo6/ M3y TBEPOI MOBEPXHi, 32CTOCOBAHO TEOPETUKO-TTOJIBOBUH TTiTXi T,
OTpuMaHO BHI aHAJIITUYHI BUPa3U JJIs APHOI KOPEJIAIHOT (DyHKINT Ta
npodismo rycruan. O3Ha9€HO XapaKTepHUI TBEPAMil paJiyc (hopMaIbHO
M’SIKAX 9aCTUHOK 1 PO3PAXOBAHO CTPYKTYPHUIA (DAKTOD, HA OCHOBI SIKOTO
mo0yT0BaHO A-JIiHIT Ta JOC/TiKEHO (Ha30BY MOBEIIHKY.

Soft particle fluid with competing interactions at a hard wall:
field theory approach

I. Kravtsiv, T. Patsahan, M. Holovko, D. Di Caprio

Abstract. A model of competing pair interaction in the form of a three-
Yukawa (3Y) potential is considered. The results of computer simulati-
ons show that the model proposed can describe spontaneous appearance
in a homogeneous fluid of a large variety of mesostructured phases.
Furthermore, these self-assembly effects appear to be favored by the
presence of confining walls. To study the structure and thermodynamics
of a mesoscopically homogeneous 3Y fluid in the bulk and close to a hard
wall, a field theory approach is subsequently applied. Explicit analytical
expressions for the pair correlation function and the density profile are
derived. The structure factor is calculated by introducing an effective
hard core radius characteristic of the system, based on which the A-lines
are constructed and phase behavior discussed.
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1. Introduction

Models of fluids with competing interactions, which are characterized
by short-range attraction and long-range repulsion (the so-called SALR
potential), have been the focus of extensive research due to their ability
to describe spontaneous emergence in a homogeneous fluid of mesostruc-
tured phases of different morphologies [I]. Such potentials are of coarse-
grained nature and are often used to model effective solvent-mediated
interaction between complex molecules.

For systems with competing interactions in the bulk a large body of
research has been reported, yet far fewer results exist for spatially con-
fined systems. Even for the bulk case, most studies have been done in the
framework of phenomenological approaches such as Landau-Brazowski
theory [2], which make it difficult to link microscopic parameters of the
system to respective measurable quantities. Confined systems have typ-
ically been investigated in two dimensions [3], although some results for
the three dimensional case have also been reported. In [4] a hard core
two-Yukawa fluid confined in a slit-like pore was studied. In [5] the struc-
ture and adsorption of a system with competing interactions confined by
an attractive wall was considered.

We propose to study a fluid interacting with a three-Yukawa potential
of the SALR form. Such a model with a soft core takes into account the
possibility of partial overlap between two particles. Examples of such
systems include, but are not limited to, protein molecules, soft colloids,
polymer grafted nanoparticles, star and branched polymers, microgels.
Such a potential also has the advantage of being analytical, which makes
it possible to perform analytical calculations.

Using computer simulations, we have examined the system under
consideration in a wide range of density and temperature values. We
show that at low temperatures various well-known mesostructures, such
as lamellar and gyroidal phases, hexagonally packed cylindrical phases,
cubically ordered and disordered clusters [6H9], are formed. In the case
of the system confined between two hard walls, the self-assembly effects
become more pronounced may be observed at temperatures that are
noticeably higher than in the bulk.

To describe structural properties of a 3Y fluid at high temperatures,
a classical field theory [I0,[IT] is employed. As a first step, we present
theoretical results for the mesoscopically homogeneous phase in contact
with a hard wall. Explicit analytical expressions for the pair correlation
function and the density profile are derived. The results found are tested
against computer simulations data.
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2. The model

We study a fluid of soft particles interacting with a Three-Yukawa (3Y)
potential given by

A A A
v(r) = Tl exp(—aqr) + 72 exp(—anr) + 73 exp(—agr), (2.1)

where r denotes the distance between two particles, A; are the ampli-
tudes of interaction and «; are the inverse ranges. We choose the values
of these parameters so as to reproduce the SALR (short-range attractive
and long-range repulsive) potential. We therefore assume that A; > 0,
Ay < 0, Az >0 and |A1| > |A2| > |A3|, o] > Qg > Q3.

Hence, we consider two sets of parameters which we will refer to as
Models M1 (4; = 92.1106, a; = 1.463485, As = —81.91964, oy = 1.0,
Az = 16.07036, a3 = 0.6) and M2 (A; = 150.6561, a3 = 1.923254,
As = —122.613, as = 1.26115, A5 = 27.11811, as = 0.75669). The
respective shapes of these potentials are shown in Figure [[I We note
that the Model M2, shown by the red dashed line, displays stronger
long-range repulsion relative to the Model M1.
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Figure 1. Pair interaction potential ([21I) corresponding to M1 (lower
line) and M2 (upper line) sets of parameter values

Due to the softness of the core, the potential ([2.I) makes it possi-
ble to take into account partial overlap between particles. The model
can, therefore, describe effective pair interaction in a variety of soft mat-
ter systems such as star-polymer blends, dispersions of polymer-grafted
nanoparticles, solutions of proteins, and microgel suspensions. In addi-
tion, the potential is convenient for analytical calculations as well as
molecular dynamics computer simulations.
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3. Computer simulations

A series of Monte-Carlo (MC) and Molecular Dynamics (MD) com-
puter simulations have been performed to investigate whether Models
M1 and M2 can describe micro-segregation phenomena and to estimate
the ranges of temperatures and densities at which they occur. In ad-
dition, we were interested in the confinement effects for such systems.
Having the intention to study purely the impact of confinement, we con-
sidered the case with no attraction between the walls and the particles.

In Figure@l we present simulation snapshots for the Model M1 in the
bulk. For comparison, Figure [3] shows simulation snapshots for the same
system confined between two inert walls. One can see that at T'= 10.0
the bulk fluid is uniform, while near the walls distinct clusters of particles
are formed. As the temperature is raised, at T' = 12.0 clusters disappear;
however, some inhomogeneties at the walls still persist. From these facts
we infer that confining walls trigger and favor micro-segregation effects
for fluids with competing interactions.

Figure 2. MC snapshots in the bulk (Model M1) at T'= 8.0, p = 0.25
(left) and T = 10.0, p = 0.25 (right).

Figure 3. MC snapshots for a fluid confined between two hard walls
(Model M1) at T' = 10.0, p = 0.25 (left) and T = 12.0, p = 0.25 (right).
The walls are located on the left and right edges of the box.

In Figures [] and [ some simulation snapshots for the Model M2 in
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the bulk are presented. Due to the fact that potential M2 is stronger than
M1, the respective systems show richer phenomenological behavior. At
high temperatures a uniform fluid is observed. As the temperature is
decreased, the model exhibits spontaneous appearance in the system of
a wide variety of mesostructures including lamellar and gyroid phases,
hexagonal packed cylindrical phases, cubically ordered and disordered
clusters formed by particles as well as voids.

Figure 4. MC snapshots for a bulk fluid (Model M2). BCC lattice of
spherical clusters (left) and hexagonal ordered cylinders (right)

Figure 5. MC snapshots for a bulk fluid (Model M2). Gyroid (left) and
lamellar (right) structures.

A phase transition to a modulated inhomogeneous phase can also be
seen in the plots of the pair distribution function g(r) for the bulk M2
fluid and the density profile for a fluid at a confining wall (Figures
and [7). At higher temperatures, the function g(r) displays a weak peak
and rapidly tends to its asymptotic value of unity. However, for lower
temperatures g(r) significantly enhances its value over a large length
scale indicative of the cluster radius. For all the temperatures, the density
profiles are characterized by distinct double maxima close to the wall. At
higher temperatures the profile decays to its bulk value, while at lower
temperatures the density displays oscillations signaling the presence of
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large scale ordering in the system. These effects are more pronounced in
the case of higher density p = 0.75 (Fig.[T), which at T' = 2.0 corresponds
to a lamellar structure (Fig. Bl on the right) and less prominent for a
fluid with p = 0.25 (Fig. ) corresponding to a spherical cluster phase at
T = 2.0 (Fig. @on the left).
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Figure 6. The pair distribution function (left) for a bulk fluid and the
density profile for a fluid confined by a hard wall (right) for M2 param-
eters at p = 0.25. The temperature T' = 2.0 corresponds to a spherical
cluster phase. The results have been obtained from computer simula-
tions.
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Figure 7. Same as in Figure [0l for p = 0.75. The temperature 7' = 2.0
corresponds to a lamellar structure.

The aim of the present paper is to show that the soft core SALR
potential (2I) can describe spontaneous transition of a homogeneous
fluid to mesoscopically inhomogeneous phases and to explore structural
properties of such a fluid in the bulk and in the vicinity of a confining
wall. In a series of papers on fluids with specific interactions [T0HIS], we
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show that it is possible to describe these systems using a field theoretical
approach. To reproduce density profiles found from computer simulations
and as a first step toward field theoretical description of fluids with
competing interactions, in the present paper we apply this method to
a fluid with the pair potential (Z]) in the mesoscopically homogeneous
region of the phase space.

4. Field theoretical approach

In the framework of the field theory (FT) formalism, the Hamiltonian of
a classical system is a functional of the density field p(r) and is expressed
as the sum of an entropic and an interaction terms

BH[p(r)] = BH [p(r)] + BH"™ [p(r)], (4.1)

which respectively have the forms
BH™ [p(x)] = / p(x) (in [p(x)A] — 1) dr (12)
BH™ [p( ﬂ / [ p(r2) — p(r1)d(ry —ra)|dridry, (4.3)

where kg is the Boltzmann constant, 8 = 1/kgT is the inverse tempera-
ture, v(r) is the potential of interaction between two particles at points
1 and 2, and §(r) is the Dirac function.

In the present work the calculations are carried out in the framework
of the canonical ensemble approach. For this reason we are interested in
the partition function Zx of the system, which is expressed as

Zy16(0)] = [ Do) exp(~BH{p(w)). (4.4)

The number of particles is fixed by the condition [ p(r)dr = N or
% [ p(r)dr = p, where V is the volume and p = N/V is the average
density. To ensure this condition, we define a Lagrange multiplier A such

that
6BH [p(r)]
ép(r)

The logarithm of the partition function gives the Helmholtz free energy

=\ (4.5)

BF = —1InZy. (4.6)

The lowest order approximation for the partition function is the saddle
point approximation for the functional integral (44]), which corresponds
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to the mean field (MF) approximation from the physical standpoint. The
MF approximation thus corresponds to the condition

0pH

P (1)

In order to take into account fluctuations one should expand the Hamil-
tonian around the field pM ¥ (r), i.e. write p(r) = p™F(r) + 6p(r). In
general, this leads to the following expression for the Hamiltonian

BH(p] = BH [p /50 1) 5(6p(r1)) pMFd 1+ (4.8)
52BH
3 [ ontea)sntea) sy T

drq...dry.

pIWF

n—l O"BH
g_l) o e bt e

The first term corresponds to the functional ([@I) for the mean field
density

SHPH) = [ M0 ) (1 [pF (r)AY] 1) i (49)

# 5 [ oerimn) [ ) = )80 1) deses

The linear term disappears as in the canonical ensemble the fluctuations
preserve the number of particles and [ dp(r)dr = 0. The terms of higher
orders come from the expansion of the logarithm in the expression ([@2]).

5. Three-Yukawa fluid in the bulk

In this section we apply field theory to study analytically the properties
of a 3Y fluid in the bulk region. One point of interest is to investigate the
conditions for the appearance of inhomogeneous phases, which is signaled
by the divergence of the structure factor S(k). The curve separating the
respective homogeneous and inhomogeneous phases (known as the A-
line) is therefore determined by the locus of points on the phase diagram,
at which S(k) diverges. This knowledge is also important for numerical
calculations of the density profiles which we intend to perform within the
homogeneous part of the phase diagram. In addition, it is instrumental
to know whether the model under consideration exhibits liquid-vapor
phase separation.
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5.1. The pair distribution function

The structure of a fluid can be described by the pair distribution function
g(r) = 1+h(r), where h(r) is the pair correlation function. This quantity
can be found from the following expression [19]

h(ry,r2){p(r1))(p(r2)) = (dp(r1)dp(r2)) = (r1 —ra2) (p(r1)). (5.1)

We expand the Hamiltonian with respect to the mean field density
pME (r). Truncation of expansion (@) at the second term corresponds
to the description of the system in the Gaussian approximation.

The quadratic term in Eq. (&3] is

5(1‘1 - 1'2)
PMF (1)
where the first term comes from the expansion of the logarithm in the

entropic part of the Hamiltonian.

In order to calculate the averages using the Gaussian integrals, it is
necessary to have the quadratic term of the Hamiltnian in a diagonal
form. For bulk properties we can expand the density on the Fourier
components

5tlp) = [ Sptrintea) | T )| drrdes, (52)

dp(r) = Z&pk ik (5.3)

k>0

In this basis the quadratic Hamiltonian equals

BHap] = QK S pwdp [1+v(h)], (5.4)
P k>0
where
. 4rpA;
v(k) = % (5.5)

i=1 i

is the Fourier transform of the interaction potential (Z.I]) multiplied by
the inverse temperature.

Calculating the averages in (G.1) with the weight given by the quadratic

Hamiltonian (54]), we arrive at the following relation

I [ Dionti)) =2 0 50050k
_ — 5.6
{0p(k)op(=Kk)) /D(ép(k)) o () (5.6)
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The Fourier transform of the pair correlation function is then

pr(k) _ 1P(k)
TT3 () p DY) (57)

The numerator and denominator on the RHS of equation (5.7) equal,
respectively,

P(k) =3 (K + o3)(K* + a3) + 5 (k* + i) (k* + o3) (5.8)
+35 (K + o) (K + o3),

h(k) =

D(k) = k® + k*(54 + 35 + 343)

202222 | =2-2  -2-2 2 2_2 2_2
+k [%1 5+ g + 5k

2
T Ty %2%3}
2.2 92 2.2 2, 2 92 2 2 2 92
+ ajazas + g asas + ajas + xsalas, (5.9)
where 37 = 2 + o?.
Taking the inverse Fourier transform of expression (5.7]), we can find
h(r)

1 o0

h(r) = —/ dkh(k)exp (—ikr) . (5.10)
(2m)% J oo

In order to perform analytical integration in Eq. (510, one needs to

factorize the denominator D(k). To this end, we need to solve the bicubic

equation D(k) = 0.

5.2. Solution of the bicubic equation

Equation D(k) = 0 can be presented in a cubic form

K?4+bK* +cK +d=0, (5.11)

[s222 | 22-2 , ~2-2 2. 9 2 2 2. 9
= [ 56 + i 503 + 35305 — 5 o05 — 341 56 — 545

c
2 722-2 2. 2 2. 2-2 2. 2-2 2.2 2
d—%l[ 5 3—%2%3] — Yy 3 — 2 M3t + 2067 265 553

The numbers of real and complex roots are determined by the discrimi-
nant of the cubic equation,

A = 18bed — 4b*d + b*c? — 4c® — 27d>. (5.16)
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If A > 0, then the equation has three distinct real roots. If A = 0, then
the equation has a multiple root and all of its roots are real. If A < 0,
then the equation has one real root and two non-real complex conjugate
roots.

The general solution of the cubic equation involves first calculating:

Ay =b* - 3c (5.17)
Ay = 2b% — 9be + 27d, (5.18)

oo \e/Al VAT — 4N §/A1 +V=27A
B 2 B 2

(5.19)

There are three possible cube roots implied by the expression, of
which at least two are non-real complex numbers; any of these may be
chosen when defining C. In addition, either sign in front of the square
root may be chosen unless Ay in which case the sign must be chosen so
that the two terms inside the cube root do not cancel.

We consider the case when the cubic equation (6.25) produces one
real solution k3 and a pair of complex conjugate solutions k7 and k3.
For C we choose a plus in front of the square root. For the region of
parameter values considered, the resulting expression under the cube
root is positive, therefore C can take on three values: a real positive
number or one of the two complex conjugate numbers. We choose the
real positive root to define C:

C— 3 Al + \2/ —27A (520)

The solution of the cubic equation can be expressed compactly in-
cluding all 3 roots as follows:

k?:_l

Y (SNLeR ) PRI (SR MY

&c

where & = —1/2 + 1/2+/3i (which is a cube root of unity).
The real solution of the cubic equation appears at j = O:

1 A
=3 <b+ C+ %) (5.22)

The complex conjugate solutions appear at j = 1 and j = 2.
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For the parameters under consideration, the solution A2 is a negative
quantity. Due to this, we introduce a more convenient set of notations

N=—k7,  je{0,1,2}. (5.23)

The quantities /\f are essentially the solutions of the cubic equation (6.23])
but of the opposite sign. Therefore, they can be written as

1 Ao
N==(b+C+= 5.24
Al = My + Mo, (5.25
A3 = My — Mo, 5.26

where

1 C Ay

1v3 Ao
M = 2=~ {c - F] : (5.28)

Since the quantities A2 and A3 are complex conjugate, so are their
roots. We can, therefore, write

A1 = A +ip, (5.29)
A2 = A —ip, (5.30)

where

_ 1 /352 2 12
. 1/2
_ signum(Ms) 2 5
pe s [,/M1 + M2 M| . (5.32)

The function D(k) can now be written in a factorized form

D(k) = (k% 4+ 22) (k% + 22)(k? + \2) (5.33)
= (k4 iXo)(k —ixo)(k + X)) (k — id) (k +iXo) (k — i)2).

The real solutions for the bicubic equation are readily found from
Eq. (B22) and equal +)\g, where

)\0:\/% <b+c+%>. (5.34)
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From Eq. (5I0)), the expression for the pair correlation function is

1 exp(—Aor : exp(—Ar
h(r) = “om (Hoip(r or) + [H; cos (ur) + Hasin (pr)] 71)(1" )> ,
(5.35)
1 3
Hy = 20,2 )\2 2 A2
O T2 2802 — 1) + (2 1 2)2] ;% (25— Jo)ek = %),
(5.36)
3
1 — _ _ _
Hi=————— % 52 |—a2ad +A3(a2 +a3) + 4>\, (5.37)
8u2)\2+2/\§2; oo + R + o )
3
1 _ _ _ —
Hy = ~ 2 4PN (a2 + ) + N(a2a? — 4uA?) |,
161303 + 4pAN2” ; { 7ok 7 }
(5.38)

where j,k € {1,2,3} with i # j # k, and we use the bar to denote
shifted quantities (...) = (... — A2 + p?).

Equation (E535]) tells us that the quantities A\g, A and p have the
meaning of parameters that characterize the screening of interaction with
Ao and A responsible for the decaying and u responsible for the oscillatory
parts of the interaction. We note that for the values of the pair potential
considered in this paper, the quantities Ao, A and p are real numbers. In
addition, Ag and X are positive.

In the Gaussian approximation, the radial distribution function (RDF)

g(r) can be written as
g(r) =1+ h(r). (5.39)

From Eq. (535) one can see that the function g(r) diverges when r — 0.
As we discussed in our previous papers [10,[I1], this behavior can be
corrected by introducing exponential approximation for the RDF in the
form

9=P(r) = exp [h(r)]. (5.40)

In Figures RHIT] we compare numerical results for the pair distribu-
tion function calculated from Equations (5.39) and (5.40]) with computer
simulations data. The plots are presented for Models M1 and M2 at dif-
ferent densities and temperatures. One can see that the results of the the-
ory are in qualitative agreement with the simulations while quantitative
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agreement improves as the temperature rises. We also note the correct
behavior of the exponential approximation (.40 at small distances in
contrast to the non-physical behavior of the initial approximation (5.39]).

Figure 8. Pair distribution function for Model M1. The blue solid lines
are given by Eq. (539)), the red dashed lines correspond to approximation

(E40), and the black solid curves are calculated from the MC simulations
data.

simul. = simul.

g(r
(t

.84 1 0.8 1
p=025 — FT p=025 — FT
06 ] T=140 - ==~ FT(exp) ] T=14.0 ---- FT(exp)
/ !

Figure 9. Same as in Figure 8 but at higher temperatures.

5.3. The structure factor and phase coexistence curves

The static structure factor characterizes the microphase structuring dis-
played by the system. S(k) is given by the expression

1

S(k) = =)

(5.41)
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o] | T=20.0 o= FT(exp) | 06 | T=220 - FT(exp) |

Figure 11. Same as in Figure [I0] but at higher temperatures.

where é(k) is the Fourier transform of the direct pair correlation function
¢(r) of the bulk fluid. In the random phase approximation,

&(k) = —Bu(k), (5.42)

where v (k) is given by Eq. (&.3).

The A-line is defined as the locus of points in the phase diagram
for which the static structure factor S(k) diverges at a particular wave
number [24]. We take the A-line to indicate that the model predicts a
phase transition to a modulated inhomogeneous phase. When the fluid
is in the homogeneous phase, the denominator 1 — pé(k) on the RHS of
expression (04T takes on positive values. As we lower the temperature,
the S(k) curve shifts downward and at certain values of the density be-
comes equal to zero. Therefore, the A-line can be found from the solution
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of the system of equations

pe(k,{p,T}) =1, (5.43)
oc(k, {p,T}) _
—ar 0. (5.44)

For the function é(k) in the form (5.42]), the system (5:43)- (5:44) amounts
to the following equations

(% + A1) (k% 4+ )3) =0, (5.45)

> G (6 +al)? (K +al)? =0, (5.46)
=1

where m,n € {1,2,3} and | #m # n.

Due to the fact that in the Equations (5.45)-(5.46) the density and
the temperature are present only in the form of the product Bp, the
solution of this system comes out as a linear equation Sp = const. This
means that in this case the A-line is a straight line. In Figure [[2] we show
the respective result for the model M1, while for the model M2 the
solution lies outside of a reasonable range of density and temperature
values. We attribute the non-physical behavior of these results to the
weakness of the approximation employed.

T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
P

Figure 12. A-line for model M1 calculated from the direct correlation
function given by Eq. (5.42]).

Nevertheless, one can show that the model potential ([ZI) does, in
fact, describe the possibility of the phase transition to a mesoscopically
inhomogeneous structure.

Whereas the model of the fluid considered here is formally soft, it can
effectively be presented as a system of particles with a hard core [2002T].




16 IIpenpunt

One way to determine the corresponding hard core diameter o is to use
the distance at which the pair potential (2.1]) equals the thermal energy
kpT with an arbitrary factor ¢ [20], i.e.

v(r)—¢T =0. (5.47)

Another way to determine o is by employing the Barker-Henderson for-
mula [23]

OB = / dr (1 - e—ﬂVW) . v(o)=0. (5.48)
0

It is reasonable to presume that the value of the effective diameter
should stem from the condition that two particles cannot overlap beyond
the distance o, i.e. the distance where the value of the radial distribu-
tion function is close to zero. In Figures (I3]) and (I4) we show different
estimations of the effective hard core diameter by employing expression
E41) at ¢ =1 and ¢ = 4 as well as the Barker-Henderson recipe (5.48]).
We analyze the curves of the radial distribution functions given by Equa-
tions (539) and (540) relative to different o in order to determine the
maximum distance, at which the RDF takes on a value close to zero.
One can infer that the best approximation corresponds to expression
(&A1) with ¢ ~ 4. We, therefore, find the value of the effective hard core
diameter from the solution of the following equation

v(r) —4T = 0. (5.49)

Hence, in the framework of the random phase approximation the
direct correlation function can be presented as the sum of two parts

(k) = cus(k) + sy (k). (5.50)
One part is the effective hard core contribution [22]

47

- . 6na
CHs = —?(al [sing — gcos g] + —2

[2¢sing + (2 — q*) cosq — 2]
(5.51)

—i—% [49(¢° — 6)sing — (24 — 12¢° + ¢*) cos g + 24] ),

where ¢ = kD is a dimensionless wave number, = pmo? /6 is the packing
fraction, and
(14 2n) (1+n/2)?

a; = W, a9 = —W (552)
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0.8 1 0.8 4
p=0.25 — FT p=025 — FT
T=10.0 ---- FT(exp) T=16.0 -~ -~ FT(exp)

-- simul. ] 2 simul.

| ] 10

j i
024 1 B O.ZJ
0.0 T T T T T r r 0.0+

Figure 13. Estimations of the effective hard core diameter for model
M1. The green vertical lines correspond to expressions (5.48)) and (5.47])
at ¢ =1 and ( = 4, respectively. The blue solid lines depict the radial
distribution function given by Eq. (5.39)), the red dashed lines correspond
to approximation (5.40), and the black solid curves come from the MC
simulations data.

The other part of the direct correlation function comes from the long-
range potential and can be calculated as

ey (k) = —4% /OO rsin(kr)Bv(r)dr (5.53)
3

= —4nf Z A= [{kcosko + asinko}{a2,ap + k> (o, + o2) + K},
=1

where m,n € {1,2,3} and | # m # n.
In Figure (), left panel, we show the structure factors for models

1.2 T T T T T T T 12 T
1.0 1.0
0.8 4 0.8
p=025 —FT T
T=60 - === FT(exp) -~ FT (exp)
= 061 simal. ] = 06 simul. ]
> > i
0.4 g 04+ i
024 | B 02 |l
0.0 -+~ T T T T T T 0.0

Figure 14. Same as in Figure (I3) but for model M2.
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M; and M, with an effective hard core diameter determined from the
equation (5.49). One can see distinct pre-peaks signaling the presence of
mesoscopic ordering in the system.

On the right panel of Figure (@) we show the respective A-lines for
models M1 and M2. Both curves have correct shapes, which was not the
case when equations (5.45])-(5-46]) were considered. We conclude that a
correct description of inhomogeneous phases requires one to take into
account the excluded volume effects, models with a soft core not being
sufficiently accurate. At the same time, the homogeneous phase can be
studied without considering an effective hard core model. Having the
knowledge of the location of the regions on the phase diagram where
there is no micro-segregation and the fluid is uniform, we can safely
apply the expressions for the structural properties derived from the field-
theoretical approach by substituting the values of the density and the
temperature well above the A-lines.

124 —M 54 s . . Ml

M2

0.2

0.0

Figure 15. Left: structure factors for models M; and My at p = 0.25,T =
10. Right: A-lines for models M; and Ms.

In this context, another point to consider is related to the vapor-
liquid phase separation curves. One way to determine the location of the
critical region is to construct the spinodals from the condition

pé(k =0,{p,T}) =1 (5.54)

and see where the critical point lies with respect to the A-lines. However,
the model (B50) yields no solutions for equation (5.54) for either M1
or M2. This means that the model fluid studied in this paper does not
exhibit vapor-liquid phase transition.
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6. Density profiles at a hard wall

In this section we study a three-Yukawa fluid with competing interactions
in the vicinity of a hard wall. The potential of interaction between the
wall and a particle is taken to be infinite when the distance between
them is negative and zero elsewhere.

As expression (1) contains the field p™ ¥ (r;), one can readily see
that in the framework of the FT formalism spatially structured systems
can be examined even in the framework of the simplest mean field ap-
proximation.

From the mean field condition (£7]) we derive the following equation

ln%—i-Vl(rl)—i—Vg(rl)—i-V;;(rl) =A (61)

where potentials V;(ry) are defined as

A
Vi(ry) = ﬂ/p(rz)T exp(—a;r)drs. (6.2)
We put
A= Vi + Vo + Vay, (6.3)

where Vj;, are the values of potentials V;(r1) in the bulk

=N

V;b =~ (64)

yn
2
a;

»%? = 4mppBA;, and we denote the density of the fluid in the bulk by
pp to distinguish it from the distance-dependent density p(z) within the
interface between the wall and the bulk region.

The gradient of Eq. (6] gives

Vp(r)
p(r)

- E1 (I‘) - EQ(I‘) — Eg(r) = 0, (65)
where we define an equivalent of the electric field by

Ei(r1) = —VV;(r1); (6.6)
Due to the properties of the Yukawa potential we can write

(& = af) Vi(r) = —4mBAp(r). (6.7)
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Given the translational invariance of the system in the directions par-
allel to the wall, all the distance-dependent functions in the equations
(635)-([E70) are essentially functions of the distance z in the direction per-
pendicular to the wall. In consequence, from these equations we obtain
a set of seven differential equations with seven unknown functions p(z),

El(z)a EQ(Z)a E3(Z)a Vl(z)a VQ(Z)v ‘/3(2)

8[5(5) = p(2) [E1(2) + B2 (2) + Ba(2)], (6.8)
a‘giZ) = —Ei(2), (6.9)
—n = Vi) + Tolz). (6.10)

From Eq. (61 we have the following equation for the density profile
p(2) = pyexp (= [Vi(2) = Vip] = [Va(2) = Vo] = [Va(2) — Vae]). (6.11)
Equation (6IT)) is an integral equation of the Euler-Lagrange type.
Numerical solution of this equation provides the mean field approxima-
tion for the density profile of the fluid.
6.1. Analytical expression for the density profile

The density profile can also be estimated in an explicit analytical form.
To this end, we approximate the exponent function in Eq. (GI1I) as

p(z) = pu(1 = [Vi(2) = Vi) — [Va(z) — Vo] — [V3(2) = Va]),  (6.12)

which leads to a linearized system of equations

’

p (2) = pp [E1(2) + Ea(2) + Es(2)], (6.13)

(2) = —E;(2), (6.14)
2

E;(2) = —a2Vi(2) + = p(2). (6.15)
Pb

In turn, this system can be reduced to a system of three second-order
differential equations

E\ (2) = Ei(2) (52 + a3) + [Ba(2) + E3(2)]5; (6.16)
By (2) = [E1(2) + E3(2))52 + Ea(2) (a2 + 53) ; (6.17)
Ey (2) = [E1(2) + Ea(2))58 + Es(2) (a2 + 52) (6.18)

(
(
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or in the matrix form

E’ = AE, (6.19)
where
Ei(2) (53 + o) Pa 3
E=|Ex(2) ], A= >3 (a3 +53) 33
Es(2) # SN Re)
(6.20)

Matrix A can be presented in the diagonal form as

A =PDP! (6.21)
where
Ao O 0
D=0 Ay 0]. (6.22)
0 0 A

The coefficients A; are the eigenvalues of the matrix A. Denoting the
identity matrix as I, we can find these eigenvalues as the roots of the
characteristic polynomial of A, i.e. from the equation

det (A — AI) = 0. (6.23)
In our case, this reduces to solving the equation

A — N*(G2 4+ 35 +33)  (6.24)

22 | 2.2 | ~2-2 2.2 2.2 2 2

+A [5854 + 3356 + 35565 — 575 — a5 — 33343
~2[~2~2 2.2 2.2~2 2.2~2 2.2 .2 _

—%1[ 273 — 2%3] + )2y 33 + A 330y — 215503 = 0,

where 37 = 32 + o?.

Equation (6.24]) can be presented as
A* —bA% 4 cA —d =0, (6.25)

where the coefficients b, ¢, and d are given by expressions (.13)-(E15]).

Comparing polynomials ([625]) and (&I1l), we note that the coeffi-
cients in front of the variables of the same powers are identical by the
absolute value but alternate their signs. One can show, that in such a
case the roots of the two polynomials are equal by the absolute value but
have opposite signs. Hence, due to the definitions ([5.23]), we can readily
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see that parameters A3, \?, and \3, given by equations (5.24)-(5.25)), are
also the three eigenvalues of the matrix A.
As a result, the general solution for Ej(z), for instance, is

o (Z) — 6106)\0,2 + Cloe—)\oz + C«le()\—i-ui)z + Cle(—)\-i-ui)z + 026()\—ui)z
(6.26)

_'_026(7)\7,ui)z — Cloef)\oz + 016(7>\+'M)z + 026(7)\7#1-)27

where we leave only the terms with negative A\gz and Az in the exponents
due to the fact that A\g and A are positive and the function F(z) vanishes
in the bulk.

For the field E;(z) to have a physical meaning, the coefficients Cy
and Cy must be complex conjugate as well. From the system of equations
(618) we can tell that the functions Es(z) and F3(z) are of a form similar
to that of (6:28). We can therefore write the functions F;(z) as

E1(2) = c10e7 2% + (r11 4 r106) e TATHDZ (4 — 1) e(FATR2

(6.27)
Es(2) = cape 2% + (ro1 + ragi) eAHDZ L (pgy — pggi) (A1)

(6.28)
E3(z) = cs0e % + (rg1 + rsi) e T 7 4 (rg) — ragi) e(TATHD2

(6.29)

Because the system ([6.16]) is homogeneous, we essentially have three
unknown coefficients, for instance ciqg, 11, 712, and we can use any pair
of equations (6.I6]) to express the rest of the coefficients in terms of these
unknowuns. Using expressions (6.27) and equating the real and the imag-
inary parts of the coefficients in front of the same z-dependent functions
on the LHS and RHS of equations (6.16)), we obtain two system of equa-
tions - one for the coefficients in front of the functions exp[(—\ + ui)z]
and one for the function exp[—M\gz]. In the first case we have the following
equations

=2 2 2
KiT11 + 2)\/1/(‘12 — Tl — X131 = 0

R§T12 — 2/\,u7“11 — %%TQQ — %%TgQ = 0
R%Tgl =+ 2)\/1/(‘22 — %%'f‘ll — %57‘31 =0
RgTQQ — 2/\,u7“21 — %g’l”lg — %57”32 = O
R§T31 =+ 2)\/1/(‘32 — %g'f‘ll — %§T21 =0

=2 2 2
R3T32 — 2)\MT31 — M3T12 — H3T22 = O,
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where 75 = X\ — pi? — o — 5.

We can pick any two pairs of these equations and the solution of this
system will be the same. Choosing, for instance, the first two pairs, it is
convenient to present coefficients ra1, 122, 131, 32 in terms of coefficients

T11 and 12 as

Tim = Kllérll + Klljlf‘lg, (636)
where
R‘,Q 2
(1 +oat %)
11 1 ] “2"‘"2]
Ky = ; (6.37)
R3 (22p)?
(1 Tt %g[Hngg])
(”\_M _ 2)41(&%-1-%%))
22 R2 422 )22
K=" (Fid) (6.38)
E3 (2Ap)?
<1 a2t %g[ngwg])
2 22 2Mu
KM= (228 2l 6.39
22 %g =+ ﬁ% %% + %g 21 ( )
2 R2 2\
K2=_"2 (|14 8 g 6.40
2= +%% + 2 (6.40)
1 _
K3 = 2 (—8 + R + 20K ) (6.41)
2
1
K3 = L (I + 20uKl) (642)
2
1
K3} = o (R3K3 — 2k ) (6.43)
2
1
K3 = L (—4 + 83K - 20K) (6.44)
2
(6.45)
For the second system of equations we have three equations
)\%CIO = (a% + %%) Cclo + %% (020 + C30) (646)
/\(2)620 = (OZ% + %5) Co0 + %g (C10 + 630) (647)
)\3030 = (Oz% + %?2)) c30 + %?2) (CQO + 010) . (648)

Choosing any two of these equations, and due to the fact the determinant
of the homogeneous system is zero, we can express the coefficients cog
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and c3g in terms of ¢ as

c20 = Kopcio, c30 = K3zpco., (6.49)
(A5 — i)
Koo = (6.50)
(A5 — a3) 3
()\2 ai) 2 5
K30 = ——5—5 (A — 1. 6.51
30 (/\2 — OZ%) ( J{2) ( )

The potentials V;(z) then have the form

Vi(2) = Vip + Fioe 0% 4 e [(A\Fiy — pifin) cos pz — (Ui + M) sin 2]

(6.52)

where 7;g = _CiO/)\O; rij = 27‘1']‘/()\2 + M2), 1 =1,2,3,5=1,2.

In our earlier work [12] we showed that in the framework of the mean
field approximation of the field theory formalism, for a multi-Yukawa
fluid the so-called contact theorem [25126] holds true. According to this
theorem, the density of the fluid at the wall is determined by the pressure
of the fluid in the bulk, i.e.

BP = p(04), (6.53)

where P is the pressure within the mean field approximation:

2 %2 %2
pP= 1 2 3. 6.54
b pb(+2 +2a2+2a3) (6.54)

The unknown coefficients 71, 711 and 712 can then be found from the
boundary conditions given by the contact theorem (G.53]). Setting z = 0

in Eq. (GI2)), we obtain
2
3

yn
Vip — Vi(0) = 502 (6.55)

which results in a system of three equations

P _ _
_2704% = TF10 + A\F11 — Uriz, (656)
2

w5 - -
_QT&% = Tog + AF21 — UT22, (657)

2

P _ _
_T&% = T30 + AT'31 — UT32. (658)
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The solution of this system is

% %2
=5 ﬁKao—A [1K50 + AK3} — pK33]

20c
F1q = 6.59
U S NKso + AKY] — uK33 — B [uKso + MK — pk3) (6:59)
T2 = A— B (6.60)
2 2
B »y _ _ 71 _
10 = 507~ AT11 + pirig = T2 + A — A+ pB| 1, (6.61)
where

_ 1 % A A K (6.62)

Koo FAKEE — pK3] | 203 T 203 -

1

= —AK + AK3) — K] . 6.63
[WKa20 + AK3? — nKi2] : 0 2t~ 4] (6:65)

Due to Eq. ([612)), the final expression for the linearized density profile
is

p(2)

oy 1 — [F10 + Tao + Tz0] € 0° (6.64)
b

— e M {A (P11 + To1 + T31) — o (T12 + T + T32) } cos pz
— {p (P11 + 721 + T31) + A (T12 + T2z + 732) } sin 2| .

As was the case with the pair correlation function (5:33]), the function
on the RHS of Eq. (6.64)) is defined by parameters Ao, A, and p that shape
the exponentially damped oscillatory behavior of the profile.

In Figures[I6H23] we display density profile curves provided by the nu-
merical solution of the mean field equation ([G.I12) (MF), the analytical
expression ([6.64) corresponding to the linearized mean field approxima-
tion (LMF), and test these results against Monte Carlo simulations data
(MC). Due to the fact that the numerical solution requires the use of a
cutoff radius, for comparison purposes we also present two estimations
for the linearized profile with and without the respective value of that
cutoff.

The results prove that theoretical predictions for the profile agree
with the simulations very well. Moreover, the explicit analytical estimate
([664) reproduces MC data better than the mean field solution. At high
densities the agreement is the best for the first peak and deteriorates at
distances farther away from the wall. In all the cases, as the temperature
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Figure 16. Density profiles for the Model M1. The dotted lines correspond
to MC simulations; the blue solid lines come from the mean field solution
(612)); the dashed red and green lines correspond to analytical expression
(664)) with and without the cutoff radius, respectively.
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Figure 17. Same as in Figure (I6]) at higher temperatures.

rises the agreement between the theory and the simulations improves.
Also, one can note that for all the densities and temperatures considered
the theory reproduces very well the locations of the respective minima
and maxima of the profile. For the Model M2 we observe significant
discrepancy between the contact values of the density. This mismatch
can likely be corrected by going beyond the mean field approximation
and taking into account fluctuation effects as was done in our earlier
study on a two-Yukawa fluid [10].

The behavior of the density profile is characterized by the split of
the first maximum which leads to the formation of a distinct bi-layer
close to the wall. We took note of this effect earlier in the Computer
Simulations section as it was present also in the mesostructured systems
we considered. The formation of the double peak can be explained by the
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Figure 19. Same as in Figure (IS).

attractive part of the SALR interaction potential as no similar behavior
had been observed in the case of a 2Y fluid at a hard wall [I0].

7. Conclusions

A fluid interacting with a three-Yukawa (3Y) potential was studied in
the bulk and in the vicinity of a hard wall. The amplitudes and the
ranges of the respective Yukawa terms were chosen so as to reproduce the
short-range attraction and long-range repulsion (SALR) between parti-
cles, thus offering a different model of a system with competing inter-
actions. A notable feature of this potential is the softness of the core,
which describes the possibility of partial overlap between particles.
Two sets of parameter values for the three-Yukawa potential were con-
sidered to construct a SALR potential. A series of Monte-Carlo (MC) and
Molecular Dynamics (MD) computer simulations across a wide range of
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Figure 21. Same as in Figure (20).

temperatures and densities were performed. The results show that the
model proposed can describe spontaneous appearance in the system of
various mesostructures including lamellar and gyroidal phases, hexago-
nally packed cylindrical phases, cubically ordered and disordered clus-
ters formed by particles or voids. Furthermore, we observed that these
self-assembly effects become more pronounced when the fluid is confined
between two inert walls, i.e. close to the walls cluster formation can occur
at temperatures higher than those required for micro-segregation in the
bulk. As the temperature increases, the clusters vanish, though distinct
inhomogeneuity near the interface still persists.

A classical field theory was subsequently applied to describe the
micro-structure and thermodynamics of a 3Y fluid at high temperatures
and reproduce the density profiles obtained from our simulations. As a
first step, we investigated the mesoscopically homogeneous phase in the
bulk and close to a hard wall.

For the bulk region, a bicubic equation for generalized screening pa-
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Figure 23. Same as in Figure (22).

rameters was derived and solved analytically. Based on these results,
explicit analytical expressions for the radial distribution function were
derived and compared to the MC data. Attempts to construct the re-
spective phase diagram revealed that description of mesoscopic phases
requires one to take into account excluded volume effects while a purely
soft model in the random phase approximation leads to non-physical
results. The structure factor was then calculated by introducing an ef-
fective hard core radius characteristic of the system. The \-lines were
subsequently constructed and phase behavior discussed. The results in-
dicate that the model does indeed describe the possibility of spontaneous
emergence of mesostructured phases in the system. Having the knowledge
of the phase regions where the fluid is homogeneous, we therefore deter-
mined the conditions of applicability of the expressions for the structural
properties derived from the field-theoretical approach. To this end, one
should substitute the values of the density and the temperature above
the A-lines found. The location of these applicability regions is also sup-
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ported by computer simulations data.

The microstructure of a 3Y-fluid in the vicinity of a hard wall was
further investigated. In the framework of the mean field approximation
an integral equation of the Euler-Lagrange type was obtained for the
density profile. Linearization of this equation led to a system of second-
order differential equations which were solved using the contact theorem
as a boundary condition. The solution of these equations led to explicit
analytical expressions for the density profile, which proved to be in very
good agreement with the simulations data. Close to the wall we observed
a characteristic split of the first maximum of the density profile. We
relate the presence of this bilayer to the competing nature of the pair
potential between particles, because this specific behavior had not been
observed earlier in a simple attractive two-Yukawa fluid. The agreement
between theoretical predictions for the profile and the MD simulations
data improves with increasing temperature.
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