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The liquid-vapor interface of binary mixtures of charged particles is studied
using molecular dynamics (MD) simulations. The interaction between parti-
cles is given by a short-range repulsive potential plus an attractive/repulsive
Yukawa term, which models screened electrostatic interactions. To obtain
the components of the pressure tensor two methods were used: a hybrid
MD method which combines the hard sphere and continuous forces and
a standard continuous MD method where the hard sphere was replaced
by a soft interaction. We show that both models give essentially the same
results. As the range of interaction decreases, the critical temperature and
surface tension increase. The comparison with the restricted primitive mod-
el of ionic fluids is discussed.
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Phase behavior and interfacial properties are relevant in many technological ap-
plications. Simulation results concerning interfacial properties of complex and simple
fluids have been performed in the last decade, particularly, at the liquid-liquid and
liquid-vapor interfaces. These studies include the surface tension of simple fluids,
molten salts, hydrocarbons, water, bilayers and monolayers of surfactant molecules
among other systems [1-6].
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The coexistence and interfacial properties can be obtained from the direct simu-
lation of interfaces using molecular dynamics (MD) and Monte Carlo (MC) techni-
ques. These tools give us insight about how molecular interactions affect interfacial
properties.

In this work we have undertaken the study of interfacial properties of systems
with screened electrostatic interactions. This physical situation is often found in
complex systems, where different length and time scales are involved and charged
particles are present.
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Figure 1. Molecular models shown schematically. (a) All the components are
considered: solvent, colloidal particles and ions. (b) Simplified ionic model with
screened electrostatic interactions in a continuous medium with dielectric con-
stant €,.

Ionic fluids are systems where the properties are strongly determined by electro-
static interactions. Examples of these systems are colloidal suspensions of charged
particles, electrolyte solutions and molten salts. The Restricted Primitive Model
(RPM) has been the starting point to describe properties of charged particles using
theory and simulation methods [7,8]. The interaction between particles in RPM is
purely electrostatic and its range cannot be modified. However, there are systems
like colloidal suspensions of charged particles, where the interaction range can be
changed by the counterions in solution and by addition of salt [9,10]. In this case
the relevant forces between particles can be well described as screened electrostatic
interactions and a Yukawa-type potential model is suitable. This model contains
repulsive and attractive interactions and has been used to study simple fluids and
charged particles in solution. Figure 1 (a) shows an all components ionic solution
while a simplified model of an ionic mixture is shown in figure 1 (b).

Colloidal suspensions of charged particles have been extensively studied and a
“liquid-vapor” phase transition has been observed experimentally [11]. The phase
behavior exhibited by mixtures of oppositely charged colloidal particles in suspension
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can be described, at a basic level, by a model containing screened attractive /repulsive
interactions [9,10]. The simplest model consists of charged hard sphere particles in-
teracting with the screened Coulombic potential and it is called the Yukawa restrict-
ed primitive model (YRPM).

The Yukawa model with a hard-core repulsive interaction has been very useful
in obtaining thermodynamic properties of one component and mixtures of charged
particles using integral equations theory [7,8,12,13]. The liquid-vapor equilibrium
of YRPM has been studied by the mean spherical approximation (MSA) equati-
on [8,13]. One of the main conclusions obtained in those works is that the critical
temperature (7¢.) increases and has a maximum as the potential decreases its range
of interaction. This behavior is opposite to that found in simple fluids for the at-
tractive hard-core Yukawa model (AHCYM) where T, decreases as the potential
is short ranged [14,15]. As the range of interaction decreases (large \) the binary
ionic fluid should behave as a binary mixture of hard sphere particles without sta-
ble liquid-vapor equilibrium. We have recently confirmed in binary ionic fluids by
using simulation techniques that T, increases by decreasing the range of interaction
[16]. The surface tension of the attractive HCY has been obtained previously by us-
ing molecular dynamics (MD) and Monte Carlo techniques [15]. To the best of our
knowledge, there are not calculations of interfacial properties for the YRPM. In this
work we used two types of MD simulations to obtain the surface tension of binary
ionic fluids. First we applied a hybrid molecular dynamics (HMD), where the hard
sphere and continuous forces are evaluated during simulations. In the second case,
the hard-sphere interaction is replaced by a soft repulsive potential and standard
continuous MD is used.

We have shown that when the hard sphere interaction in the RPM is replaced
by this soft repulsive potential, the coexistence densities and interfacial properties
of this soft primitive model are essentially the same as those predicted by the true
RPM [17,18]. On the other hand, MD simulations of continuous potentials are faster
than those performed with HMD. This is particularly important in binary ionic
fluids where fast frequency collisions between hard spheres is found due to molecular
association. In addition, to check the equivalence between the soft and hard core
models we also studied one component systems using the AHCYM. The interfacial
properties for the AHCYM have been reported before [15] and we used them to
validate the results from this work.

The rest of this work is organized as follows: in section 2 the potential models
employed are presented. Simulation details and definition of properties are given in
section 3. Section 4 contains the interfacial properties of one component and binary
ionic fluids interacting with screened Coulomb potential. Finally, conclusions are
presented.

2. Potential model

The model studied in this work is a binary mixture of charged particles with
equal size o. Half of them are negatively charged and the other half are positively
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charged. The interaction between two particles is given by the soft Yukawa model
(SYM),

o \" e 67/\[7“/0'71]
wslr) =4 (2) 4+ 2 , (1)
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where 7 is the distance between particles, A is the inverse of the reduced screening
length, q; = +e is the charge of particle ¢ and e is the electron charge. The variables
€p and €, are the vacuum permittivity and the dielectric constant of the medium,
respectively. The potential w;;(r) is zero for distances greater than the cutoff dis-
tance, R.. The parameters A, n and oy define the short-range repulsive interaction.
A second model was also used to calculate the surface tension, the YRPM, in this
case the first term in equation (1) was replaced by a hard sphere potential. The
advantage of using the SYM is that it is a continuous function and standard MD
can be applied while in the YRPM model a HMD has to be used, where the hard
sphere and continuous forces are calculated during the dynamics. To emulate the
hard sphere interaction we choose A/e = 20000, o5 = 0.950 and n = 225. Figure 2
shows the potential of the SYM for ionic fluids with A = 6. The one component
system has only the attractive part. Hereafter we use AHCYM and attractive soft
Yukawa model (ASYM) to denote the one component systems with the hard sphere
and soft interactions, respectively.
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Figure 2. The SYM potential for a binary ionic fluid with screening parameter
A =6.0.

The calculations were performed in reduced units. The distance is reduced with o
and the energy with & = €?/(4mege,0). So, the reduced temperature is T* = kgT/e,
where kg is the Boltzmann’s constant and 7" is the absolute temperature.
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3. Simulation details and definition of properties

The simulations were performed in a rectangular box elongated along the z axis
having dimensions L, = L,, L, > L, and volume V' = L,L,L,. The box length
in z direction was at least 5 times longer than in x and y directions. A dense
liquid slab of N particles surrounded by vacuum was placed at the center of the
simulation cell. Full periodic boundary conditions were used in all directions. In
order to minimize surface area effects on the surface tension introduced by periodic
boundary conditions we considered N = 4116 particles and L, = 140. These values
are large enough to avoid finite size effects in the calculation of surface tension. The
cutoff distance was set to R. = 3.5 0. There was used a multiple time step integration
scheme [19] to improve the efficiency of simulation programs. Three different reduced
time steps, t* = t(¢/mo?)'/2, were used in HMD and in continuous MD. The smaller
one was t* = 0.001 and the largest was t* = 0.012. The temperature was controlled
using a Nosé-Hoover thermostat. At least 50000 large time steps were performed to
equilibrate the system. The average properties were evaluated for additional 150000
large time steps, i.e, 1.5 x 10% small time steps.

The surface tension of one planar interface was computed through the pressure
tensor route,

v =L, [P, — 0.5(P + Pyy)] ) (2)

where P, (o, = x,y,z2) are the pressure tensor components. The component
P, for systems that contain the hard sphere interaction, AHCYM and YRPM
potentials, is defined as,

xij Zﬂij

N Ne
P V=m ) vivf +> > fixy+ ﬂ > Avia + u(R)d(Re — ) » (3)
i v

tsim c=1 r

where all particles have the same mass m, vy is the velocity of particle 7 in the
x-direction, x;; = x; — x; is the relative position in the z-direction of atoms ¢ and
J and [ is the z-force component between particles. In equation 3 the first term is
the kinetic contribution, the second is the continuous contribution of intermolecular
interactions, the third takes into account the hard sphere interaction and the fourth
evaluates the pressure at the cutoff distance. In the third term tg,, is the total
simulation time, Av? is the change of velocity that a particle has got before and
after a collision and N, is the number of collisions between hard-spheres. In the fourth
term, d(s) is a d-function and was calculated as in [15]. To simulate the ASYM or
SYM the third term in equation 3 is changed by the corresponding continuous part
of the soft potential. The reduced surface tension is given by v* = vy0?/e.
The density profile, p(z) was calculated as
(AN)
(p(z)) = 577 (1

where (AN) is the average number of particles with coordinates between z and
2+ Az, and AV = L,L,Az is the volume of the corresponding slab. A value of
Az = 0.020 was used for all simulations.
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At the end of simulations, the average density profiles were fitted to a hyperbolic
tangent function,

1

p(z) =5 (m+py) —

2 o)) 5

1
-

2

where p, and p, are the liquid and vapor densities, respectively, 2o is the Gibbs
dividing surface and ¢ is a measure of the width of the interface.

Figure 3 shows a typical density profile where the so-called 10 — 90 width of the
interface ¢ is shown.

P(z)4
N PA0.9(p,p.)
(pl 'pv)
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— >z

Figure 3. Hyperbolic tangent function fitted to a density profile obtained from
MD simulations. The width of the interface §, is shown schematically.

The liquid and vapor densities and width of the interface were obtained using
the fitted density profiles. The coexistence curves were build up as a function of
temperature and range of interaction. The critical parameters were calculated using
a rectilinear diameter law with a critical exponent 3 = 0.32.

4. Results

Although the coexistence densities and surface tension of the AHCYM have
previously been reported [15] for one component systems, we re-evaluate them in
the first subsection of this work but using the ASYM to see how well the results from
this potential are compared with those of the AHCYM. The analysis of coexistence
densities and critical properties of screened binary ionic mixtures defined by the
YRPM is the subject of a future work [16]. At the end of this section we report, for
the first time, the surface tension of screened binary ionic mixtures using the SYM
and YRPM potentials.

A. One component attractive soft Yukawa fluid

The coexistence curves of the one component ASYM for different ranges of in-
teraction are shown in figure 4 and given in table 1. The main effect of reducing
the range of interaction is to decrease the critical temperature and to increase the
difference between the liquid and vapor densities. The ASYM results are compared
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Figure 4. Liquid-vapor coexistence curve for the ASYM as a function of \. Stars
are AHCYM results from [15] for A = 1.8, 3 and 4, from top to bottom. The
critical properties are also shown.
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Figure 5. Surface tension of the one component ASYM as function of temperature
and A. Stars are results of the AHCYM [15] for A = 1.8, 3 and 4 from right-hand
side to left. Results from mean field theory are shown with continuous lines.

with those from the AHCYM for A = 1.8, 3 and 4 taken from [15] and shown with
stars. The agreement between both models is reasonably good. We performed a sys-
tematic study of interfacial properties in the region where the AHCYM has a stable
equilibrium. It has been found for the AHCYM that the liquid-vapor equilibrium is
not stable for A > 6 [14]. After this value the system has a fluid-solid equilibrium.
It was not our interest to search the stability of the ASYM but to analyze how well
the interfacial properties of the AHCYM are reproduced.

The critical temperature and density for the ASYM are given in table 2 and
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Table 1. Coexistence densities and surface tension of the ASYM as a function of
the screening parameter. The number 0.655 means 0.65 % 0.05.

AT Py 7 AT Pi Py v

2.0 0.75 0817 0.015 0.65; |25 0.62 0.850 0.014 0.54
0.78 0.789 0.021 0.543 0.64 0.826 0.018 0.505
0.80 0.774 0.023 0.47, 0.68 0.786 0.024 0.38,
0.84 0.738 0.035 0.38; 0.72  0.743 0.038 0.29,
0.88 0.702 0.045 0.365 0.75  0.703 0.061 0.24,
0.92 0.657 0.069 0.20, 0.76  0.690 0.061 0.18,
0.96 0.607 0.095 0.14, 0.78 0.675 0.069 0.175

0.82 0.614 0.107 0.05643
3.0 0.55 0.863 0.016 0.39, 4.0 045 0909 0.019 0.343

0.58 0.827 0.024 0.30; 046 0.894 0.019 0.284
0.60 0.799 0.032 0.23, 0.485 0.857 0.032 0.1953;
0.62 0.774 0.039 0.213 0.50  0.829 0.039 0.2052
0.65 0.726 0.063 0.13 0.52 0.780 0.052 0.143
0.68 0.688 0.073 0.08 0.54 0.739 0.080 0.11,
0.70 0.636 0.098 0.077s 0.56  0.673 0.099 -

0.58 0.617 0.132 -~
5.0 040 0.940 0.019 0.22,
0.42 0.904 0.026 0.21,
0.44 0.852 0.042 0.159
0.46 0.809 0.062 0.08
0.48 0.733 0.082 0.09;
0.50 0.678 0.117 0.043

compared with those of AHCYM obtained by HMD simulation of interfaces. The
agreement in critical density between both models is excellent and the critical tem-
perature of the ASYM is 3% higher than that of the AHCYM with A\ = 3. The
critical temperature decreases as the potential is short-ranged because the interac-
tion between molecules is less attractive.

The surface tension of one component fluids interacting with the ASYM are
shown in figure 5 for different ranges of interaction parameters and also shown in
table 1. The surface tension decreases with temperature and with A. The agreement
between the ASYM and the AHCYM is excellent for A = 3 and 4. The surface ten-
sion seems to be less sensitive to the potential details than the coexistence densities,
as can be seen for results using A = 3. The surface tension results for the ASYM were
fitted to v = (1 — T/T.)* (where vy and p are constants) according to the mean
field theory [20] with © = 1.26 as an alternative to obtain the critical temperature.
The critical temperature results obtained by this fitting procedure are also given in
table 2 and show a good agreement with those obtained directly from the rectilinear
diameter law.
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Table 2. Critical parameters for the ASYM for different ranges of interaction. The
critical temperature obtained by fitting the surface tension from MD simulations
to a function predicted by mean field theory, T:MF is also given.

AT T pr model
1.8 1.190 0.306 AHCYM!!
2.0 1.028 1.030 0.329 ASYM

25 0.868 0.881 0.340 ASYM

3.0 0.725 0.351 AHCYM 19
3.0 0.748 0.741 0.347 ASYM
4.0 0.593 0.361 AHCYM 19

4.0 0.599 0.599 0.363 ASYM
5.0 0.526 0.525 0.378 ASYM
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Figure 6. Reduced surface tension of binary mixtures using the SYM as function
of the reduced temperature T and different ranges of interaction. The results
from this work for the YRPM are shown with stars for A = 2. The continuous
line without symbols are HMD results for the RPM taken from [17].

B. Binary screened ionic mixtures

Simulation results show that the critical temperature increases when the inter-
action between molecules is short-ranged [16], in agreement with predictions of the
mean spherical approximation [8]. In this work, the liquid-vapor interface of a bina-
ry ionic mixture is analyzed in terms of the surface tension, shown in figure 6. As
expected the surface tension decreases with temperature. An excellent agreement is
observed for results between SYM and YRPM potentials using A = 2, i.e, the SYM
can be safely used to study interfacial properties of screened ionic fluids. As the
interaction between particles becomes short-ranged the surface tension increases, in
contrast with the AHCYM of simple fluids where the surface tension increases with
the range of interaction. It is interesting that, although the RPM (A = 0) is a long
ranged potential, it has a lower surface tension than those of YRPM with screening
parameters A > (0. This is because ionic fluids interacting with a screened poten-
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tial form clusters of different size due to molecular association [16]. The region of
temperature for a given interaction range, where the liquid-vapor interface is stable,
decreases with A. This suggests that at some A the liquid-vapor equilibrium will not
be stable and the system would shift into a fluid-solid transition. Table 3 resumes
surface tension of the screened binary ionic systems using the SYM as a function
of A. It is not easy to compare the width of the interface for different ranges of
interaction because the region of temperature where the interface is stable is not
the same. However we can observe that for A = 6 and 10 at 7" = 0.16 (see table 3)
the width of the interface is smaller for A = 10 because these systems have larger
surface tensions.

Table 3. Surface tension as function of temperature for binary ionic mixtures
using the SYM for different ranges of interaction. The results for the YRPM with
A = 2 are also given.

20 0.080 0.034¢ 1.958 6 0.140 0.056; 2.176 10 0.155 0.070;; 2.605
0.085 0.028; 2.097 0.145 0.047,0 2.314 0.160 0.047¢  3.005
0.090 0.0245 2.411 0.150 0.0366 2.709 0.165 0.030s 3.838

0.095 - 2.479 0.155 0.0314 3.064 0.170 0.0175  5.189
0.100 0.015¢ 3.331 0.160 0.0225 4.100 0.175 0.01144 7.070
0.105 - 3.827 0.165 0.002349 5.040
0.110 0.0115 4.219
0.115 - 4.759
YRPM
2 0.08  0.0348
0.09  0.0238
0.10  0.0133
0.11 0.0114

5. Conclusions

Using molecular dynamic simulations we studied the liquid-vapor interface of one
component systems with attractive interactions and binary mixtures of ionic fluids.
In both models the particles interact with Yukawa type interactions. Interfacial
properties were computed as function of the temperature and the screening param-
eter in the Yukawa term. The agreement between surface tension in one component
fluids (AHCYM and ASYM) and binary ionic mixtures (models YRPM and SYM)
allows one to establish an easier route to calculate interfacial properties of ionic
fluids interacting with strong short-ranged repulsive potentials. The surface tension
in one component systems with ASYM follows a function predicted by the mean
field theory which can be used to obtain the critical temperature. For the screened
binary ionic fluids the surface tension increases when the potential is short-ranged
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and the temperature region where the liquid-vapor equilibrium is stable decreases,
suggesting that the liquid-vapor interface might not be stable at larger values of .
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NoBepxHeBUN HaATAr Ha rpaHULi po3ainy piavHa-napa
eKpaHOBaHOI iOHHOT CyMiLli
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OtpumaHo 25 cepnHsa 2004 p., B OCTAaTOYHOMY BUTMSAj —
25 xo0BTHs 2004 p.

BuBYaeTbCs rpaHmus po3ainy pianHa-napa 6iHapHOI cyMilli 3apsakeHnx
YaCTUHOK, BMKOPUCTOBYIOYM KOMMIOTEPHE MOAENIOBAHHA METOA0M
MonekynapHoi auHamikm (M), B3aemogia Mix YacTMHKaMn 3a0aeTb-
CA CYMOIO KOPOTKOCSXXHOIO MOTeHLjany BiAWTOBXYBaHHA i NPUTAryo-
YMM/BiQWITOBXYIOUYUM NoTeHUianom tOkaBu, Sk MOOENoE eKpaHoBaHi
eflekTpocTaTuyHi B3aemogii. Ana Toro, wob oTpMMaThi KOMMOHEHTU
TEH30pa HaNpyXeHb, BUKOPUCTOBYIOTHLCS ABa METOAN: rOpNAHWIA METOL,
M, aknin 06’egHye TBepay cdepy i HEMepepBHi CUNU i CTaHOAPTHUN
MeTon M, B gkomy TBepaa cdepa 3amilleHa M’SKOl B3aEMOLIE0.
Mwu nokasyemo, wo obuasi Moaeni AalTb, MO CyTi, OOHAKOBI Pe3ysb-
TaTn. 9KLWwo obnacTb B3aEMO/ji 3MEHLLUYETbCS — KpUTUYHA TemnepaTypa
i MOBEpPXHEBUM HATAr 3pocTaloTb. OBroBOPIOETLCS MOPIBHAHHA 3 MPUMI-
TUBHOIO MOOESNNI0 iIOHHMX DNIOIAIB.

KniouoBi cnoBa: ioHHi ¢psioian, MoaekyssspHe MoL4Y/TH0BaHHS,
roBepxXHeBUV HaTsr, pianHa-rnapa

PACS: 61.20.Gy, 61.20.Ja, 64.70.Dv
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